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ABSTRACT

INTRODUCTION

For the International Space Station (ISS) program to be successful,
mission requirements must be met robustly in the presence of uncer-
tainties. Changing Station characteristics during assembly, such as
variability in structural flexibility and mass properties, pose unique
control challenges. Three examples of control challenges are
reviewed in this paper; the first two arise out of variability in flex
structure, and the last one is due fo mass property variation.
Controller/flex structure interaction issues and their origins are
reviewed as well as representative examples. Control moment gyro-
scope (CMG) momentum desaturation issues during robotic opera-
tions are addressed, and an operational solution is reviewed.
Finally, CMG attitude control issues during robotic payload opera-
tions are presented, as well as an issue resolution technique.
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The assembly and operation of the Space Station pose
unique control challenges due to its complex, variable flexible
structure and mass properties during assembly, as well as the
variety of operational modes and control systems.
Operational modes include attitude control for mated and
unmated configurations, reboost, and robotic payload opera-
tions. For the program to be successful, mission requirements
must be met using a variety of control systems from various
International Partners. These include the Russian propulsive
attitude control systems (ACS) on the functional cargo bay
(FGB) cargo block, service module (SM) and Progress resup-
ply vehicle, the U.S. CMG nonpropulsive ACS and the U.S.
propulsive options using the interim control module (ICM)
and propulsive module (PM), the Canadian Space Station
Remote Manipulator System (SSRMS), as well as the mobile
transporter (MT), etc. An overview of the various Space Station
elements supplied by the participating International Partners is
shown in Figure 1. Further, these attitude control systems must
be robust to system uncertainties and variations in flex struc-
ture, mass properties, failures, and initial conditions. Hence, it
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Figure 1. International Space Station — Partner Nations and Elements.
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is critically important that an integrated system assessment of
the guidance, navigation, and control (GN&C) system robust
stability and performance be carried out in order to certify the
vehicle for flight readiness.

Of paramount importance is avoiding control system/flex
structure interaction or dynamic interaction, especially when
the Station is under propulsive attitude control. These feed-
back instabilities or resonances can compromise the structur-
al integrity and lifetime of the vehicle due to large induced
peak and fatigue loads and by using excessive propellant.
This may result in planned operations having to be post-
poned or cancelled. The integrated control system flex struc-
ture assessment and flight readiness certification process must
identify the potential for dynamic interaction, and if neces-
sary, develop operational workarounds. For the early stages,
where flex dynamics are dominant, flex filter architecture and
coefficients have to be tailored carefully to preclude the pos-
sibility of the attitude control system responding in phase with
these resonances.

Attitude control during robotic payload operations poses a
particularly challenging issue. In general, robotic arm flexibil-
ity is large and low enough in frequency to be inside the atti-
tude controller bandwidth. This is a particular issue especial-
ly during attitude maneuvers, which can and usually do excite
robot arm flexibility. Another robotic flex issue is the impact
of open-loop thruster firings during Station momentum desat-
uration. In this case, the issue is peak-induced structural loads
that impact the operational lifetime of the arm. Hence, the
desaturation firings must be performed in a manner that does
not compromise the structural integrity of the arm. Another
issue with robotic payload operations is the resulting variabil-
ity in mass properties and their impact on CMG attitude con-
trol. The issue in this case is CMG momentum and torque
saturation. This situation is undesirable because it impacts the
operational timeline and also requires the use of attitude con-
trol thrusters to desaturate the CMGs.

This paper addresses control challenges related to the assem-
bly and operation of the ISS. Changing Station characteristics
during assembly, such as variability in structural flexibility and
mass properties, pose control challenges that must be
addressed for a successful Station program. Three examples
of control challenges are reviewed in this paper; the first two
arise out of variability in flex structure, and the last one is due
to mass property variation during robotic assembly opera-
tions. Controller/flex structure interaction issues and their ori-
gins are reviewed, as well as representative examples for a
particular assembly stage. CMG momentum desaturation
issues during robotic operations are addressed, and an oper-
ational solution to induced structural loads is reviewed.
Finally, CMG attitude control issues during payload robotic
operations are presented, as well as an issue resolution tech-
nique using a momentum optimal CMG maneuver logic.

