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This paper describes the application of controls-structures integration technology to benefit the on-orbit perfor-
mance of the Space Shuttle remote manipulator system. Called active damping augmentation, the goal is to reduce
the vibration decay time of the remote manipulator system following normal payload maneuvers and operations.
Simulation of active damping augmentation was conducted in a real-time human-in-the-loop simulation of the
remote manipulator system with the objective of obtaining qualitative and quantitative measurements of opera-
tional performance improvements from astronaut operators. Sensing of vibratory motions was simulated using
a three-axis accelerometer mounted at the end of the lower boom of the remote manipulator system. The sensed
motions were used in a feedback control law to generate commands to the remote manipulator system joint serve
mechanisms which reduced the unwanted oscillations. Active damping of the remote manipulator system with an
attached 3990-1b payload was successfully demonstrated. Six astronaut operators examined the performance of an
active damping augmentation control law following payload maneuvers and Shuttle thruster firings. Significant
reductions in the dynamic response were observed and investigation of performance benefits with heavier attached

payloads was recommended.

Nomenclature
= dynamics matrix
= control distribution matrix
observation matrix
control feedthrough matrix
control gain matrix
observer gain
cost function
solution matrix of Riccati equation
index
number of model inputs and outputs
identified model order
output weighting matrix
control weighting matrix
= discrete time input vector
= discrete time state vector
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x(k) = discrete time estimate of the state x (k)
y(k) = discrete time output vector

Subscripts

c = compensator

g = global

¥ = identified linear model

1. Introduction

HE Space Shuttle uses the six-joint, 50-ft-long anthropo-

morphic remote manipulator system (RMS) for the on-orbit
maneuvering, deployment, and retrieval of satellites, scientific
payloads, and (occasionally) space walking astronauts. The RMS
is commanded from the aft flight deck of the Space Shuttle using
rotational and translational hand controllers and a control panel.
Using various operational modes, joint angle readouts, remote cam-
eras, and visual sightings, Shuttle astronauts maneuver the RMS to
grapple and precisely position payloads for berthing, unberthing,
and deployment.

For various reasons, including stopping distance and easily ex-
cited RMS dynamics, the maneuvering of RMS attached payloads
is intentionally slow and deliberate. To avoid exciting undesired dy-
namic response, astronauts operating the RMS are trained to use
hand controller inputs which reduce RMS start and stop transients
and to wait between hand controller inputs for transient motions to
decay. The likelihood of inducing undesired start and stop transients
and the time needed for such motion to decay both increase in pro-
portion to payload mass. As a result, on-orbit payload operations
typically take many hours to complete, particularly in the case of
large payloads.

The use of controls-structures integration (CSI) technology to im-
prove RMS operational timelines by actively increasing the damping
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Fig.1 Remote manipulator system.

of RMS response has been investigated. This study, known as RMS
active damping augmentation (ADA), has been a multiyear effort
involving both government and industry participants. The intent of
this CSI technology application is to reduce both the peak response
and the settling time of RMS stop transients. Benefits of ADA to
RMS performance include less wait time between commands, loads
reduction, improved disturbance rejection due to Shuttle thruster fir-
ings, and improved payload positioning steady-state error.

This paper describes recent human-in-the-loop testing of ADA
in the systems engineering simulator (SES) at the NASA Johnson
Space Center. The purpose of this testing was to obtain qualitative
and quantitative ADA performance data from trained RMS operator
astronauts. This data was needed to assess the benefits of RMS ADA
and to determine whether the performance improvements merit on-
orbit flight demonstration.

Section II provides a summary of the RMS system, the technical
approach, study parameters used in the development of ADA con-
trol laws, and the objectives and goals for SES testing. Sections III
and IV cover the development of the ADA control laws using iden-
tified system mathematical models and various control law design
techniques. Section V describes the implementation of ADA in the
SES RMS simulator, and Sec. VI presents the results of the testing.

