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Analysis of a Magnetically Suspended, High-Perf ormance
Instrument Pointing System

Suresh M. Joshi*
Old Dominion University Research Foundation, Norfolk, Va.

This paper describes a highly accurate auxiliary instrument pointing system which can provide fine pointing
for a variety of solar-, stellar-, and Earth-viewing scientific instruments during extended space shuttle orbital
missions. This system, called the Annular Suspension and Pointing System (ASPS), consists of pointing
assemblies for coarse and vernier pointing. The "coarse" assembly is attached to the spacecraft (e.g., the space
shuttle) and consists of an elevation gimbal and a lateral gimbal to provide coarse pointing. The vernier pointing
assembly consists of the payload instrument mounted on a plate around which is attached a continuous annular
rim. The vernier assembly is suspended in the lateral gimbal using magnetic actuators which provide rim
suspension forces and fine pointing torques. A detailed linearized mathematical model is developed for the
ASPS/space shuttle system, and control laws and payload attitude state estimators are designed. Statistical
pointing performance is predicted in the presence of stochastic disturbances such as crew motion, sensor noise,
and actuator noise.
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Nomenclature
= system coefficient matrices
= crew motion filter coefficient matrix
= points on the payload assembly annular

rim which correspond to the magnetic
bearing stations on lateral coarse gimbal

= magnetic force coefficient matrices
= controller coefficient (rate gain)
= coefficient matrices
= system input matrix
= crew motion input matrix
= magnetic bearing stations on lateral

coarse gimbal
= controller coefficient (proportional gain)
= cross-product matrix of vector x

(xxy = C p ( x ) y )
= integrator coefficients for position loop
= transformation matrix from A coor-

dinate system into B coordinate system
= angular velocity transformation matrix

defined in Eq. (2)
= (Fxj, Fyj, Fy) T, magnetic forces at the

y'th bearing station
= crew motion force vector
= generalized forces corresponding to the

subscript coordinates
= bias force vector due to cable
= cable force vector
= transfer function of position loop

compensating network
= elevation and lateral coarse gimbals
= crew motion filter transfer function
= inertia matrix defined in Eq. (4) (with

subscripts)
= elements of inertia matrix
= objective function

KFxs,KFys,KFzs = cable force spring constants
Kgi,Kg2 = coarse gimbal rate gains
KTs = cable torsional spring constant
Lgi, Lg2 = coarse gimbal proportional gains
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g2
= mass of the shuttle
= masses of coarse gimbals
= mass of payload
= order of crew motion filter state vector
^origin of the coordinate system

(Xgi> Ygi,Zg/)
= origin of the coordinate system

(Xg2,Yg2,Zg2)
= center of instrument mounting surface
= radius of instrument mounting surface
= kinetic energy
= transformation matrices for 1, 2, 3

Eulerian rotations
= bias torque due to cable
= cable torque
= shuttle attitude control torque vector

uc = white noise with unit power spectral
density

VABC = linear velocity of point "A " relative to
B coordinate frame, expressed along C
coordinates

wr = input white noise vector
wbias = bias vector
x = state vector
xb = steady-state value of x
xc = crew motion state vector
ye = position loop compensating network

output
Zix,Ziy,Ziz = integrator state variables
zp2gi = distance between points Pl and P2
as = shuttle altitude vector
(xpt aq - payload altitude vectors
d = error variable
dj = (three-axis) centering errors at the yth

magnetic bearing station
e = payload assembly position error
X = controller output
p = damping ratios (with subscripts)
E : = covariance matrix of x
ox = standard deviation of x
T,,T2 = time constants
rc/, Tc2 = crew motion filter parameters
7mh rm2 = coarse gimbal driving torques
(<I>S,QS,$S) = components of as

</> = elevation coarse gimbal angle
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= components of aq
= components of rq
=target pointing angle
= lateral coarse gimbal angle
= target pointing angle
= angular velocity of g, frame relative to

5-frame
= angular velocity of g2 frame relative to

gj -frame
= inertial angular velocities along body

coordinates, natural frequencies
= position of point A in coordinate system

B
= payload roll angle relative to lateral

gimbal

= transpose of a matrix or vector
= inverse
= variable's first and second time

derivatives (set above variable)

Introduction

DURING the extended space shuttle orbital missions of
the 1980s, a number of solar-, stellar-, and Earth-

viewing scientific experiments shall be performed. These
experiments will require a highly accurate instrument pointing
system for providing fine pointing in the presence of crew
motion and other disturbances. With this objective in mind, a
concept for such an apparatus, an annular suspension and
pointing system (ASPS), was introduced.l