Control System Flex Structure Interaction

A basic requirement for any space vehicle is that its control
systems are stable and meet performance specifications in the
presence of uncertainties. For the Space Station attitude con-
trol system to be stable, avoiding control system/flex structure
interaction (CSI) or dynamic interaction is necessary.

Dynamic interaction is most likely when the Station is under
propulsive attitude control due to the large control authority
of the reaction control system (RCS). The standard definition
of dynamic interaction is that of feedback control instability.
For phase-plane controlled systems such as the Station, this
implies a growing limit cycle. These feedback instabilities can
result in large peak and fatigue structural loads, as well as use
excessive propellant. Such a situation may result in planned
operations being postponed or cancelled. The cause of feed-
back instabilities is prolonged flex-induced firings that rein-
force structural flex, i.e., the thruster firings do not damp flex,
but rather add energy to the system. The cause for this phe-
nomenon is in-phase, with respect to flex, thruster firing.
However, even persistent high-frequency limit cycles are clas-
sified as instabilities as they lead to an unacceptably high rate
of propellant use. In general, for phase-plane-based attitude
control systems, inadequate control system attenuation and
excessive lag are the cause for dynamic interaction.

The integrated control system assessment and flight readiness
certification process must identify the potential for dynamic
interaction and, if necessary, develop operational work-
arounds. For the early Space Station stages, where flex
dynamics are dominant, flex filter architecture and coeffi-
cients have to be tailored carefully to preclude the possibility
of the attitude control system responding in phase with these
resonances.

Space Station Structural Flexibility Overview

During the assembly and operation of the Space Station, the
complex and varying flexible structure provides one of the
necessary ingredients for potentially undesirable or even
unstable CSI. The main cause is low-frequency and large-
amplitude flexibility, due primarily to articulating solar arrays,
but can also be caused by robotic arm flexibility. Further, as
the assembly progresses from early nearly symmetrical stages
to late stage complex configurations, the structural frequency
spectrum exhibits progressively more complex characteristics,
such as densely packed modes, lower frequency modes, and
directionally coupled dominant modes.

A brief overview of structural flexibility during assembly is
shown in Figures 2 through 5. Each of these figures shows a
particular stage in the Station assembly sequence, a frequen-
cy response plot (singular value decomposition) from thruster
commands in roll, pitch, and yaw to the rate gyro sensor (in
deg/s), and the input/output directional decomposition (sin-
gular directions) for the three highest amplitude flex modes.
Figure 2 shows the characteristics for Stage 1R, which is cur-
rently the next stage in the assembly sequence. Stage 1R is
formed when the Russian service module vehicle docks to the
FGB module already in orbit. Figure 3 depicts Stage 4A dur-
ing robotic assembly using the SRMS with payload, the first
U.S. solar arrays. Figure 4 shows the completed assembly for
Stage 4A, and Figure 5 provides detail on Stage 13A. From
the figures it is evident that 1R has two dominant roll and the
largest amplitude modes, 4A+robotics has very low-frequen-
cy dominant modes that are lower than the lowest Station
structural mode, while 4A and 13A show modes in lower fre-
quencies with higher density.
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Figure 3. Stage 4A+ Robotics: configuration, frequency, and directional response.
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Figure 4. Stage 4A: configuration, frequency, and directional response.
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Figure 5. Stage 13A: configuration, frequency, and directional response.
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A further complication in the Station structural flexibility is the
issue of uncertainty. The flex models and their characteristics
discussed in the previous paragraph are based on finite-ele-
ment models. Based on test results and estimates made, flex
model uncertainty levels have been established for flex body
robustness analyses and flight parameter verification: modal
damping ratio of 0.5%, an uncertainty in modal frequency of
+20%, and an uncertainty in mode shape of +50%. The
uncertainty in the mode shape results in a peak amplitude
uncertainty of 125%. Further, given the uncertain nature of
integrating U.S. and Russian hardware and models and tak-
ing into consideration the uncertainties used by the Shuttle
Program Office for Shuttle mated structural models,[!] the
uncertainty in frequency can be prudently expanded to

+30%.