II. Remote Manipulator System Active Damping
Augmentation System

Remote Manipulator System Description

The RMS is mounted to the port longeron of the Space Shuttle
cargo bay. From this attachment point, the arm is comprised of two
single-degree-of-freedom (DOF) shoulder joints (yaw and pitch), a
21-ft-long upper boom, a single-DOF elbow pitch joint, a 23-ft-long
lower boom, 3 single-DOF wrist joints (pitch, yaw, roll), and a snare
type end effector capable of mating with a payload mounted grapple
fixture (Fig. 1). Encoders and tachometers reside at each of the six
joint servos to measure joint position and joint rate, respectively.!

The arm is telerobotically controlled from the aft cockpit of the
Shuttle by translational and rotational hand controllers and control
panel command inputs. Joint rate commands are sent from software
algorithms resident in the Shuttle general purpose computer (GPC)
to the six independent joint servos by way of a manipulator control
interface unit (MCIU). The joint rate commands generated in the
GPC depend on the selected operational mode. These modes include
a single-joint mode, four manual modes, and an automatic mode.
The output rate commands are limited in the GPC according to arm
loading conditions, i.e., payload mass. When not being commanded
to move, the arm is held in place by a position-hold function, zero-
rate-command hold, or brakes. In position hold, joint rate commands

Manual or Single Joint Mode Command

Fig. 2 ADA implementation logic.

are generated to maintain the commanded position of the arm based
on feedback of joint angles. In zero-rate-command hold, the joint
rate commands are set to zero. When the brakes are engaged, exter-
nally applied torques are opposed by brake static friction.?

Technical Approach to Active Damping Augmentation

The selected approach to active damping augmentation of the
RMS is to drive selected joints to suppress motion sensed by a
three-axis accelerometer mounted on the RMS using a feedback
control law. Previous work>* described the use of the joint servo
motors as actuators, the need for acceleration sensing, and possible
control laws.

The strategy for implementing the ADA compensators was based
on two ground rules. The first ground rule was that ADA not change
the way the RMS feels to a trained operator. As a result, it was
decided that ADA be activated following the removal of RMS
single-joint and manual mode commands. As shown in Fig. 2,
ADA is initiated in single mode when the single drive switch is
returned to detent. In manual mode, ADA is activated when the
hand controllers are returned to detent. ADA remains on until the
next maneuver command is initiated. When the joint rates fail be-
low a threshold value and the position-hold mode is entered, joint
rate commands from the ADA compensator and the position-hold
function are summed. With this implementation, active damping
of external disturbances, such as Shuttle reaction control system
(RCS) thruster firings, can also be achieved. The second ground
rule was that changes to the RMS software to accommodate ADA
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be localized to the greatest extent possible and adhere to the nominal
health and safety monitoring of the RMS including the payload de-
pendent joint rate limits. As shown in Fig. 3, the ADA algorithm was
appended to the front of the RMS software command output proces-
sor. Minor modifications were also made to other software modules.
The joint rate limits were explicitly imposed in the ADA compen-
sator output as is typically performed elsewhere in RMS software.

A key consideration in the implementation of ADA control laws
in the Shuttle GPC was to minimize the gain scheduling necessary
fo accommodate the large motions of the RMS. To achieve this
goal, several different robust control law design methods were used
to establish candidate ADA control laws. The approach was to de-
velop and test point-design control laws (control laws designed for
a particular RMS configuration and payload) in the SES for damp-
ing performance and robustness to configuration changes. Several
candidate control laws from this group were then further refined to
achieve stable performance over a set of possible configurations and
used for the astronaut evaluations reported in this paper. More detail
on the design of the ADA controls laws is given in Secs. Il and IV.

Study Parameters
Payload Definition

The payload chosen for this study was the 3990-1b Shuttle pallet
satellite (SPAS-02). This carrier is a typical midrange mass payload
and is a reconfigured version of the SPAS-01 payload used in previ-
ous ADA studies.* The SPAS-02 payload features a grapple fixture
at an angle of 15 deg from vertical and offset from the payload
center-of-gravity by 5.8 ft.

Sensor/Actuator Definition

A three-axis accelerometer mounted at the grapple-fixture end of
the lower boom was selected to sense the RMS vibration and pro-
vide feedback signals for ADA. Results from an initial feasibility

study determined that acceleration feedback had significantly more
damping potential than feedback of the joint tachometer signals.
The location of the accelerometer, inboard of the wrist joints, was
selected to minimize the number of transformations required to re-
solve the acceleration signal. The actuators selected for active damp-
ing include the shoulder yaw, shoulder pitch, and elbow pitch joint
Servos motors.

