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This paper presents the control system design for the Annular Suspension and Pointing System intended for
use on Shuttle-carried experiment packages in the 1980’s. Actuator sizing and configuration of the system are
explained, and the control 1aws developed for linearizing and compensating the magnetic bearings, roll induction
motor, and gimbal torquers are given. Decoupling, feedforward, and error compensation for the vernier and

gimbal controllers are developed.

Introduction

OLAR, stellar, and Earth viewing experiments planned

for the 1980’s require better pointing accuracy and
stability than provided by the Space Shuttle attitude control
system. Consequently, the need for a multipurpose ex-
periment pointing system was established during NASA
planning activities in the early 1970’s. The Annular
Suspension and Pointing System (ASPS) concept was
developed to meet this need. The concept is a derivative of the
Annular Momentum Control Device (AMCD), which is
described in Ref. 1. A more detailed description of the ASPS
and linear analyses are presented in Ref. 2. Although the
AMCD and ASPS each utilize the magnetic suspension
technique, they are very different in purpose and operation.
The ASPS is considered a unique device and has been
patented by NASA.> A more detailed discussion of the
evolution of the ASPS concept that has led to a decision by
NASA to build a prototype ASPS for use on the Space Shuttle
is presented in Ref 4.

Experiment pointing systems other than ASPS have also
been studied to accommodate the wide range of experiment
sizes and operational requirements.® The ASPS represents a
unique approach in that magnetic actuators are used to
provide a fully levitated payload mounting base which is
isolated from Orbiter disturbances. In addition to the
magnetically suspended vernier system, two coarse gimbals, a
strapdown attitude determination system, experiment power
and signal interfacing electronics, and standard Spacelab
interface electronics are included in the ASPS.

Considerable analyses, simulation, and prototype testing
have already been performed in support of the system design
presented here. In particular, a detailed nonlinear digital
simulation of the ASPS dynamics based on the formulation
developed in Ref. 4 has been used to verify pointing system
performance and actuator sizing. The computational
algorithms for the attitude determination system, command
processor, and attitude control system have been exercised in
another digital simulation, which employs a simplified

Presented as Paper 78-1311 at the AIAA Guidance and Control
Conference, Palo Alto, Calif., Aug. 7-9, 1978; submitted Sept. 20,
1978; revision received June 25, 1979. Copyright © American In-
stitute of Aeronautics and Astronautics, Inc., 1978. All rights
reserved. Reprints of this article may be ordered from AIAA Special
Publications, 1290 Avenue of the Americas, New York, N.Y. 10019.
Order by Article No. at top of page. Member price $2.00 each,
nonmember, $3.00 each. Remittance must accompany order.

Index categories: Spacecraft Systems; Sensor Systems.

*Lead Engineer, Satellite Systems Development Dept. Member
AlAA.

tPrincipal Engineer, Satellite Systems Development Dept.

1Staff Engineer, Satellite Systems Development Dept. Member
AIAA.

representation of the ASPS dynamics. System stability
margins have been computed using a linearized model of the
system, which includes structural flexibility between mast,
gimbals, vernier, and the experiment.

Control Requirements

Major control system requirements of the ASPS are listed
in Table 1.

The pointing accuracy and stability requirements apply
during inertial pointing and assume ideal payload attitude and
rate sensing. The payload mass and inertia values listed are
those which apply to the acceleration and bandwidth
requirements. Large payloads (up to 800-kg mass, 1000 kg-m?
inertia normal to LOS and 250 kg-m? inertia along LOS) must
also be accommodated, but at reduced acceleration during
slewing maneuvers.

The driving requirements affecting ASPS system design
have been the vernier pointing stability (which necessitates
high linearity and close calibration of the magnetic actuators)
and the roll rate stability (which demands extremely low
anomaly torques in the roll actuator system).

In addition to the performance requirements given, several
configuration-related requirements have been imposed. The
vernier control system must provide noncontacting
suspension of the payload using magnetic actuators without
permanent magnets. (The restriction against permanent
magnets avoids the need for high-bandwidth servos to
stabilize the static instabilities inherent with permanent
magnet actuators.) The ASPS must provide power and data
support to the payload and be compatible with the Orbiter
environmental, operational, and safety requirements.
Electrical power and data interfaces must be compatible with
the Spacelab. A payload mounting plate should be provided
for convenient payload integration, and its diameter should
not exceed 1 m. A NASA standard digital computer (the
NSSC-II) and inertial reference unit (the DRIRU-II) will
provide a strapdown attitude reference for the payload. The
system segmentation should take advantage of the computer
to perform all of the mission-dependent control law com-
putations.