Space Station Propulsive Flight Control System Overview

The ISS propulsive attitude control system provides rotation-
al and orbital velocity control. The propulsion capabilities of
the ISS reside entirely within the Russian segment on three
separate vehicles: the FGB, the SM, and the Progress resup-
ply vehicle. However, for the majority of the Space Station’s
lifetime, the SM will provide the propulsive flight control func-
tion and will be used in this paper to illustrate the CSI prob-
lem. The SM motion control system (MCS) provides all the
algorithms for control of the Station, including flex rate filters,
maneuver logic, phase-plane control law, reboost control law,
thruster restriction logic, and jet select. The MCS algorithms
assume only control of the rigid-body attitude and rate, thus
requiring attenuation of any flexible dynamics.

The flex rate filters are used to provide an estimate of the
rigid-body rate for use in the phase-plane control law. An
overview of the filter architecture is shown in Figure 6. A sec-
ond-order, low-pass ~0.05-Hz bandwidth filter in each axis
is used to attenuate low-energy, high-frequency bending
modes and to minimize the effects of sensor noise and quan-
tization. In estimating the rigid body vehicle rate, the flex fil-
ters rely on feedforward prediction of the jet firing rate change
to account for the slow 5-Hz sensor update rate and to allow
the use of a low-bandwidth, low-pass filter, i.e., the filter is
only required to filter the error in the prediction of the jet fir-
ings and not the entire rate change. Additionally, a distur-
bance filter is also used to estimate slowly-varying unmodeled
disturbances. To attenuate low-frequency bending modes
that may not be attenuated adequately by the low-pass filter,
a series of three second-order notch filters per axis are also
used. The algorithms also provide adaptive tuning of the
notch frequencies during flight to account for uncertainties in
the structural model. The frequency response of the flex filter
from measured rate input to estimated rate output is shown
in Figure 7. Note that the notch locations in Figure 7 have
been selected purposely in order to illustrate the CSI example
that follows.

CSI Example — Stage 1R

In this section, examples of unstable CSI are presented for
assembly stage 1R, and the causes of the interaction are iden-
tified. Given the nonlinear nature of phase-plane control laws
in general, standard stability techniques are difficult if not
impossible to apply. A linear phase plane equivalent cannot be
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Figure 6. Russian SM MCS — flex filter architecture.
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Figure 7. Russian SM MCS — flex filter frequency response.

developed that represents the nonlinear controller adequately,
and standard nonlinear analysis techniques, e.g., describing
function analysis, have been shown to be so conservative as
to return unusable results.[2]

In general, for switching control systems such as phase
planes, the typical CSI occurs when filtered flex oscillations
are large enough to exceed both positive or negative rate
deadbands. In an idealized situation, with the rigid rate esti-
mate centered between the switch curves (assuming symmet-
ric rate deadbands), rate-to-rate deadband exceedence
results in bipolar firings. Some of the causes of this phenom-
enon are insufficient attenuation of flex dynamics in the rate
estimate, very small rate deadbands, very high jet thrust,
high-frequency jet firings, and excessive phase lag. Therefore,
if the filtered rate estimate does not exceed the rate dead-
band, a dynamic interaction cannot be induced, hence, an
unstable dynamic interaction cannot occur. Under appropri-
ate assumptions, filtered flex amplitude less than the rate

25




26

deadband provides a sufficient condition for flex stability.
However, if the rate deadband is exceeded, it is not necessary
that an unstable dynamic interaction develop. One condition
that can lead to instability is sufficient phase lag such that the
deadband exceedence-induced firings are in phase with the
structural (unfiltered) flex dynamics. However, even then, a
rate-to-rate deadband oscillation may not result unless jet
thrust is large or frequent. Note that the phase lag applies to
the transfer function from the actuator node to the phase
plane input. An example for Stage 1R flex structure is shown
in Figure 8, which represents the transfer function from three-
axis jet command to rate sensor. The phase lag for the dom-
inant mode at 0.12 Hz is nearly zero, 0.4 deg. For the trans-
fer function just described and using appropriate assump-
tions, 90 deg is sufficient phase lag to cause in-phase thruster
firings. Hence, one of the necessary conditions for instability
is that phase lag exceeds 90 deg.
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Figure 8. Stage 1R flex model roll axis magnitude and phase response.