Baseline Remote Manipulator System Configuration Definition

Three point-design arm configurations were selected from the
SPAS-02 mission. They include an unberth, low hover, and deploy
configuration as depicted in Fig. 4.

III. System Identification

Description of Observer/Kalman Filter Identification

For the purposes of ADA control law design, linear multi-input,
multi-output state-space models were derived from simulated re-
sponse data using the observer/Kalman filter identification algo-
rithm (OKID).*¢ This system identification methodology allows a
state-space model and corresponding observer to be identified di-
rectly from time response data.

Systems Engineering Simulator Preprogrammed Test Inputs

Response data of the RMS for use in system identification were
generated in the SES using preprogrammed test inputs (PTIs). Three
PTIs were run for each of the three arm configurations. These con-
sisted of positive and negative full-scale rate command pulses to
each of the shoulder yaw, shoulder pitch, and elbow pitch joint ser-
vos. The width of the command pulses was selected to correspond
to the half-period of the fundamental mode of the arm with the at-
tached 3990-1b payload. This method of excitation was chosen over
random noise or band-limited noise inputs to specifically excite the
low-frequency modes that needed to be identified.
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Fig. 5 Typical system identification results a) without observer and b)
with observer.

Linear Models

The aggregated input data for the OKID algorithm were the joint
rate commands to the shoulder yaw, shoulder pitch, and elbow pitch
servos, and the aggregated output data were the simulated triaxial
boom acceleration signals. These acceleration signals were filtered
using a third-order lowpass Butterworth filter with a break frequency
of 0.18 Hz to minimize aliasing, reduce effects of noise, and to
provide a frequency-weighted model.

The identified discrete linear time-invariant plant model includes
the system dynamics and the filters in the form

x(k + 1) = Ax(k) + Bu(k) .
Y& = Cx(k) + Du(k) M

where x(k) € R",u(k) € R™,andy(k) € R™. The identified model
order, n, is specified by the user as part of the identification process.’

The corresponding identified observer obtained from the OKID
algorithm is of the form

£k +1) = AR (k) + Bu(k) — Hly(k) — 3 (k)] @
ylk) = Cx(k) + Du(k)

Augmenting the plant model with this observer yields

) B X u(k)
£+ 1) = (A+ HORK) + B + HD — H] [y(k) ] ©
Y k) = Cx(k) + Du(k)

This augmented system definition was used directly in ADA com-
pensator design. For each of the point-design arm configurations,
12th-order linear models were identified that sufficiently captured
the low-frequency modes of the RMS/payload system. Typical sys-
tem identification results are shown in Fig. 5. The figure depicts
the y-axis (filtered) acceleration predicted by the identified linear
model (dashed line) vs the response data from the SES (solid line)
with and without the identified observer.

IV. Control Law Design and Evaluation
Objectives and Approach

The objectives of the ADA control law designs were to damp os-
cillations of the RMS system, to reduce the vibration decay time of
the RMS following normal payload maneuvers and operations, and
to be robust to changes in arm configurations. Two types of control
laws were developed. The first type were point-design compensators
in which system nonlinearities (e.g., flexibility of structural mem-
bers, joint servo and motor dynamics, gearbox compliance, and data
transfer delays) were modeled as white noise parts of the identified
linear models, specifically in the observer noise properties. The sec-
ond type was a single global controller that addressed the kinematic
nonlinearities of large joint angle maneuvers.

The approach taken in the ADA compensator development was
to start with control laws designed to operate at each of three point-
design configurations and work toward one that performed over the
range of arm configurations. The method explored in the design of
these, so-called, global controllers was direct gradient-based opti-
mization (GBO). The sections that follow provide descriptions of
the linear quadratic regulator (LQR)-based point designs and the
gradient-based global controller designs.