The annular suspension and pointing system (ASPS) in-
cludes two assemblies with connecting interfaces, each
assembly having a separate function (see Fig. 1). The first
assembly is attached to the carrier vehicle and consists of an
elevation gimbal and a lateral gimbal which provide "coarse"
pointing of the payload instrument by allowing two rotations
of the instrument relative to the carrier vehicle. The second,
or vernier, pointing assembly is made up of magnetic ac-
tuators for suspension and fine pointing, roll motor segments,
and an instrument mounting plate around which a continuous
annular rim (Fig. 2) is attached that provides appropriate
magnetic circuits for the actuators and the roll motor
segments. The payload assembly, consisting of the payload
instruments, the mounting surface, and the annular rim, is
suspended in the lateral coarse gimbal without physical
contact and provides vernier attitude fine pointing and roll
positioning of the instrument, as well as six-degree-of-
freedom isolation from carrier motion disturbances. In ad-
dition, the second assembly has a rim-centering mode in
which axial and radial rim position sensors located at each
actuator station are used to center the rim axially and radially
between actuator pole faces. This mode allows coarse gimbal
slewing for retargeting, for Earth pointing, or for backup
coarse gimbal pointing. Rubber guards are provided on the
lateral gimbal in order to avoid accidental impact between rim
and magnetic actuator pole faces.

Nominal operation of the ASPS for solar or stellar pointing
first involves coarse gimbal pointing with coarse (wide field of
view) sensors onboard the ASPS (or with sensors onboard
vehicle and relative gimbal angle information). The rim-

PAYLOAD
INSTRUMENT

/INSTRUMENT MOUNTING
PLATE

LATERAL GIMBAL
AXIS

ELEVATION
GIMBAL

centering mode is activated during gimbal slewing. After
coarse alignment, coarse roll positioning is accomplished by
means of the rim roll motor and a relative roll sensor located
on the rim, together with a carrier sensor or a sensor onboard
the ASPS. After coarse attitude alignment, vernier fine
pointing is initiated. For this mode, errors obtained from fine
(narrow field of view) attitude sensors located on the ASPS
(possibly a part of the payload instrument) are nulled by small
magnetic suspension and fine pointing actuator torques
applied to the annular rim. Also, translation rim centering is
accomplished for this mode.

Nominal operation of the ASPS for Earth pointing initially
involves establishing the correct elevation, lateral and roll
attitudes, and attitude rates (slewing) in the rim-centering
mode. After appropriate smooth instrument slewing is
established, vernier pointing (similar to that described for
solar and stellar pointing) is accomplished.

In this paper, a linearized mathematical model of the
ASPS/space shuttle orbiter is derived. Control systems are
designed for the magnetic actuators as well as the coarse
gimbal torquers, so that the gimbals can automatically and
continuously follow the payload (or vernier) assembly. Since
the pointing performance is critically dependent on the
payload attitude measurement system, payload attitude state
estimators are designed for inclusion in the control loops, rms
pointing performance in the presence of sensor and actuator
noise and crew motion disturbance is evaluated by solving the
covariance equation.

Mathematical Model Development
Coordinate Systems

(Xj, YJ, Zf) is an inertial system centered at 0,. (Xs, YS,ZS)
is a shuttle-fixed system, centered at 05, the shuttle center of
mass (Fig. 3). Os nominally coincides with 0,-. The Ys axis is
the longitudinal axis of the space shuttle as shown in Fig. 1.
(XgJ, Ygj, Zg] ) is a coordinate system fixed to the elevation
coarse gimbal, centered at Plt and is obtained by one rotation
<t>g about XgJ. The axis Xg] remains parallel to Xs. The
coordinate system (Xg2, Yg2, Zg^) is fixed to the lateral
coarse gimbal; it is centered at P2 and is obtained from the #7
system by one rotation 6g about Yg2. All the coordinate
systems will hereafter be referred to by their subscripts, e.g., /,
Si gi, g2> etc.

The inertial coordinate system (Xu, Yn, Z/7) is also cen-
tered at 0y, and is obtained by two rotations 07, 07 (Xt Y
sequence) from the / system. 07 and 07 represent the target
pointing angles relative to the / frame. The /7 system is used to
express payload attitude.

The payload assembly consists of a cylindrical payload
instrument, the instrument mounting surface, and the annular
rim (Fig. 4). (Xp, Yp, Z p ) is a coordinate system fixed to the
payload assembly, centered at 0, its center of mass. The
payload-fixed coordinate system (Xq, Yq, Z g ) is parallel to
(Xpf Yp, Zp) and is centered at point Q, which is the center of
the instrument mounting surface.

ANNULAR RIM-

Fig. 1 ASPS/space shuttle mission configuration.

RADIAL
ACTUATOR

Fig. 2 Vernier pointing assembly configuration.
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Fig. 3 Details of coarse pointing assembly.

Fig. 4 Payload assembly.