Due to the nonlinear nature of the phase-plane control sys-
tem, predicting instances of unstable dynamic interaction can
be challenging. An example of the type of radically different
responses that can be obtained due to small changes in
maneuver angle is shown in Figure 9, a CSI instability, and
Figure 10, which shows a stable CSI example. The example
configuration is Stage 1R where the flex frequencies have not
been perturbed, while the peak flex amplitude has been
increased by 100%. The commanded maneuver rate in both
cases is 0.2 deg/s. Figure 9 depicts the results for an 18.65-
deg roll maneuver, while Figure 10 shows the results for a
19.2-deg maneuver. The flex filter notches for both examples
are initialized as shown in Figure 7, i.e., the first roll notch is
initialized purposely at 0.2 Hz, while the roll-dominant mode
is at ~0.12 Hz. In a real-world situation, the dominant flex
modes will not be known precisely, hence, without in-flight
system identification or adaptation, the discrepancy between
notch and dominant mode could be large. This example
shows the severe repercussions that may result.

From Figure 9, it is evident from the phase-plane plot that
rate deadband to rate deadband flex oscillations are
observed. The jet firings are in phase with the measured struc-
tural modes, as can be seen from the measured vs jet on-time
plots. This is an example of an unstable dynamic interaction.

It is caused by the secondary rigid body rate damping firings
that occur when the attitude error is 15 deg, as indicated on
the phase plane. This behavior is a feature of the SM MCS
phase plane. Rate damping is used to decelerate the vehicle
during the terminal phase of the maneuver. This firing, which
occurs at ~20 s, is sufficiently large and in-phase with the
structural mode at 0.12 Hz, thus exciting the mode sulfficient-
ly that rate-to-rate deadband flex oscillations result. It may be
noted that the rate damping firings are a function of the 15-
deg transition zone rate estimate. From the phase-plane plot,
the rate error is positive, indicating that the actual maneuver
rate at the instant of transition is actually greater than the
commanded rate. This is the cause for the large rate damping
firing.

Comparing the results in Figure 10 with those in Figure 9, it
is clear that the results in Figure 10 indicate a stable dynam-
ic interaction. In this case, the rigid-body rate damping firing
at 15 deg or ~25 s is out of phase with the structural flex,
thus attenuating flexure. Even though the flex filter phase lag
exceeds 90 deg at 0.12 Hz, the CSl is stable because the flex-
induced firings are not large enough to excite rate-to-rate
deadband flex oscillations. Further, the rate damping firings
are substantially smaller in this case. From the phase-plane
plot, the rate error is negative, indicating that the actual
maneuver rate at the instant of transition is actually smaller
than the commanded rate. This is the cause for the smaller
rate damping firing.

CMG Momentum Desaturation

During assembly of the ISS, robotic manipulation of various
payloads will be required. The SRMS and the SSRMS will
manipulate the payloads. During these assembly operations,
attitude control is provided primarily by the U.S. CMG sys-
tem. Since the angular momentum of the CMG system is lim-
ited, manipulating relatively heavy payloads may cause large
momentum transients, resulting in momentum and torque
saturation. Hence, momentum desaturation requires the use
of thrusters.

Thruster activity during robotic payload operations poses cer-
tain subsystem-specific issues. The primary issue is excessive
robotic structural loads due to either large or periodic thruster
firing. The desaturation-induced firings should avoid exciting
the robotic arm to its load limits, and must also be robust to
variable arm dynamics. Further, frequent desaturations are
undesirable as they increase operational complexities and the
time required to complete the robotic operation. The imple-
mentation should also be compact with respect to onboard
computer memory use. Also, limited desaturation times are
desirable in order to minimize impact to operational time-
lines. To reduce program costs both in design and verification
phases, a single approach is to be used for all Station assem-
bly stages and robotic operations. Finally, the desaturation
must also be flexible so that the technique used to satisfy
robotic structural loads does not hinder the ability to remove
momentum during docking operations. In the following sec-
tions, the CMG momentum desaturation method developed
by Draper Laboratory for the ISS for use during robotic pay-
load operations is reviewed.