Linear Quadratic Regulator and Observer Design

A set of initial point-design (RMS configuration dependent)
ADA compensators were obtained using a frequency-weighted LQR
approach®? and the identified (nonoptimal) observer to provide state
estimates. The motivation for this choice was that it easily handles
the multi-input, multi-output (MIMO) system and that it allows
for tradeoffs between end-point acceleration/damping response and
available actuator power. The sampling period for the design pre-
sented was selected to correspond to the 12.5-Hz rate of the GPC.

This design employed the discrete optimal control law,

u(k) = —Gx(k) 4)
where the control gain matrix G is defined as
G=(R+B'KB)'B'KA ®)

and K = K’ > 0is an n x n solution matrix of the discrete algebraic
Riccati equation. The regulator gain found minimized the following
quadratic cost function subject to the dynamic constraints imposed
by the open-loop dynamics:

=) W00 x k) +u ()R u (k) ®)

k=0

with 0* = C'QC and R* = D'QD + R. The output weighting
matrix Q* and the control weighting matrix R* were assumed to be
symmetric and positive semidefinite. Numerical values of O and R
were determined using an iterative design procedure on the linear
model which avoided actuator saturation. That is, the required con-
trol was less than the payload dependent joint rate limits (e.g., for
the shoulder joints, this coarse mode limit was 0.7083 deg/s).
The MIMO ADA compensator equation is of the form

Fk+1)=(A+HC—BG+ HDG)Z(k) — Hy(k)

uk)y = —Gi(k) M
The resulting closed-loop system is written as
xk+1) | [A —-BG x(k)
fk+1) | | -HC A+ HC-BG || 2
B k 8
+| _pp [ ®)

k
y(k) = [C —DG ][iiki] T (D)
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Gradient-Based Optimization

The gradient-based global controller design was developed us-
ing a quasi-Newton numerical optimizer and a finite time numer-
ical calculation of a quadratic cost function. The objective was to
damp oscillations of the RMS system over a wide range of arm
orientations using a single global control law. The starting point
for this optimization scheme was an LQR-based compensator de-
signed about the low-hover configuration. This initial compensator
was then optimized with respect to the three point-design linear
models.

The LQR point-design, described earlier, optimized a controller
gain based on the dynamic knowledge of one plant configuration.
Thus, the solution involved minimizing a single quadratic cost func-
tion. The LQR point-design controller matrices, defined in Eq. (7),
were chosen as the initial values in the optimization routine. Al-
though it was desirable for the initial controller matrices to stabilize
all three plants, it was not necessary for convergence of the opti-
mization algorithm.

The approach taken for the global controller employed gradient-
based optimization techniques to minimize the sum of three
quadratic cost functions computed using three independent mod-
els of the RMS in the defined orientations. The cost function is

N
Je= ©)
i=0

To compute the global cost J,, a step input was applied to each of the
three closed-loop linear models. The scalar cost J;, is determined
by inserting the finite time sequence of the resulting control input u
and closed-loop response output y of each of the three linear models
(corresponding to the three arm configurations) into Eq. (4). The
input used in this optimization was a 3.5-s step input. The dura-
tion of the step input was tailored to optimize the controller for the
frequency band of interest. The duration of the time sequence N
was chosen such that all plant transients were damped sufficiently.
The algorithm minimized the multiplant cost J, by varying the ele-
ments of the global gain matrix G, using a quasi-Newton numerical
optimization routine.

Nonreal-Time Evaluation

Preliminary performance evaluations of the ADA point-design
and global control laws were conducted using the identified linear
models and, additionally, two nonlinear simulations of the RMS. The
two nonlinear simulations were the Draper RMS simulation (DRS)
and a modified version of the DRS called the SES/DRS. The DRS is
a high-fidelity nonreal-time simulation of the RMS which has been
validated against flight data.’® The simulation includes models of
a rigid Shuttle, the seven links of the RMS, a rigid payload, and
detailed models of the RMS joint servos and control software. The
SES/DRS is a version of the DRS that mimics the dynamics of the
real-time SES.

Several evaluations were conducted with both the DRS and the
SES/DRS to address maximum valid arm motion ranges, stability
margins, variations between DRS and SES dynamics, gain schedul-
ing, loads reductions, effects of RMS nonlinearities, and computer
signal time delays.