Hardware Description

The ASPS consists of a vernier pointing assembly, lateral
and elevation gimbal assemblies, a mounting and jettison
assembly, several control electronics assemblies, the NSSC-I1
digital computer, and the DRIRU-II inertial reference unit
(IRU). Figure 1 shows the ASPS mechanical layout. Two
identical coarse gimbal assemblies are stacked to form an
elevation and a lateral gimbal pair. The gimbal mounting
structure design provides a mechanically limited travel of
+100 deg (from vertical) about the lower elevation gimbal
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Table 1 ASPS control requirements OPTICAL
COUPLER PAYLOAD
Requirement Value Units MOUNTING
PLATE
Vernier pointing/isolation system

Angular range +0.75 deg
Pointing accuracy +0.1 arc-sec BATTERIES
Pointing stability +0.01 arc-sec
Bandwidth 1.0 Hz
Payload mass (max.) 600 kg
Payload inertia 50 to 500 kg-m?

(perpendicular to LOS)
Payload ¢.m. offset Oto 1.5 m

(along LOS)

AXIAL MBA
Aol Roll pomtmgjzlsit;riried RADIAL MBA VERIER
ular range Y

Acfeleration (max.) +0.06 deg/s? BDC TORQUER ASSEMBL
Rate (max.) +1.5 deg/s (LE?ATIIES-\AI\_L
Pointing accuracy +1.0 arc-sec
Rate stability +1.0 arc-sec/s ELEVATION 1 FLEX
Bandwidth 1.0 Hz GIMBAL CAPSULE
Payload inertia 10to 100 kg-m?

(about LOS)

Elevation and lateral coarse gimbals ﬁ?}rj:\égm GAQQE?VI BLY

Elevation range + 100 deg
Lateral range +60 deg
Maximum rate =3 deg/s
Maximum acceleration +2000 arc-sec/s?
Position accuracy +6 arc-min
Rate accuracy +0.03 deg/s

axis, and =60 deg about the upper gimbal axis. Soft stops can
be adjusted during mission integration to further limit the
gimbal travel. The vernier pointing assembly contains the roll
axis drive, which provides unlimited rotation about the
payload longitudinal axis and magnetic actuators for vernier
rotation up to +0.75 deg about any axis in the plane normal
to the payload roll axis. The payload mounting plate can be
removed for mounting and aligning experiments prior to
installation on the ASPS.

Magnetic suspension provides noncontacting isolation and
vernier positioning of the payload in the vernier assembly.
Three axial magnetic bearing assemblies (MBA’s) provide
axial translation and vernier pointing about the transverse
axes. Proximeters associated with each MBA linearize the
force/displacement characteristic to compute the axial
displacement and the tilt of the payload about the transverse
axes.

The axial MBA’s react against the horizontal surface of an
L-shaped soft iron rotor which runs circumferentially under
the payload plate mounting surface at a mean radius of 0.362
m. The vertical surface of this rotor is utilized by the two
radial MBA’s and the single roll motor. The radial MBA’s are
spaced 90-deg apart and provide radial centering of the
payload mounting plate. Each radial MBA contains
proximeters for magnetic gap compensation and for cen-
tering.

A segmented, two-phase, solid-iron rotor, ac induction
motor controls the roll rotational servo. This motor also
contains proximeters to compensate the radial attractive force
associated with the two motor segments. Roll angular position
is sensed by a single-speed wound rotor resolver located near
the center. Resolver rotor signals are ac coupled to the
stationary side of the assembly through a rotary transformer.

In addition to the six-degree-of-freedom positioning and
readout provided by the vernier assembly, power, control,
and data transfer to the payload experiment are also supplied.
Twenty-three nickel-cadmium cells, mounted below the
rotating top plate, supply 300 W-h of energy to the ex-
periment. To recharge the batteries, the vernier is caged by
energizing five solenoid actuated latches. A solenoid-operated

Fig.1 ASPS layout.

brush block assembly is then engaged with the vernier slip
rings to connect power and battery charge signals directly to
the payload plate. The vernier latch mechanisms permit the
use of the ASPS in a coarse pointing mode for comparison
with the vernier system or as a backup. Additionally, the
latches are designed so that a failure within the magnetic
suspension causes the suspended assembly to touch down on
the latches, thereby protecting the MBA’s, proximeters, etc.

An optical coupling technique transfers experiment control
and data signals across the vernier gap. Three serial data
channels are provided, with one uplink and one downlink
channel used to extend the Spacelab experiment data bus to a
standard remote acquisition unit (RAU) located on the
payload mounting plate. The second downlink transfers IRU
data to the ASPS control electronics and supports wideband
experiment data transfer to the Spacelab high-rate
multiplexer.