The coordinate system (Xs, Yst Zs) is obtained from (Xit
Yit Zj) by a set of three rotations 05, Bs, \l/s in X, Y, Z
sequence. The vector ex5=(05 , Os, \l/s)T thus defines the
shuttle attitude. The payload system (Xp, Yp, Zp) is obtained
from the /7 system by a set of three rotations (Xt Y, Z
sequence) </>p, Op) tp. Thus the vector ap = (<j)p, 6P, tp)T

defines the payload attitude.

Summary of Mathematical Model
The mathematical model is obtained via Lagrangian for-

mulation. The complete system consists of two separate
systems: 1) shuttle and coarse gimbals, and 2) payload
assembly. Since these two systems are physically separated by
magnetic actuator gaps, it was advantageous to derive
separate models for each system and to interconnect them via
magnetic actuator forces.

The coarse pointing assembly consists of three objects:
shuttle, elevation gimbal, and lateral gimbal. Expressions are
derived for the kinetic energies of the three objects in terms of
the inertial velocities of their centers of mass, and their
angular velocities relative to the inertial frame, expressed
along the body coordinates of each object. The eight degrees
of freedom are:

r"s" <t>g and 0

The gimbal bearings are assumed to be frictionless. For the
payload assembly, the six degrees of freedom are:

and 0i] , Zoi])T

Total degrees of freedom are fourteen; however, since only
the position of the payload assembly relative to the coarse
pointing assembly is of interest, three degrees of freedom are
redundant. Thus, there are eleven minimal degrees of
freedom.
The nonlinear equations of motion are given by:

A(dt\
ar

dqr dqr
(1)

where T is the kinetic energy, qr, r=l,2,...,n, are the
generalized coordinates, and FQf are the generalized forces.
For the coarse assembly, linearization is performed about the
equilibrium point

f v (0=f t <xs(t)=0, 0^(0=0;, MOstf,

and the equations of motion are obtained in the following
form:
Shuttle translation

Shuttle rotation

Elevation gimbal

cts +A334>g +A34Bg =F(f)

Lateral gimbal

A42as +A43'<j>g +A440g =Fd

(2)

(3)

(4)

(5)

In Eqs. (2-5), the symbols f0 /, as, </>gt Og denote their in-
cremental values about the equilibrium point. Atj are ap-
propriately dimensioned coefficient matrices.

For the payload assembly, the linearized equations about
<MO=0,f g / (0=0are:

where H0q=-Cp({0q)

Iacta+ mD

(6)

(7)
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where the symbols aq, £Qij denote their incremental values
about the equilibrium point. Substituting for fe/ from Eq. (6)
intoEq. (7),

- mpH0q
TH0q) aq = Faq -H0q

TF».
Q'l

(8)

But the moment of inertia of the payload assembly about the
p axes is

Ip=Iq-mpH0q
TH0q

Also, for the linearized system, aq = ap. Therefore, Eq. (8)
becomes:

(9)

Considering position Eq. (2) for f0^;-, and position Eq. (6)
for fQ / / , only the difference between the payload assembly
position and the coarse pointing assembly is of interest.
Define e as

6 = i>2'-/-te/ (10)

After linearization of the second derivative of this equation
about the equilibrium point, simplification yields

(11)

where HP2S = -Cp (fP2i), and /(f^y ) . i s a linear function
offp g/.This value of f^, is substituted into Eqs. (2-4) to
obtain the equations for shuttle and gimbals in the following
form:

The equation of motion for payload assembly is:

(12)

(13)

Equations (12) and (13) define the complete linearized motion
of the system.

Cable Forces and Torques
Flexible cables for data transmission and power supply are

assumed to be routed through the lateral coarse gimbal and
the center of the instrument mounting surface of the payload
assembly. The cables are assumed to cause a constant axial
force, a constant radial force, and a constant torque about the
roll axis, as well as axial and radial spring forces (propor-
tional to relative displacements) and torsion torque
(proportional to relative roll angle).

This simple representation is used in order to keep the
number of state variables small, and is considered to be
adequate for the purpose of linear analysis. In the actual
hardware, it is expected that cables can be avoided by using an
optical data coupler and a battery pack on the vernier
assembly; however, this model is included for the sake of
completeness. In the linearized model, the cable torque
exerted on the payload assembly is given by

FLu*=Fl+ (J<FXsex,KFysey,KFzsez) (15)

Equal and opposite reactive forces and torques are also acting
on the coarse pointing system. In the linear model, these
additional terms can be easily included in the generalized
force expressions to yield complete equations of uncontrolled
motion.