V. Real-Time Simulation
Description of Systems Engineering Simulator

The SES is a real-time, human- and/or hardware-in-the-loop sim-
ulator located at the NASA Johnson Space Center. It supports de-
velopmental testing and operations for Space Shuttle, Space Station
Freedom, and advanced programs. Developmental testing typically
includes evaluation of areas where human/machine interaction is
a significant consideration. Operations support includes engineer-
ing evaluation, mission design and training, and real-time mission
support when required.

Testing in the SES is routinely performed in one or more of
the available cockpit mockups. These mockups provide functional
displays and controls for human-in-the-loop interaction with a
computer simulated dynamic environment. Out-the-window views
and closed-circuit television camera views, generated by electronic

Fig. 6 SES Shuttle aft flight deck.

scene generators, give the operator visual cues that would be avail-
able in the environment being simulated.

The SES consists of two simulators: an ascent/entry simulator
with Shuttle forward cockpit and an on-orbit simulator with four
cockpits/workstations that can be used independently or in an in-
tegrated simulation. Multiple scene generators can drive different
eyepoints of one cockpit or can drive eyepoints in different cock-
pits. The on-orbit simulation with the Shuttle aft flight deck, shown
in Fig. 6, was used for the RMS ADA study.

The RMS ADA study used a Shuttle dynamics model, which
included flight control system software, a high-fidelity RMS dy-
namics model,'! and a model of the SPAS-02 satellite. The highest
fidelity scene generator available was used to provide visual cues
for RMS operators. Models of an accelerometer on the RMS and
the ADA algorithm were added to SES for this study as described
subsequently.

Active Damping Augmentation Implementation in the Systems
Engineering Simulator

ADA implementation in the SES was performed in two phases.
First, the simulated accelerometer was implemented in the RMS
dynamics module and validated against the implementation in the
DRS. Next, the ADA modifications to the RMS control system were
made, and a Butterworth filter was added to the dynamics module.
The system was again validated against the DRS and subsequent
engineering and crew studies were performed.

Phase I: Accelerometer Implementation

To model the accelerometer, RMS hinge forces (forces exerted
by one arm link on an adjoining link at the joint connecting the two
links) were required. These calculations were added to the dynamics
in addition to the equations defining the accelerometers. The major
real-time consideration in adding these capabilities was that the
synchronization with other tasks was not altered. It was critical to
the deterministic dynamic response that each task was completed at
the expected time. To assure that the RMS dynamic response was not
corrupted by the addition of the accelerometer model, the dynamic
response of the ADA configuration dynamics was compared to the
current configuration and the software optimized to retain dynamic
fidelity.'?

Phase II: Active Damping Augmentation Controller

As with the accelerometer simulation, the critical real-time con-
sideration in implementing the ADA controller was task timing. The
addition of the ADA logic could not add to the control system task
length significantly enough to force any of the shared tasks to lose
synchronization. To verify that the RMS modification did not affect
the simulation, timing runs were made in which the task length of
every required task on each computer was monitored. Similar testing
was repeated on the RMS dynamics following the implementation
of the Butterworth filter.

In the RMS system, information is passed between the RMS
motor control hardware and the GPC via the MCIU, which runs
every 42 ms. Although the RMS control system and the dynamics
are able to communicate through shared memory in the SES, care
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is taken to model the real-world-time lags. The loop time between
GPC command issuance and receipt of response is the same as in
the actual hardware.

Validation testing was performed comparing the DRS and SES
controller implementation. Both open- and closed-loop tests were
performed. After initial inconsistencies in payload related parame-
ters were resolved, the comparison data were judged acceptable.

Operator controlled ADA activation and deactivation from the
cockpit was provided for engineering assessment. An existing
switch in the Shuttle cockpit simulator was used for this purpose.'*

VI. Results

Preliminary Evaluation

Following an independent validation of the compensator imple-
mentation logic and the simulated RMS triaxial accelerometer, ADA
point-design controllers were implemented and tested in the SES.
Six point-design compensators were synthesized using the tech-
niques summarized in Sec. IV. Of the six control laws, five provided
anoticeable improvement in the RMS vibratory response following
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full-scale hand controller commands and Shuttle thruster firings.
One control law required loop-gain reduction to achieve stable per-
formance.