Each of the coarse gimbal assemblies contain a permanent
magnet, brushless two-phase dc torquer, a multispeed wound
rotor resolver for commutation of the torquer drive signal and
a single-speed wound rotor resolver for position readout and
control of the gimbal angle. Since both elevation and lateral
gimbals have a limited rotational freedom, electrical con-
nections are carried across the rotating gimbals through flex
capsules. The flex capsules contain flat flex tapes which are
looped between concentric cylinders in the center of each
gimbal. Cabling is sized to support all of the coarse and
vernier signal and power requirements as well as high-speed
payload data and battery recharge power. Duplex gimbal
bearing pairs are used in each gimbal assembly in a
fixed/floating cartridge arrangement. The cartridges permit
the bearing preload to be set by tolerances within the cartridge
itself; dimensional changes which result from temperature
variations cause the sliding cartridge to move axially without
inducing mechanical stresses or upsetting the bearing
preloads. ‘

The mounting and jettison assembly supports the coarse
gimbals and also contains pyrotechnics to jettison the ASPS
(and payload) in the event of a multiple failure which prevents
stowage in orbit. A motor-driven separation device mounted
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Table2 ASPS characteristics

Power
Standby TTW
Average : 89 W
Peak (worst case) 1100 W
Weight
Mechanical 240 kg (530 1b)

Control electronics
Digital computer and IRU

40.8 kg (901b)
30.8 kg (681b)

Size
Vernier system height 0.241m (9.5in.)
Overall height 1.174 m (46.3 in.)
Payload plate diameter 0.965m (38in.)

inside the mounting and jettison assembly disconnects the
gimbal mechanical structure from the mast during launch and
landing phases. This prevents indeterminant loading across
the gimbals when the payload is restrained by its launch locks.
-Table 2 lists the overall characteristics of the ASPS. The
peak power of 1100 W is a worst-case combination of
maximum force and torque by all actuators simultaneously.

Control System Configuration

The ASPS control system configuration block diagram is
presented in Fig. 2. The left side of the block diagram shows
the five NSSC-II software modules, which are directly related
to the ASPS attitude control system (ACS). The right side of
the block diagram shows the hardware elements of the ACS.
The major functions of some of the blocks are listed within
the blocks.

The three electronic assembly boxes are the digital elec-
tronics assembly (DEA), the payload electronics assembly
(PEA), and the control electronics assembly (CEA). The
major function of the DEA is to interface the NSSC-II
computer with the PEA, CEA, and ASPS coarse gimbal and
vernier sensors. All interface is accomplished through 170
modules which provide signal conditioning, formatting, and
encoding required to render external signals compatible with
the DEA internal bus and the 12-bit D/A and A/D converters.

The primary function of the PEA is to interface the ASPS
inertial sensors such as the DRIRU-II, fine sun sensor,
STELLAR star tracker, and other experiment-provided
sensors. Data from the sensors is encoded by the PEA and
transmitted to the DEA, which is remotely located from the
ASPS payload plate. The sequence of the data is determined
by a microprocessor in the PEA.

The major function of the CEA is to provide the analog
circuits required for the ASPS control loops. This includes
excitation of the brushless dc gimbal torquer commutation
resolvers, gimbal torquer current loops, and gimbal position
sensor resolver excitation and output demodulation.

The gimbal resolvers are the sensors for the coarse gimbal
control loops. The vernier roll resolver and gap proximeters
are the sensors used to control the payload plate roll angle and
keep the payload plate centered in the gap. The DRIRU-II
strapdown IRU is the short-term inertial reference; the
payload sensor(s) provides the long-term inertial reference.

The Af pulse outputs from the DRIRU-II go directly to the
NSSC-II attitude control module software where they serve as
the attitude error signal in the software fast loop which has a
0.020-s frame time. The A6 pulse outputs also go to the
software attitude determination module where they are the
inputs to a quaternion integration algorithm which gives the
ASPS payload attitude in a unit quaternion format. The
quaternion integration is performed at a slow loop frame time
of 1 s. The attitude error obtained from the attitude deter-
mination module is used to correct the attitude control
module attitude error obtained directly from the IRU A#
pulses. A Kalman filter in the attitude determination module
provides an optimal estimate of the three-body axis attitude
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Fig.3 Simplified ASPS planar model geometry.

errors and the three-body axis drift rates. It provides for
payload sensor updates of the quaternion obtained by in-
tegration of the IRU Af pulses and accounts for the sensor
noise.

A complete description of all of the portions of the ASPS
control system shown in Fig. 2 is not within the scope of this
paper. This paper emphasizes the ASPS hardware, magnetic
actuator linearization, and the software attitude control
module functions. The reader is referred to Ref. 6 for the
discussions of the basic attitude determination system, the
command processing, and items related to the digital im-
plementation of the attitude control system.

Actuator Sizing

Sizing of the coarse gimbal torquers as well as the vernier
assembly magnetic actuators is based on the slew acceleration
requirement of 2000 arc-sec/s?. Figure 3 shows a simple
planar representation of a rigid ASPS/payload combination.