Sensor Models
Measurements of shuttle attitude and attitude rate, con-

taminated with zero-mean white noise, are assumed to be
available for synthesizing the shuttle attitude control inputs
using such devices as Control Moment Gyros (CMG) or
Annular Momentum Control Device (AMCD). It should be
noted that this assumption about shuttle attitude controller is
not critical, since the payload is almost completely isolated
from the shuttle. This assumption is made only to facilitate
linear analysis. Coarse gimbal rates <j>g and 6g are measured
by tachometers. These measurements are also contaminated
with zero-mean white noise. The payload attitude
measurement system consists of three rate gyros for
measuring <l>p, 6p, and ij/p, and two star trackers, one for
measuring the pointing errors 0p and Op, and the other,
pointing away from the line of sight, for measuring roll angle
error \{/p. Each rate gyro output is contaminated with a
colored noise and a Wiener process bias. The star trackers ure
inherently discrete time devices. The star tracker outputs are
contaminated with uncorrelated time sequences. A bias may
also be present in the tracker output. Gyro drift rate or bias,
star tracker bias, and tracker boresight misalignment are
important sources of error affecting pointing error. Gyro drift
rate is estimated by a state estimator which gives asymp-
totically unbiased rate estimate. Star tracker bias errors are
usually measurable and can be compensated to a large extent
by the tracker electronics. Any uncompensated bias and
misalignment will affect the mean, but not the standard
deviation of pointing error. In pointing performance
evaluation, the mean is sometimes called "pointing accuracy"
and the standard deviation is called "pointing stability." In
most missions the "accuracy" requirements are not very
stringent; therefore, small tracker bias and misalignment
errors can be tolerated and are assumed to be absent in this
paper. A description of the payload attitude measurement
system is given in Fig. 5.

The axial and radial rim-centering errors are measured by
eight proximity sensors, two at each magnetic actuator
station. The proximity sensor outputs are also contaminated
with white noise. Thus, the complete measurement vector can
be written as:

y T = [ d I ( x ) , 8 1 ( z ) , d 2 ( y ) , d 2 ( z ) , 8 3 ( x ) , 5 3 ( z ) , d 4 ( y ) , S 4 ( z ) ,
<j>K,0,,,ap,ap,ots,6ts] + additive noise (16)

where 6, (J) denotes the centering error at the /th magnetic
actuator station along7 axis, /= 1,2, 3, 4;j = x, y, z.

Proximity Sensor Outputs
Axial and radial rim position sensors are located at each

magnetic actuator station. In order to compute the magnetic

Fu
ZzrVu-- 667*10 ^

fare -sect
V sec21 /

Gk - -4-88 arc-sec
RATE GYRO

Fig. 5 Payload attitude measurement system.
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actuator forces it is necessary to compute the centering errors
at each actuator station. After linearization and sim-
plification, the following expressions for the sensor outputs
are obtained (excluding noise terms)

5](x)=d3(x)=ex

52 (z) =ez

+r(<l>gcos61-<l>p)

(17)

08)

(19)

(20)

65 (z) and d 4 ( z ) are obtained from <57 (z) and d2(z) by
changing the sign of r.

Payload Attitude State Estimator Design
Pointing performance of space experiment pointing systems

is critically dependent on the pointing error and error rate
signals used for synthesizing the control laws. As mentioned
earlier, for stellar pointing missions the pointing errors
(vernier assembly or payload attitude angles) are assumed to
be measured by two star trackers - one for 0 and 6P, and the
other pointing at about right angles to zq axis for \l/p. For the
purpose of this paper, it is assumed that the star tracker noises
in (j)p and Bp measurements are uncorrelated. It can be shown
that direct use of noisy payload attitude and rate
measurements will result in an unsatisfactory performance
unless the noise levels are extremely low. Therefore, an
estimator is needed in the loop. Two types of payload attitude
state estimators are considered in this paper (one estimator is
used per axis). Estimator I, due to Farrenkopf,2 does not
utilize the information about control torques applied to the
payload. This estimator is very general, and uses the star
tracker output as the only "observation." Referring to Fig. 5,
however, both star tracker and rate gyro outputs can be
treated as "observations" and a Kalman filter can be designed
if the input torque is known. Since the ASPS uses magnetic
actuators to generate control torques, the latter can be
measured very accurately. A Kalman filter can therefore be
designed in the usual manner.3 This is termed Estimator II in
this paper. By performing extensive computer simulations, it
was shown4 that star tracker output can be treated as con-
tinuous time (with noise variance appropriately modified as in
Ref . 5) without significant loss of accuracy. All computations
were therefore performed for continuous system. Estimator
design is treated in Ref. 4 in detail. Estimators I and II in this
paper refer to filters 1 and 3 designed in Ref. 4. Both of these
estimators give asymptotically unbiased estimates of payload
attitude and rate.