The performance of a single point-design compensator derived
using the gradient-based optimization method for the low hover arm
configuration is summarized in Fig. 7. The open- vs closed-loop re-
sponses (i.e., with and without ADA) of the RMS/payload system
to a 3 s & y-axis command to the translational hand controller fol-
lowed by a 1-s = roll command (initiated at ¢ ~ 38 s) to the Shuttle
primary reaction control system (PRCS) thrusters are shown. The
open- and closed-loop responses were simulated independently with
manual inputs made by an operator in the aft cockpit of the SES us-
ing an event timer. The plots of y-axis tip position and acceleration
demonstrate the improved damping of the RMS following the man-
ual mode maneuver as well as disturbance rejection of the thruster
doublet. Also shown is a plot of the open- vs closed-loop shoulder
yaw torque that demonstrates the capability of ADA to reduce loads
on the RMS.

The performance of ADA global control laws developed using
GBO design techniques were verified in the SES using PTIs. These
PTIs allowed for repeatable open- vs closed-loop maneuvers and
jet firing responses to be evaluated. Quantitative performance mea-
surements were derived from recorded simulator data and based on
this quantitative assessment, a single global controller was selected
for the astronaut evaluation of ADA.

Astronaut Evaluation

Six RMS trained astronauts participated in the qualitative eval-
uation of the effectiveness and utility of ADA to on-orbit RMS
operations. Each astronaut was briefed on the ADA methodology,
allotted an hour of simulation time to conduct the evaluation, and
encouraged to maneuver over the range of RMS configurations us-
ing arbitrary manual and single mode command inputs. They were
also invited to use the Shuttle RCS jets to deliberately excite the
system.

The responses to repeated single-joint maneuvers, made by an
astronaut operator, with and without ADA are shown in Fig. 8. The
first set of commands are made without ADA, and the second set is
made with ADA (activated at the end of the maneuver) as indicated in
Fig. 8a. The maneuvers are &= commands to the shoulder yaw (SHY)
joint. The x-, y-, and z-axis position of the point of resolution (POR)
(located at the midpoint of a line through the SPAS-02 trunnions
above the keel pin) are shown as a function of time in Figs. 8b—
8d. Significant reduction in the vibratory response following the
maneuvers with ADA is observed in all three axes. Similar results
were also demonstrated with manual mode maneuvers and Shuttle
thruster firings.

Of the six astronauts who evaluated ADA, three were favorably
impressed with the capabilities of ADA to enhance RMS perfor-
mance whereas the remaining three had generally less favorable
impressions. Several of the astronauts provided very thorough en-
gineering evaluations of ADA, identifying improvements in fine
positioning of payloads near payload attachment hardware in the
Shuttle payload bay as a major operational benefit. The less fa-
vorable impressions appear related to crew training and on-orbit
operation expressly designed to minimize excitation of RMS oscil-
lations. All six of the astronauts were unanimous in wanting to see
the application of ADA to much heavier payloads than considered
in the study. Heavier payloads are of concern because RMS oscilla-
tions are more apparent and because of the difficulty of maneuvering
the very heavy Space Station Freedom segments into position for
on-orbit assembly.

VIL. Concluding Remarks

ADA has been successfully applied to the Shuttle RMS to re-
duce the vibration decay time following normal payload maneu-
vers and operations. Simulation of ADA was conducted in the

real-time human-in-the-loop SES at the NASA Johnson Space Cen-
ter. A qualitative definition of RMS operational performance im-
provement by astronaut operators and supporting quantitative per-
formance data was obtained. Vibratory motions were sensed using a
simulated three-axis accelerometer mounted at the end of the lower
boom of the RMS. The sensed motions were used in a feedback
control law which generated commands to the joint servo mecha-
nisms to reduce the unwanted oscillations. Active damping of the
RMS with an attached 3990-1b payload was demonstrated. Six as-
tronaut operators evaluated the performance of an ADA control law
following single-joint and coordinated six-joint translational and
rotational maneuvers as well'as ADA disturbance rejection of Shut-
tle thruster firings. Significant reductions in the dynamic response
of the 3990-1b payload were observed. Astronaut operators recom-
mended investigation of ADA benefits to heavier payloads where
oscillations are of more concern.
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