The free-body dynamics are simply

MXs=—F, (1a)
MgZy=—~F,, (1b)
Iog=—T4+Z,sF.x (Ic)
Igog=—Tg+T,+Z;,Fax (1d)

For an aligned slew consisting of an angular gimbal ac-
celeration, &g,

Xs=(Zga+2Z,45)06 (2a)
Zs=0 (2b)
F5 =08 =2000 arc-sec/s? (20)

Since the slew can occur about any axis in the plane normal
to the payload line of sight, the peak force required of the
radial and axial actuators is

Fragia = 1F 4| (3a)

Fou=F,;1/3+1T1/2R, (3b)
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Table3 Actuator size requirements

Actuator Min. rqt. Actual Units
Radial MBA 11.5 14.2 N
Axial MBA 30.2 34.3 N
Lateral torquer 22.5 33.9 N-m
Elevation torquer 27.2 339 N-m
Roll motor 0.574 0.678 N-m

Combining Egs. (1-3) and substituting nominal values for M
(645 kg), I (597 kg-m?), I; (20.7-kg-m? elevation, 7.3-kg-m?
lateral), Z,s (1.395 m), R, (0.362-m), and Z;, (0.445-m
elevation, 0.235-m lateral), the minimum actuator sizes listed
in Table 3 are easily obtained. The actual capabilities are
somewhat larger. It is also apparent that actuator force and
torque requirements are minimized by maximizing the radial
distance R, and minimizing the gimbal offset Z;,. The
selected dimensions fulfill this optimization within the
constraints of a 1-m vernier diameter, realistic torque motor
aspect ratio, and practical mechanical structure.

Roll motor sizing is determined simply by the acceleration
required to provide the 1-Hz bandwidth at an amplitude of
+ 30 arc-sec:

Troll = '/’maxwzl roli (4)

The selection of three axial actuators, two radial actuators,
and a single roll motor segment was made over other
arrangments (four axial MBA'’s, for example) because it
minimizes the hardware complexity, the additional control
law transformations are easily implemented, and the ac-
tuators can be placed in a reasonably balanced arrangement
around the vernier. Operational gaps of all of the axial
MBA’s must be greater than +4.74 mm to accommodate the
+0.75-deg vernier angular range at the rotor radius. A larger
gap requires an increase in the MBA cross-sectional area,
thereby increasing size and weight. On the other hand, a
larger gap permits lower bandwidth operation of the isolation
servos which improves pointing stability. An operating gap
range of +5.08 mm was selected for all of the vernier ac-
tuators which permits a low-frequency isolation bandwidth of
0.1 Hz.

Magnetic Bearing Assembly Linearization
and Control

The magnetic actuators used for radial and axial suspension
are inherently nonlinear devices which require a unique
compensation in this application. Figure 4 shows the
geometry associated with each electromagnet. The soft iron
rim is attracted to coils 1 and 2 by forces F; and F,,
respectively. Each coil is characterized by the equivalent
circuit indicated on the figure. The net force can be found
from the coenergy associated with the flux linkage between
stator and rotor.

1d [ LB LoB ]

T 2dgl(I-Ag/g,)  (1+Ag/g)
K B B

=72 [ 2 2] ®
g6 L(I-Agrgy) (1+Ag/8)

where the actuator constant is K= (L;g,/2).

Note that the force is proportional to the square of the coil
currents and is inversely proportional to the square of the
distance to each coil. To remove the current-squared
nonlinearity, a bias current technique is used. This consists of
adding a bias current to one coil and subtracting the same bias
current from the opposite coil.

To compensate for the inverse-gap-squared relationship,
the total (bias and command) currents to each coil are
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Fig. 4 Magnetic bearing assembly equivalent circuit.

multiplied by signals proportional to the measured gap of that

coil:
(-2 ()r] o
b= (e )-(E)e] o

The magnitude of the bias current determines the scale
factor between the current and force; it also affects the power
dissipated in the actuator. On ASPS, the bias current was
selected to minimize the peak power:

Io=(g0/2) “Fmax/K (8)

This choice has the property that the net current through
one coil doubles as the force command increases from zero to
maximum, while the current through the opposite coil drops
to zero under the same condition. This permits the MBA’s to
be driven from power amplifiers which do not have to provide
bidirectional current outputs. Figure S is a block diagam
showing the linearization and gap compensation technique.

The preceding discussion applies only to the static force-
current-gap characteristics of a magnetic actuator. The
dynamic behavior of the bearing must also be compensated by
the current loops driving the individual coils. Applying
Kirchoff’s loop equations to the equivalent circuit of Fig. 4
and differentiating the flux linkage associated with the gap-
dependent inductance by parts results in

Vi=Rply+Liny+R Iy ~1)) )

Lg

O=R, (I, ~I))+ —2E——]|
A T1 1 (I—Ag/go) 1

_Lilo — (A—g) (10)
(1—-Ag/ge)° \ g
Vo=Rplp+L i, +R,(Ip—1,) an
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Ly .
12
(1+Ag/g,)
LLg (Ag')
(1+Ag/8,)% \ g,

O=R,(I,-1,)+

(12)

Examination of these equations reveals the presence of two
effects which tend to prevent the currents which create the
MBA force (I, and I,) from equalling the controlled (ter-
minal) currents, I, and I,. Gap rate causes a speed voltage,
while the presence of leakage inductance (L;) and ac losses
(R,) result in a high-frequency first-order lag between the
total current and the magnetizing current. This lag is typically

well above the control frequencies of interest on ASPS, and
therefore is not compensated.