Control Systems Design
The three control systems to be considered are: coarse

gimbal control systems, magnetic actuator control systems,
and space shuttle attitude control system. The function of the
coarse gimbal control system is to drive the two gimbal torque
motors in such a way as to keep the rim centered within the
magnetic actuators; that is, coarse gimbals follow the payload
assembly while tracking a moving target. The coarse gimbal
control system utilizes proximity sensor and gimbal rate
tachometer outputs. The magnetic actuator control system is
required to generate actuator forces for two purposes: to
eliminate the rim-center position error e, and to keep the
payload assembly properly pointed at the target. The
magnetic actuator control system utilizes payload attitude and
rate estimates and proximity sensor outputs, the space shuttle
attitude control system utilizes the attitude and attitude rate
estimates to generate controlling torques. Control systems are
designed assuming complete statistical separation; that is,
they are designed assuming availability of noise-free sensor

outputs. In the covariance analysis, however, sensor noise and
payload attitude state estimators are included. Because of the
presence of bias forces and torques due to cable, integrators
must be used to eliminate steady-state error in e. The bias
error in payload attitude was found to be small (less than 0.15
arc-s in preliminary computation); therefore, no integrator is
used in payload attitude control loop.

The control system design is accomplished by considering
the desired response characteristics. Since the number of
control variables is large, the desired response characteristics
can be achieved in a straightforward manner, and the use of
such tools as linear regulator theory is not necessary. In fact, a
design based on linear regulator theory would be undesirable
since it would require the feedback (estimates) of all the state
variables.

Coarse Gimbal Control Systems
The coarse gimbal assembly, which consists of the elevation

and lateral coarse gimbals, must automatically follow the
payload assembly. This is assumed to be accomplished by the
use of two brushless DC torquers. The objective of the control
systems for the torquers is to move the coarse gimbals in such
a manner that the payload assembly is kept properly centered
in the magnetic bearings. Thus, an appropriate design ap-
proach is to obtain the command values of 4>g and Bg which
will minimize

4

J=d2
1(x)+d2

3(x)+d2
2(y)+d2

4(y)+£d2
j(z) (21)

This is done by substituting for <5y from Eqs. (17-20), and for e
from Eq. (11), and making

dJ_ = dJ =

The solution gives the following command signals:

t , , >*cos07

(22)

where r / ,2 g /=(0,0,zp2 g /)7 '

and

_ d l ( z ) - d 3 ( z )
2r (23)

The torques to be generated by the coarse gimbal torquers are
then given by

rm. =—Kg 6g+Lg (B -B )g ' ^#2

(24)

(25)

where KgJ and Kg2 are rate gains, and Lg] and Lg2 are
proportional gains. The desired response can be obtained
(approximately) by making

Kgi = 2pgiugilgi, Lgi = u2
gilgi, i=l,2

where Igi is the appropriate axis inertia.

(26)

Magnetic Actuator Control Systems
Magnetic actuators serve a dual purpose: they keep the rim

center properly positioned within the lateral coarse gimbal,
and they keep the payload properly pointed at the target. The
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desired control is achieved by generating appropriate
magnetic forces acting (nominally) along xq, yq, zq directions
at each of the four actuator stations. Thus there are 12 control
forces. Ignoring the rotation-translation coupling, the desired
responses can be obtained by making

x = mm\70Atf (27)

and

where

(28)

(29b)

The subscript 0 implies the measured or estimated value of the
parameter. The terms \ = (\x \ty,\z) T, and

ep, ) T represent the desired accelerations, that is,

and so forth, where

(30)

(31)

The first two terms in the right-hand side of Eq. (30)
represent appropriate decay characteristics, while the last
term is the integral term [Eq. (31)] added in order to
eliminate steady-state position errors because of cable bias
forces. Since no integrators are used in the payload attitude
control loop,

and so forth.
Defining

and so forth, one can readily determine position, rate, and
integral (for the e loop) gains from desired natural frequencies
and damping ratios. Because of cable spring constants in the e
loop, the effective proportional gain is approximately given
by

bxe = bx+(Ksx/mp)

This must be taken into account while determining gains
which give desired decay characteristics for e. Thus the
control force equation can be written in the following matrix-
vector form:

ACFF=q

where

F= ( F X l , FX2, FX3, FX4, Fyi,

FZl,FZ2,FZ3,FZ4)T

q = [mw\Te,(l/r) (Ip0^

(33)

(34)

ACF — appropriate 6x12 coefficient matrix .
Letting

(35a)

(35b)

the remaining equations are in the form:
A'CFF'=q'

where

q' = q- (FX] + FX3,Fy2 + Fy4,0,0,0,0) r

The solution which minimizes the norm of F' is given by

Ff = (Af
CF)T[A'CF(A'CF)T}-1q'

which, after simplification, gives F' as a function of e, e, otpf
and dtp. This design gives complete payload isolation from the
coarse assembly if payload inertia and position of center of
mass are known accurately.