Thruster momentum desaturation can be accomplished in a
variety of ways. It can be classified as either closed loop (feed-
back) or open loop (feedforward). For closed-loop methods,
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individual firings are commanded based on current CMG
momentum states until momentum reaches the desired levels.
The pulse pattern can range from a single large pulse (Figure
11) to multiple high-frequency small pulses. An issue with
such an approach is pulse phasing, which could coincide and
excite a robotic structural mode and violate load limits. Also,
this approach may take an unacceptably long time to com-
plete. Another approach is to use nonperiodic, i.e., variable
delay time, fixed-pulse-width firings (Figure 12), which also
terminate when momentum reaches a prespecified value. A
concern with such an approach is that loading frequency con-
tent varies with firing termination on a different pulse of a pre-
defined pattern. This makes loads verification difficult. For
these reasons, a feedback strategy was not considered.

For open-loop momentum desaturation, a predefined num-
ber of individual thruster firings are commanded at predeter-
mined start times, while the CMGs are commanded in a feed-
forward manner to counter the thruster-induced momentum.
The thruster pulse trains and CMG feedforward are designed
to desaturate a specific amount of angular momentum. The
pulse pattern can range from a single large pulse to multiple
pulses with either periodic or nonperiodic delay times. A single
large pulse is quick, efficient, and simple to implement.
However, this method results in large induced loads. An alter-
native is to consider using a form of "command preshap-
ing,"8114115] which effectively notches out the dominant reso-
nant frequencies. However, since preshaping is a model-
based approach, it requires knowledge of the structural
modal frequencies. For flexible structures like the Station, the
uncertainty and variability in mode frequencies makes it diffi-
cult to use such an approach.

Using multiple fixed pulse-width firings at periodic delay
times between firings does reduce loads substantially, howev-
er, the phasing of the multiple firings remains an issue, as
detailed in the previous section. This is the preferred strategy
when structural characteristics are known. This type of puls-
ing strategy is currently being used by the Space Shuttle alter-
nate primary reaction control system (PRCS) mode.[2! Using
multiple fixed pulse-width firings at nonperiodic delay times
between firings resolves the phasing issue with periodic firings
while at the same time reducing loads. This approach can be
extended further by also considering nonperiodic thruster pulse-
width firings. Hence, this desaturation strategy requires choos-
ing delay times to robustly minimize loads. The advantages of
such an approach are that the pulse pattern can be chosen
early in the Space Station design phase and verified for all
vehicles and operations. It also requires minimal ground sup-
port during flight and satisfies the issues associated with
desaturation. Due to the desirable features of an open-loop
approach to momentum damping, multiple fixed pulse-width
firings at nonperiodic delay times were chosen as the architec-
ture to robustly meet the design goals mentioned previously.

The design objective for the firing strategy is to minimize
structural loads in the presence of plant uncertainty, such that
a new pulse pattern is not required for every possible Space
Station configuration. One approach is to implement a non-
periodic delay pulsing pattern where the delays are chosen
randomly in order to avoid interaction with shifting and
unknown resonances. This approach, however, is robust with
respect to on-time, but not with respect to frequency. Our
approach is to consider the frequency content or power spec-
tral density (PSD) of the pulsing pattern and to choose the

delay time such that the flexible body mode excitation is min-
imized over a certain frequency range.l®! This results in a
pulsing strategy that is robust with respect to frequency
(Figure 13). Hence, the optimization problem for a specified
frequency range [w;, W] can be stated asl6]

min max
T 0wy, 0]

D, (0)

subject to

(1) Fixed thruster on-time/pulse.
(2) Fixed total delay time.
(3) Fixed delay time range.

In the above, @ ,(w) is the PSD of the thruster pulse train.
Note that since the PSD of the input signal is a function of the
number and magnitude of delay time parameters, T;, it can be
shaped by a judicious selection of the T;. Such a selection has
the effect of maximizing the uniformity of the power in the
chosen band and reducing the concentration of power at any
one particular frequency.