Considering the gap speed voltage to be a disturbance
input, its effect is to create an error in the output force of the
actuator. This error.is reduced, according to conventional
servo theory, by increasing the loop gain ahead of the
disturbance input. Two forms of current loop compensator
that achieve excellent results are

G(s) =K, [ (Kp/K;)s+1]s~1 13)

or

G(s)=K,K,[(K,/K;)s+1][(Kp/K;)s+1]57? (14)
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A typical design procedure, for either compensator, is to
select K,/K, equal to the coil (L, +Ls) /Ry time constant,
and then select the other parameters for stable operation at
the desired bandwidth.

Simulation studies have shown that the gap rate error is
reduced below the point where significant pointing error
occurs if the bandwidth of the current loop is greater than 800
Hz with a single integrator compensator or 100 Hz with the
double integrator compensator. The ASPS design utilizes 500-
Hz double integrator current loops.

Roll Motor Linearization and Control

The most severe roll requirement listed in Table 1 is the
pointing stability of 1 arc-sec/s which applies to rates.up to
the maximum of 1.5 deg/s. This corresponds to a rate ripple
of 0.0185% and applies to the roll control system when
commanded by an ideal roll error sensor. Allowable cogging
and torque ripple anomalies in the roll motor can be related to
the rate ripple once the servo compensation is determined. For
a 1-Hz roll control bandwidth, the maximum motor cogging
and ripple are 1.36x107% N—m (10~-* ft-Ib) and 0.02%,
respectively. The selected roll motor is a two-phase,
segmented, solid-iron rotor, ac induction motor, which can
provide peak torques of +0.678 N-m (0.5 ft-lb). This
motor was selected specifically to meet these low-anomaly
torque requirements.

The roll motor contains two curved stator segments, which
are nominally equidistant from the solid-iron rim. One of
these segments is inside the rim and the other is outside the
rim and in the same radial direction as the inside segment.
Each segment contains a fixed and a control field winding.
Both fixed and variable field excitations are controlled using
active current control loops. The use of current rather than
voltage control is required to effect minimum radial un-
balance force from the roll actuators over the full range of
radial gap. Since the roll motor segments act like magnetic
actuators in the radial direction, it is necessary to modulate
both the fixed and variable field currents proportional to the
distance between the rotor and each stator segment. This
distance is computed from the sensed gap measured by
proximeters which are integrally mounted in the motor
segments. Since the radial attractive force is proportional to
current squared, a force balance can be achieved by causing
each stator winding current to vary linearly with its respective
gap. This is identical to the MBA gap compensation
technique. However, the gap compensated winding com-
mands are ac modulated before they are amplified and ap-
plied to the motor windings. The carrier frequency selected
for the motor involves a tradeoff between higher power ef-
ficiency at lower frequencies and lower residual forces at
higher frequencies. A nominal value of 200 Hz has been
selected. The current loop design uses straightforward
proportional plus integral compensation and has a closed-
loop bandwidth of 700 Hz. This bandwidth is well below the
pulsewidth-modulation frequency of 10 kHz used in the
power stages of the roll drive electronics.

If the radial gap is held fixed, the roll motor operates like a
servo induction motor with constant fixed field excitation and
a control field excitation which is proportional to the roll
torque command T,c. The developed torque from each
segment is proportional to the product of fixed and control
field currents in that segment. Phasing is such that the torques
from inner and outer segments will add. As the radial gap
varies, both fixed and control field currents in inner and outer
segments will vary to maintain zero net radial force. Some
variation will also occur in the developed torque since the
effective motor scale factor is related by the ratio of induced
rotor currents to stator winding currents. This ratio will vary
with gap to some extent. Tests are currently underway to
evaluate this factor. If necessary, the roll motor torque
command can be compensated by the radial gap within the
software. Figure 6 is a block diagram of the roll motor
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compensation and drive system including the optional torque
command compensation.

Gimbal Torquer Control

Each coarse gimbal contains a permanent magnet brushless
dc torque motor capable of producing 33.9 N-m (25 ft-lb) of
output torque. The torquers use continuous two-phase
winding commutation with sine and cosine phase excitations
obtained by passing the torque command through a
multispeed resolver mechanically slaved to the torquer. Since
the torquer contains 24 poles, a 12-speed resolver is used.