Implementation
Proximity sensors provide noisy measurements of the radial

and axial errors. In order to generate proportional and rate
signals required for the e loop, three second-order filters of
the following type are used:

GfX(s) =
_______= Yex(s)
C1s2+c2s + l e x ( s )

(36)

This network can effectively generate proportional and rate
signals with low noise level. A first-order filter would have
resulted in infinite variance with white measurement noise
because of its constant high-frequency gain. The integrator
can be implemented as in Eq. (34) without the necessity of a
filter. The signals ex, ey, ez used in implementation are ob-
tained from the noisy proximity sensor outputs of Eqs. (17-
20). For otp loop, the attitude and rate signals [used in Eq.
(32)] are obtained from the state estimator.

Space Shuttle Attitude Control System
Attitude of the space shuttle is assumed to be controlled by

such devices as CMC's or AMCD, which generate stabilizing
torques using white noise-contaminated attitude and attitude
rate signals. This assumption facilitates linear analysis and is
not restrictive since the payload assembly is almost completely
isolated from the space shuttle. Desired control torque is
given by

(37)

where

etc.

(38)

(39)

Attitude and rate measurements are contaminated with
white noise. Thus the controller is required to generate large
control torques [Eq. (51)] proportional to the additive noise.
In order to avoid this, and to reflect controller bandwidth,
first-order filters are used to filter the noisy signals X0 , \d ,
and X^ .

Equations of Motion of the Controlled System
Crew-Motion Models

The space shuttle is excited by force and moment inputs
generated by the movement of the crew members at the crew
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station. The crew motion forces and moments can be ap-
proximated by zero-mean band-limited white noise
processes.6

Each crew-motion force or moment is generated by passing
a unit power spectral density white noise process through a
linear filter represented by the general transfer function

ff(s) =
(s2 2

]) (s2 (40)

Therefore, a total of six filters, three for forces and three
for moments, are required to describe each crew activity.
State-space equations for the crew motion model can be
written as*

v = (FT
uc \* c>

(41)

(42)

where xc is the ^-dimensional state vector, uc is unity power
spectral density white noise, vc is 6x1 force and moment
vector, Acr, bcr, Tcr arenfxnf, nfxl, and 6 x n f matrices.

Complete Closed-Loop Equations
Complete closed-loop equations consist of equations of

motion for the space shuttle/ASPS and controllers, crew
motion filters, payload attitude state estimators, filters used
in e loops and as loops, and integrators used to offset steady-
state errors in e. As mentioned earlier, star tracker outputs
can be accurately represented as continuous time signals after
appropriate modification of their noise variances. Therefore,
the complete system can be represented by

x=Ax + Bw T + wbias

where x is the total state vector and WT is the total noise vector
containing all input and measurement noise terms. wbias is a
bias vector which appears because of cable forces and
torques.

Method of Solution
Pointing performance of the system is represented by 1)

pointing accuracy, or bias, or mean, and 2) pointing stability,
or standard deviation about the mean. The steady-state bias in
state vector jc, denoted by xb, can be readily obtained as

xb = -A-'wb]M (43)

Vector xb thus contains information about the pointing ac-
curacy.

Covariance matrix E of state vector about the mean evolves
according to the equation5

(44)

where
Z(t)=E([x(t)-xb][x(t)-xb]T]

and WT is the covariance intensity matrix of wr. This is a
linear matrix equation of order n, where n = 34 + ne + nf, ne is
the order of estimator state vector, and nf is the order of the
crew-motion filter. With Estimator I and for a typical crew
activity, /i = 68. The method of Ref. 7 was found to be
satisfactory for obtaining solution L of the steady-state
version of Eq. (44). This method has a provision for
generating successive corrections in order to get highly ac-
curate solutions.

Numerical Results and Discussion
In order to investigate pointing performance of the ASPS,

two different payloads were selected. Payload 1, which has a

mass of 270 kg, is 3.7 m long and 0.66 m in diameter, and is
representative of relatively small stellar observation payloads.
Payload 2, which has a mass of 4857 kg, is 3.35 m in diameter
and 1.99 m long, and is representative of large payloads such
as those containing X-ray equipment. Parameters of space
shuttle and the payloads are given in Tables la-lc. The only
physical contact between the payload and the coarse gimbals
is a data transmission/power supply cable which is routed
through the center of the instrument mounting plate. Bias
forces and torques, and spring constants due to cable are
given in Table Id. For the present computation, all the radial
bias force is assumed to be acting in the Xq direction.
Parameters of space shuttle attitude control system, coarse
gimbal control systems, magnetic actuator control systems,
and various filters used in the system are given in Table 2.
Nominal values of standard deviations of all white noise
sources are given in Table 3. In order to make the analysis as
realistic as possible, it was assumed that an error exists in the
measurements of payload mass, inertia matrix, and center of
mass location. To keep the number of variables small, the
same per-unit error <5 was assumed to be made in measuring
mp> Ip, and f^.