For the ISS, CMG desaturation during robotic payload activity,
a threshold of 10,000 ft-Ib-s is used with a CMG feedforward
torque of approximately 170 ft-lb, resulting in total desatura-
tion time of approximately 1 min. Further, the thruster pulse
widths were assumed to be 1.5 s based on a 5-pulse/4-delay
pattern to reflect a worst-case scenario of a minimum of 1333
ft-lb thruster torque in a worst axis during assembly of the
Station. This results in a 50-s constraint on the total allowable
delay time. With regard to frequency, a range of 0.01 Hz to 1
Hz was used as a representative sample of expected
Station/robotic structural modes. Solving for the optimal
delay pattern using these constraints results in the delay and
start times listed in Table 1. This CMG momentum desatura-
tion method, developed by Draper Laboratory for the ISS,
has been implemented in the Russian SM vehicle flight soft-
ware.[7]

Table 1. 1SS (MG Momentum Desaturation Optimal Delays and Pulse

Start Times.
Delay Number 1 2 3 4
Optimal Delay (s) 173 10.9 8.4 134
Pulse Number 1 2 3 4 5
Optimal Pulse Start Times (s) | 0 18.8 312 411 | 56

CMG Attitude Control

Since the angular momentum of the CMG system is limited,
manipulation of relatively heavy payloads may cause large
momentum transients resulting in momentum and torque sat-
uration. This situation is undesirable because it impacts the
operational timeline of the assembly operation by requiring
the use of the RCS to desaturate the CMGs, thus interrupting
the payload operation. It is also undesirable because of the
fuel use by the RCS and because of the structural load issues
that arise by using the RCS while a massive payload is
attached to one of the robotic arms.

CMG momentum use during the robotic operation depends on
several factors. Clearly, it depends on the motion of the pay-
load. The momentum use also depends on the commanded
attitude of the Station during the payload operation. Since
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external torques are being applied to the Station, the system and final attitudes, and not simply on the attitudes them-
angular momentum is not conserved. This means that the selves. The initial and final attitudes are usually chosen to
final CMG momentum depends on the path between the initial balance the external torques acting on the Station. Since the

Figure 11. Single pulse in time and frequency (PSD) domain.

Figure 12. Fixed delay pulse in time and frequency (PSD) domain.
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Figure 13. Power optimal pulse pattern in time and frequency (PSD) domain.
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payload operation changes the mass properties of the
Station, these equilibrium attitudes will also change. This
requires an attitude maneuver to be performed during the
payload operation. Some results on attitude maneuvers in the
absence of external torques using momentum wheels and
CMGs can be found in Refs. [8] and [9]. In Ref. [8], both
open-loop and closed-loop optimal control strategies are con-
sidered. Since in general, Space Station angular momentum
is not conserved due to the presence of gravity gradient and
aerodynamic torques and the fact that payload motion com-
plicates the vehicle dynamics motivates the analysis approach
presented in the following.

Payload Dynamics Formulation

The payload dynamics formulation relies on efficiently mod-
eling the dominant dynamics of a connected system of rigid
bodies moving relative to each other by using appropriate
simplifying assumptions. The standard rigid-body formulation
of Station robotic operations include 6-degree-of-freedom
(DOF) Shuttle/Station base body dynamics coupled to either
a 6-DOF SRMS or 7-DOF SSRMS with attached payload. To
reduce the dynamical complexity of the standard formula-
tion, first, the robot arm dynamics are neglected, resulting in
6-DOF base body and 6-DOF payload dynamics. This is a
reasonable assumption since the arm mass properties are
much smaller than either the payload or the base body. To
further simplify the dynamics, the payload motion kinematics
are assumed to be prescribed, i.e., the robot joint controllers
track the commanded arm trajectory with minimal error. This
assumption eliminates the need to model the payload
dynamics, and hence, reduces the problem to 6-DOF for the
base or core body dynamics. Finally, by using relative (to
base body) payload position and orientation parameters and
a standard center of mass identity, the system angular
momentum is decoupled from its linear momentum and is
expressed compactly as

H = DOwSS + hpld + h

SYs cmg

where:

hpld = Dlampld/ss + Dy pld/ss

e ]
Id Id
Mg + mpld pld /ss|] Fpld/ss

pld pld”
DO = Iss +§Kss Ipld’\ﬁss -

pld pld"
Dia = R Ipld Res

Mg M pid X

Dy = [ppld/SS]
mg + rnpld

In the above, all parameters are expressed in the core body
or Space Station reference frame unless otherwise noted, hpid
represents the payload angular momentum relative to the
core body, h¢mg represents the CMG angular momentum,
Ppld/ss: Vpld/ss represent the payload translational position and
velocity relative to the Space Station, 9?213, Wpld/ss represent
the payload angular orientation (rotation matrix) and velocity
relative to the core body, and Ipiqd is the payload inertia
expressed in the payload axis system.