Current loops used in each of the motor phases provide low
offsets, good linearity, high bandwidth, and insensitivity to
line voltage variations. Since gimbal rates are very low in this
application, back emf effects are negligible, and the current
loop design can be based on a simple reactance model for the
windings. A closed-loop bandwidth of 500 Hz is easily ob-
tained with simple proportional plus integral compensation
on the current error signal.

Fine-Pointing Control System

In the fine-pointing mode of operation, the payload is
stabilized with respect to an inertially fixed or slowly moving
target. The magnetic actuators within the vernier assembly
provide the control torques needed to point the experiment;
they also provide active low-frequency isolation of trans-
lational and rotational forces and moments which result from
Orbiter disturbances. These disturbances include the Orbiter
vernier reaction control system (VRCS) jet firings and man-
motion disturbances. Since the vernier pointing system ac-
tuators have an operational range of only 5 mm, the
allowable rotation of the payload about its center of mass or
the translation of the Orbiter would be very limited if total
inertial stabilization of the payload were achieved. The
proximeters located within the vernier assembly are processed
to provide a centering function to avoid this limitation.

To explain the control technique used, the simple planar
model used to size the actuators may be used (Fig. 3). The
dynamics of this system are listed in Eq. (1), and the following
control laws may be considered for the four degrees of
freedom listed:

Ty=—G,(0cpp—0s) ‘ (152)
To=Gg(05~05) (15b)
Fax=Gux(Xs—Z4505—Z5405) (15¢)
Faz=G,2(Zs) (15d)

The payload rotation og is measured using inertial sensors
on the payload plate (such as the DRIRU-II) and the
remaining terms are measured using the vernier proximeters
[ (0g—0g) =tilt between vernier and gimbal, (Xg—Z,505—
Zsq05) =radial gap, and Zg=axial gap]. If these control
equations are substituted into Eq. (1), the following system
results:

Iss?05=G4 (ocyp —0y)
+Z,sGax (Xs—Z 505~ Z5,406) (16a)

I65%06=Gg(05—05) — G, (0cpp —05)

+ZaGax(Xs—Z 4505 —2Z540) (16b)
M52 Xg= =G ay (X5~ Z 4505 — Zg405) (160)
Ms2Zg=—G ,,Z, (16d)

This system is highly coupled due to the offsets between the
point of application of the radial centering forces and the
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Table 4 Fine-pointing mode control law parameters

Bandwidth, Control
Control loop Hz law K, K, Ky 7 7,
Vernier pointing 1 Eq. (18a) 641 1 16/ L
Gimbal followup 10 Eq. (18b) 10241 16 . 0.0625 0.001
Vernier radial and axial 0.1 Eqgs. (18c) and (18d) 0.1225M 0.175 5.972 0.3572
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Fig. 7 Vernier actuator and proximeter nomenclature.

rotational centers of the payload and gimbal. Also, the
gimbal controller must carry the reaction torques of the
vernier actuators. Separation of the control bandwidths of the
pointing, centering, and gimbal servo effectively decouples
these dynamics at low frequency. However, a transient
pointing error will result with this approach, since a finite
error must be sensed before the pointing servo can apply a
corrective torque. A better approach makes use of the known
(or estimated) geometry and the fact that the applied forces
and torques are generated electronically and therefore are
available for use as decoupling terms in the other control
loops. For example, a fully decoupled control policy is

Ty=—Gu(0cpp—0s) +ZasFax (172)
TG=GG(OS_UG)_TA—ZGAFAX (17v)
Fax=Gax(Xs=Z4505—Z6406) (17¢)

Faz=Gaz(Zy) 17d)

The decoupling torques occur in both vernier and gimbal
pointing axes. However, only the c.m. offset decoupling in
the vernier control is used in ASPS because the gimbal

frictional torques will mask the small decoupling torques and

because pointing stability of the gimbal coordinate is not
important in the fine- (vernier) pointing mode.

Selection of the control law form for G,, G;, G4y, and
G, is based on the type of data sensed (position, rate, or
both). Minimum centering bandwidth is determined by the
peak centering errors during Shuttle disturbances, and the
maximum pointing bandwidth is limited to avoid excitation of
the payload structural modes. Control law gain determination
is mission dependent in that payload mass, inertia, c.m. offset
(actual and estimated), and flexibility characteristics are
involved as well as the location of the ASPS within the
payload bay and expected disturbances during fine pointing.

Representative designs have been worked out for a number of
payloads using a linear system analysis program and a
detailed simulation of the ASPS, payload and Orbiter.
Typical control laws for the fine-pointing mode are

Ty=—Kpa[(K14/9) +11(0cpp = 05) +Kpasos+ZsFux
(18a)

K T,68+1
T.=K (_!Q 1) <_£___> - 8
G PG S + 205 +1 (o5~05) (18b)

K TiaxS+1
FAX=KPAX< ?X+1)< {ax )X(XS—ZASUS‘ZGAUG)

ToaxS+1
(18¢c)
K Tiaz5+1
F. =K ( 142 1)( 142 )
az =Rpaz\ = + oS +1 (Zg) (18d)

The control law gains and time constants for the fine
pointing mode are shown in Table 4.