Preliminary computations indicated that the current star
tracker/rate gyro package (described in Fig. 5) is the most
important source of error. The rms pointing error due to star
tracker/rate gyro uncertainties with Estimator I (Filter 1A of
Ref. 4) is about 0.125 arc-s along each axis. This is sufficiently
large to obscure the effect of all other sources of error, in-
cluding crew motion. However, with the availability of better
attitude measurement packages and better estimation
schemes, such as Estimator II (Filter 3 of Ref. 4), other
sources of error can become important. It is therefore im-
portant to investigate the sensitivity of rms pointing error to
various sources of noise, when perfect payload attitude and
rate measurements are available. In order to do this, the
attitude measurement and estimation system was removed
along with star tracker/rate gyro uncertainties and each
source of error (e.g., crew motion, proximity sensor noise,
shuttle attitude measurement noise, coarse gimbal tachometer
noise) was individually activated. The target pointing angles
were: <£7 =45 deg, 07 =45 deg, which were determined earlier
to form one of the worst combinations. Error parameter <5 was
at its worst case value of 0.1. The crew activity considered in
this report is "shower" because of its reported severity.1

Table 4a shows the sensitivity results for both payloads. It
was found that the rms pointing error is relatively insensitive
to proximity sensor noise, but is significantly sensitive to
shuttle attitude measurement noise. This is because white
shuttle attitude and rate measurement noise enters the system
under the present assumption. In the actual system, however,
shuttle attitude is controlled by reaction control jets and white
noise does not enter the system. Shuttle-to-payload coupling
exists only through cable spring constants and non-zero error
parameter 6. To investigate the extent to which cables affect
the sensitivities, d was made zero and the sensitivities were

Table la Space shuttle orbiter parameters

Mass, kg 86176.2

Inertias, (kg-m2)i»
' vv

Crew station location
(s-system, m)

Location of P7
(s-system, m)

7,882,725
1,037,200
8,082,030

6,779
2,711

-178,968
(0,-16.002, 0.594)

(0, 2.2, 0.75)
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Table Ib Payload parameters

Payload 1
Payload 2

Mass,
kg

270
4857

Length,
m

3.7
1.99

Diameter,
m

0.66
3.35

r,
m

0.608
1.98

fxx

319.5
5160

Inertias, kg-m2

lyy

319.5
5160

'«
15.22
6830

c.m. location in <7-system: Payload l,m (.0508, .0508, 1.83)
Payload 2, m (.305, .305, 1.22)

Table Ic Coarse gimbal parameters

Payload 1 Payload 2

Elevation gimbal
Lateral gimbal

Mass,
kg

14.63
11.48

/**<=' )>
kg-m2

2.72
2.12

7«'2kg-m 2

5.42
4.24

Mass,
kg

45.4
45.4

/ « < = / ) ,
kg-m 2

89.0
89.0

/K' 2kg-m2

178
178

Table Id Cable forces and torques

Bias force
Spring constant (translation)
Bias torque about roll axis
Spring constant (rotation)

about roll axis

0.01405 N radial, .00445 N axial
1.05 N/m radial, 0.35 N/m axial
0.001 N-m

0.005 N-m/rad

Table 2 Control system parameters

Natural frequency, co
Control system Damping ratio, p Nominal Range

Shuttle attitude
Coarse gimbals
Payload attitude
Rim position

0.5
0.7
0.7
0.7

0.5 rad/s
2 Hz
2 Hz

0.05 rad/s

0.1-1 rad/s
lHz -4Hz
l H z - 4 H z

0.005 -0.1 rad/s

Table 3 Measurement noise

Number of Standard
Source description measurements deviation

Proximity sensors, axial and radial
Tachometers (coarse gimbal rate

measurements)
Shuttle attitude
Shuttle attitude rate
Star-tracker
Rate gyro (rate noise)
Rate gyro (bias noise)

8

2
3
3
3a

3
3

2 .54x lO- 7 m

O.ldeg/s
0.01 deg
O.ldeg/s
4.88arc-s
0.0316arc-s/s 2

8.16xlO-1 6 arc-
s/s

a Assumed.

obtained for payload 2. The results are shown in Table 4b.
Finally, in an attempt to arrive at a more realistic represen-
tation of shuttle attitude measurement noise, the white shuttle
attitude and rate measurement noises were passed through
first order filters of 0.1 rad/s bandwidth. The sensitivities
computed for payload 2 are shown in Table 4c. Effect of
shuttle attitude measurement noise was significantly reduced
as a result of using band-limited noise. Sensitivities to other
noise sources remain unchanged.

Star tracker/rate gyro models and Estimator I were next
reinserted in the system. With nominal parameters for these
models, covariance computations were performed for various
pointing angles: </>/ = 0, 45, and 60 deg; 0y = 0, 45, and 60 deg,
for <5= -0.1, 0, and 0.1. Table 5 shows the rms errors ob-
tained for payloads 1 and 2 for the worst case.