With these simplifications, the system dynamics are reduced
to a 3-DOF Newton-Euler type formulation[10]

Do(b = -Do(b—ﬁ) X[Do(ﬂ)+ hpld + hcmg]_hpld_hcmg + ng + Taero ( 1 )

In the above, T4, and T,,,, represent the gravity gradient and
aerodynamic torques on the Space Station. In this paper,
aerodynamic torques are neglected for convenience. The
corresponding attitude kinematics are obtained from stan-
dard quaternion formulation for angular velocity(11]

£= 0.5(£X +41- 8T£13) (m - o)orb(s)) 2

where € is the vector part of the quaternion representing the
attitude of the Station body-fixed frame with respect to the
rotating local vertical local horizontal (LVLH) reference
frame, and Wy, is the angular velocity inherent in maintain-
ing attitude in the rotating LVLH reference frame. Aug-
menting the core body dynamics with the CMG momentum
controller then forms the complete set of governing equations

chg = leO(m - morb(sc)) + kZDO(E_ Sc) (3)

where ky and ks are the proportional and derivative gains of the
CMG controller, and €. is the commanded attitude of the Station.

Attitude Control During Payload Operations

Maintaining CMG attitude control during robotic payload
operations without exceeding the momentum limits requires
a commanded attitude control strategy during the robotic
operations. A standard approach is to command an instanta-
neous torque equilibrium attitude (TEA). A TEA is any con-
stant spacecraft attitude with respect to a rotating reference
frame that results in the sum of all external and gyroscopic
torques being equal to zero.[12] The benefits of such a strate-
gy are that they are (locally) optimal solutions. Commanding
an instantaneous TEA minimizes the external disturbance
torques on the vehicle. However, in cases where the TEA is
not constant due to payload motion, following such a strate-
gy does not account for the cost (in momentum) of following
the TEA trajectory. It also does not anticipate the change in
TEA due to payload motion. Since the payload trajectory is
assumed known in advance, this information could be used
in generating momentum-minimizing attitude command
schedules.

From an operational standpoint, it would be desirable to
avoid saturating the CMGs during payload motion. In gener-
al, to minimize CMG momentum use for attitude hold prior to
and after the payload operation, it is envisioned that the local
TEA attitude would be commanded. Hence, an optimization
problem can be defined to minimize peak momentum mag-
nitude by an appropriate choice of attitude command during
the payload operation, i.e.

g (1) g (1) (@)

subject to the Space Station dynamic Egs. (1) and (2), the
CMG control law, Eq. (3), and the following boundary con-

ditions
£(0) =¢g elty) = &y
0(0)=0mles) Oft) = 0mley) 0

where € and &, are the initial and final TEA attitudes.

min|
€
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To solve this problem, an approach based on converting this
problem to a nonlinear constrained function optimization
approach was considered.[10] Briefly stated, this approach
first removes the dependency on commanded attitude as it
simplifies the constraint dynamics and results in the optimiza-
tion being a function of the Station attitude. Once the opti-
mum (or any) attitude trajectory, €(t), and its corresponding
CMG momentum, hcmg(t), have been obtained, the corre-
sponding attitude command ¢_(t) can be obtained by solving
the CMG control law Eq. (3) for €. The next step was to con-
vert the optimal control problem to a function optimization
problem, which in many cases is much simpler to solve. The
conversion was accomplished by removing the derivative
dependence from the constraints, which results in a nonlinear
algebraic dependence of h.,q on € using finite difference
approximations. At this stage, standard function optimization
results can be applied. However, the mini-max criterion, Eq.
(4), is not amenable to analytic solutions due to the lack of
dif[fle(l)r]entiability. However, Eq. (4) can be upper bounded
by

min| hl (t)h t ”

. cmg( ) cmg( ) B (5)
Using the reformulated cost function, Eq. (5), the optimiza-
tion problem can be solved either using standard Lagrange
multiplier techniques for the constraints, or alternatively, the
boundary conditions can be treated as known constants and
eliminated from the optimization problem.