The fine-pointing control developed for the simple planar
model may be extended to the actual ASPS. Layout and
nomenclature of the proximeters and actuators within the
vernier assembly are shown in Fig. 7. The three axial ac-
tuators are designated A, B, and C and are spaced at radius
R,, 120-deg apart. The radial actuators are U and V and are
located =45 deg from the A actuator. Roll torque is produced
by a force at point W, which is diametrically opposite A. The
payload c.m. is located at distance Z, directly above the
center of the vernier actuator plane, and forms the origin of
the payload fixed coordinate system, X, Y, Z.

The six forces and torques acting on the payload can be
expressed in terms of the six actuator forces as indicated on
the block diagram of Fig. 8. The inverse relationship which is
required for force distribution in the control laws is also
shown. The torque coupling resulting from the payload c.m.
offset is indicated on the block diagram by the summing
functions on the right side. The matrix products shown
represent the geometrical layout of the actuators in the plane
of the payload rim and are not related to the end mount c.m.
offset. Crossfeeding electrical signals proportional to the
commanded actuator forces in the control circuitry on the
left-hand side of the diagram accomplishes decoupling.

Under the assumption of ideal decoupling, all of Fig. 8 can
be condensed to the blocks shown as ‘‘decoupled vernier
forces’’ on Fig. 9. This figure also shows the control loops
used to provide translational isolation and vernier pointing.
Matrix products are indicated in Fig. 9 to obtain the trans-
lational gap motions at each actuator which are sensed by the
proximeters. The terms ¢4, 0, Vg, Zg, Ug, and Vg
represent angular and translational motion of the coarse
gimbal side of the vernier assembly.

The axial proximeter signals g,, gz, and g, combine
electronically to compute the relative axial motion of the
payload Z; and the relative tilt of the payload ¢, and 0p.
Relative translations Zz, Uy, and V¥ provide centering of the
payload plate relative to the coarse gimbal side of the vernier
using compensation like Eqs. (18c) and (18d). The vernier
pointing and roll axes are controlled by inertially referenced
feedback and command signals using compensation like Eq.
(18a).
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Fig.8 Vernier actuator force and moment relationships.
The lateral gimbal is used in a followup mode driven by the Fax=Gx(Xs—Z,505~25405) (19¢)
yaw tilt ¢, using compensation like Eq. (18b). Similarly,
elevation is controlled by the pitch tilt 6. Due to the offset Fuz=Gaz(Zs) (19d)

gimbal geometry, however, the inertia seen by the elevation
gimbal varies with the lateral gimbal angle. This effect is
compensated by varying the elevation proportional gain with
a lateral angle correction factor in the software.

Slew Control System

Slew mode of control in the ASPS rapidly repositions the
system at a new target within the acceleration and rate con-
straints of the system. This mode does not use inertial
feedback from the payload for control, but relies instead on
the built-in resolvers for elevation, lateral, and roll reference.
(The attitude determination system continues to perform the
strapdown computations required to maintain the payload
reference in this mode, however.) It is anticipated that initial
acquisition of a stellar or solar target for platform erection
and calibration will utilize the slew mode.

During slew, the vernier tilt and gap translations must be
held reasonably tight to prevent touchdown or dynamic in-
teraction with the gimbals. Referring to the simple planar
model of Fig. 3 with the dynamics listed in Eq. (1), the ob-
vious approach is to control the vernier rotation and trans-
lational servos with the proximeter measured tilt and gap:

T=Gg(0cpp—0g) (19a)

T,=G,(065—0g) (19b)

This approach leads to control problems, however, in that
strong coupling occurs between gimbal rotation, vernier
rotation, and radial centering degrees of freedom. The
situation is considerably worse in slew than in fine pointing
because all of the control servos use relative position feedback
signals. A large separation (greater than 10 to 1) must be
provided to prevent the lead and lag frequencies used to
stabilize one control loop from overlapping the compensation
in another servo.