In order to determine the performance with a better star
tracker/rate gyro package, star tracker noise standard
deviation as and rate gyro noise standard deviation av were
reduced by a factor of 10. Kalman filters (Estimator I) were
designed for each axis. The resulting pointing performances
are given in Table 6 for the two payloads. For all the cases
considered, the magnetic actuator centering errors remained
within 0.4 mm rms. It is expected that the use of Estimator II
can yield much superior pointing performance if the input
noise is small. Although model for input noise was not
available, Estimator II (one for each axis) was designed for
input noise ain = 1 x 10~6 . These estimators were inserted in
the loop and covariance computations were performed. The
results are shown in Table 7 for payloads 1 and 2 with all
noise parameters held at their nominal values, and 6 = 0.1.
Estimator II yields maximum per axis rms pointing error of
about 0.026 arc-s. This value, however, will be largely
dependent on a in; therefore, more meaningful results with

Table 4a Sensitivities and bias due to cable

Bias error due to cable

Payload 1, arc-s, rms Payload 2 arc-s, rms
Source

Proximity sensors
Tachometer
Shuttle attitude and rate
Crew motion
All together

*P
3.58x10-6
1.87 x 10 ~ 3

5 .26x lO~ 4

4 . 3 1 x l O ~ 4

1 .99x lO~ 3

ep
3.12X10- 6

2.95 x 10 ~ 8

6.99X10"3

7.44X 10~4

7.03 X 10 -3

+P
2.77X10- 6

1.09X10-3

4 . 1 7 x l O ~ 3

5.54X10- 4

4 . 3 4 x l Q - 3

<!>P
1 . 5 9 x l O ~ 5

8 . 3 x l O " 4

7 . 4 5 x l O ~ 4

5 . 1 3 x l O ~ 4

1 . 2 3 x l O ~ 3

OP
1.53X10- 5

4.01X10" 7

2 . 7 4 x l O ~ 3

2 . 4 6 x l O ~ 4

2 . 7 5 x l O ~ 3

+P
4 .13X10" 7

1.52X10' 4

6 . 5 2 x l O ~ 4

1 . 2 3 x l O ~ 4

6.82X10- 4

1.02x10 -2 1.15x10- -1.46x10" 3.8x10- 4 .41x10- -1.08x10"
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Table 4b Sensitivities with 6 = 0

Source

Proximity sensors
Tachometer
Shuttle attitude and rate
Crew motion
All together

Payload 2, arc-s, rms
<t>p ®P ^P

2,
1.
1
1
1

45x10
01x10
.27x10
.11x10
.28x10

-11
-10
-5
-6
-5

4.
1
1
1
1

16x10
.61x10
.52x10
.66x10
.53x10

-10
-9
-4
-5
-4

7.88x10
3.16x10
2.89x10
3.03x10
2.91x10

-11
-10
-5
-6
-5

Table 4c Sensitivities with bandlimited shuttle attitude and rate noise

Noise source d>n On \Ln

Shuttle attitude and rate
All together

1.38X10'4
9.85 x 10-4

5.14X10-4 1 .22xlO~ 4

5 .72x lO~ 4 2.33X10-4

Table 5 rms errors with Estimator I

rms error, arc-s

Payload 1
Payload 2

0.1252
0.1252

0.1254
0.1252

0.1253
0.1252

Table 6 rms errors for lower star-tracker and rate gyro
uncertainties (Estimator I), arc-s

Payload 1
Payload 2

0.1285 x 10 -1

0.1278X10"1
0.147X10-1

0.1304X10-1
0.1366X10"1

0.1275X10-1

Table 7 rms errors with Estimator II, arc-s

Payload 1
Payload 2

%
0.0234
0.0229

%
0.0257
0.0241

%
0.0242
0.0231

Estimator II can be obtained only after ain has been exactly
determined from physical considerations.

Conclusions
A linear mathematical model has been developed for the

space shuttle/ASPS which takes into account all internal
couplings. Control laws and payload attitude state estimators

have been designed in order to obtain satisfactory per-
formance. The star tracker/rate gyro package used for
payload attitude and rate measurement is the most significant
source of error. The worst case pointing error was about 0.125
arc-s rms for each axis with the given star tracker/rate gyro
package. With star tracker and rate gyro uncertainties
reduced by a factor of 10, the worst case rms pointing error
was about 0.013 arc-s for each axis. These results were ob-
tained using Estimator I. It was found that it is possible to
improve the pointing performance considerably by using a
better payload attitude state estimator (Estimator II) if the
input noise is low. It is concluded on the basis of this study
that the ASPS offers a highly accurate auxiliary instrument
pointing system and holds the promise for significant further
improvement in its pointing performance.
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