A better approach employs force and moment decoupling.
Omitting the axial centering control, which is inherently
decoupled,

TG:GG(UCMD—OG)_fA—ZGAFAX (20a)
T, =G, (05—0¢) +Z,45F % (20b)
Fay =G x(Xs—Z4505—Z;405) (20c)

Substituting Eq. (20) into Eq. (1) and assuming perfect
decoupling (Z 45 =Z 45, etc.),
I58206=Gg{ocpp —0¢) (21a)

Iss?05=G 4 (05 —05) (21b)
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Fig.9 Vernier control—fine-pointing mode.
Table 5 Slew mode control law parameters
Bandwidth, Control
Control loop Hz law K, 7, T
Gimbal pointing 1 Eq. (26a) 4.108 I; 0.9869 0.06167
Vernier followup 10 Eq. (26b) 410.8 I 0.09869  0.006167
Vernier radial and axial 10 Eqgs. (26¢) and (26d) 410.8 Mg 0.09869  0.006167

M’ Xo=Gx(—Xg+Z 4505+ Z5,405) 21c)

It is interesting to note that while a coupling exists between
ag, 0g, and X due to the relative sensing of the proximeters,
this coupling is only in one direction; i.e., o5 and X do not
couple into &;, and X does not couple into &, or &.
Therefore, the compensation can be designed independently
for each axis of control.

The control laws for slew can be further improved by
considering the relationship desired for an aligned slew. From
Eq. (2),

Go=04

(22a)

Xs=(Zga+Z45)b6 (22b)

With force and moment decoupling, the gimbal acceleration is
simply
G5=(Gg/1g) (ocpp—0g) 23)

Therefore, the control laws can be modified to include an
acceleration feedforward:

T6=Gg(0cmp—06) — T4 —ZgaFax (24a)

Ty=G,(05—0¢) +ZasF ax~ (Is/I5)Gg(0cmp—05) (24b)

With perfect estimation of the dimensional and mass
parameters, Egs. (1) and (24) combine to give

Isstog=Gglocyp—09g) (25a)

Igs? (og—05) =G4 (06 —0g) (25b)
Mgs? (Xs—Z 4505 —ZGa06) =G ax (— X +ZASGS+ZGA‘£(57))
(25¢

which shows that the vernier pointing and centering feedback
servos operate only to correct errors in the feedforward or
decoupling terms.

Parameter selection for the gains and time constants of the
slew mode compensation depends on payload characteristics
and mission requirements. Typical values are given in Eqgs.
(26):

TiasS+1
Gg(s) =K (——-’GS ) 26
6 (8) =Kpgs st (26a)
TiasS+1
G, (s) =K, (—“ﬁ—-) 26b
4(8) =Kpus TS+ (26b)
T s+1
G x(s) =Kpaxs ( T“[A‘X—Ss + 1) (26¢)
24XS
T s+ 1
Gy (s) =K (ﬂ—> 26d
AZ( ) PAZS T}Azss+1 ( )
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The control law gains and time constants for the slew mode
are shown in Table 5.

The extension of these control laws to the full eight-degree-
of-freedom ASPS is straightforward and uses the same
proximeter processing and vernier actuator force distribution
as in fine pointing. Elevation gimbal axis inertia com-
pensation is also made. However, an important difference
exists in the manner in which the angular errors for the
elevation, lateral, and roll axes are computed. In the slew
mode, the software computes the sine and cosine of the
commanded gimbal angles. These commands are then con-
verted to ac voltages which are applied to the sine and cosine
resolver windings. The rotor winding voltage is proportional
to the sine of the error between command and actual angles.
This voltage is demodulated and compensated to form the
torque command. Use of the resolvers in an error computing
mode is necessary to permit proper scaling of the error signal
through the analog-to-digital (A/D) converters. For a 12-bit
A/D and D/A converter, the command resolution will be
+tan~! (2-12) = £0.84 arc-min, but the quantization of the
feedback signal is much lower. For example, if the resolver
error signal is scaled for 1-deg maximum, the gimbal angle
feedback quantization is only sin—! (2-!'sin 1 deg) = 1.76 arc-
sec.

Conclusions

System design studies indicate that the ASPS is a feasible
pointing system capable of providing performance which will
be limited by the accuracy of the attitude determination
system and the range of the Shuttle disturbances. The 0.01
arc-sec vernier pointing stability requirement is the driving
requirement for the control system design. This requirement
applies to the peak transient error during Shuttle disturbances
such as Shuttle vernier reaction control system (VRCS) limit
cycle reaction jet impulses and man pushoff disturbances.
System simulation studies indicate that the peak transient
pointing error can be kept less than 0.01 arc-sec, if perfect
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sensors are employed. These studies assume the Shuttle VRCS
and man pushoff disturbances which are presented in Ref. 7.

The ability to meet the pointing stability requirement with
real sensors will primarily be determined by the noise and A8
pulse quantization of the DRIRU-II strapdown inertial
reference unit which is the short-term reference for the at-
titude determination system. The present DRIRU-II design
has a 0.05 arc-sec pulse quantization in the low-rate mode.
The possibility of reducing this quantization level is under
investigation. Also, the use of a Kalman filter in the attitude
determination system is being investigated. It would provide
the optimum means of updating the DRIRU-II derived at-
titude by payload sensor data (sun sensor, star tracker, etc.)
and account for the noise characteristics of the sensors.
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