Simulation Results

The methodology developed in Ref. [10] was applied to the
ISS robotic assembly for Stage 12A. The payload consists of
the inboard port integrated truss segment P3/4, which is ini-
tially unberthed from the Shuttle payload bay by the SRMS,
then handed off to the SSRMS for installation on the Station
as shown in Figure 14. The vehicle principal axes correspon-
ding to the preplanned payload trajectory are shown in
Figure 15. The CMG momentum use for various attitude
command strategies during robotic payload assembly opera-
tion is shown in Figure 16.

Figure 15. ISS Stage 12A principal axes during robotic payload assembly
operation.

Follow Prin(EpuI Axes
Mid-Course Correction
Linear Principal Axes
Optimal Attitude Iraiectory
mmmn ()G Saturation Limi

Figure 16. ISS Stage 12A (MG momentum use for various aititude com-
mand strategies during robotic payload assembly operation.

Table 2. 1SS Stage 12A (MG Peak Momentum Use for Various Strategies.

Test Cases CMG Momentum
[ft-1b-s]
Peak 2-norm Final 2-norm
Follow Principal Axes 47,696 3,251
Mid-Course Correction 73,513 2,565
Linear Principal Axes 20,256 2,376
Optimal Attitude Trajectory 8,396 5,194

Figure 14. ISS Stage 12A robotic payload assembly operation.
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The optimal attitude command trajectories were compared to
three other alternative strategies.[10] In the following, the
notation TEA is equivalent to principal axes:

- Follow Principal Axes: Command instantaneous TEA.

+ Mid-Course Correction: Command initial TEA for the first
half of the maneuver, then command final TEA for the sec-
ond half of the maneuver.

- Linear Principal Axes: Command a linear interpolation
between the initial TEA and final TEA.

- Optimal Attitude Trajectory: Command momentum opti-
mal attitude.

The time step for all test cases is 10 s. The peak and final CMG
momentum magnitudes for all four test cases are summarized in
Table 2. 1t is evident that the optimal attitude trajectory results
in the best CMG momentum performance and, theoretically,
does not require momentum desaturation. The optimal attitude
command trajectory results are shown in Figure 17. Using this
attitude history as the CMG attitude command resulted in
reducing the peak CMG momentum to 8,400 ft-lb-s, which is
below the momentum desaturation limit. One interesting char-
acteristic of this trajectory is the jump in CMG momentum at the
beginning and end of the maneuver. This is similar in nature to
the bang-coast-bang fuel optimal solution for a maneuver.

Conclusions

This paper reviewed control challenges related to the assem-
bly and operation of the International Space Station.
Changing Station characteristics during assembly, such as
variability in structural flexibility and mass properties, were
identified as issues that must be addressed for a successful
Station program. Three examples of control challenges were
reviewed in this paper; the first two arise out of variability in
flex structure, and the last one is due to mass property varia-
tion. Controller/flex structure interaction issues and their ori-
gins were reviewed, as well as representative examples for a
particular assembly stage. CMG momentum desaturation
issues during robotic operations were addressed, and an
operational solution was reviewed. Finally, CMG attitude
control issues during payload robotic operations were pre-
sented, as well as an issue resolution technique.

Desired and Actual Station Attitude (RPY Sequence) - Optimal Attitude Trajectory
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Figure 17. Optimal attitude trajectory results: commanded and actual Euler angles (RPY sequence) and CMG momentum magnitude.

33




Biography

34




S. Bedrossian bedrossian@draper.com

cipal Member of the Technical Staff and the Task Leader for the International Space Station (ISS)
c Interaction Task. He designed the ISS momentum desaturation algorithm now used in the flight
. He also represents NASA Johnson Space Center as technical point of contact for Russian ISS atti-
ntrol systems. Dr. Bedrossian originated and leads the development of the eSim project
.jsc.draper.com/esim/), a Web-enabled distributed analysis and simulation platform. He estab-
nd directs the Draper Graduate Fellowship program at Rice University. Recently, he expanded the
rogram to include graduates of the U.S. Air Force Academy. From 1997-1999, he was Associate
of the Instrument Society of America (ISA) Robotics Division. In 1999, he organized and chaired
ASA/ISA Workshop on Robotics MEMS. He serves on the steering committee for the NASA
ce Technology Working Group. He is the author of 21 conference and journal articles on the kine-
dynamics, and control of spacecraft and robotic systems. Dr. Bedrossian received a BS in
ical Engineering from the University of Florida and SM and PhD degrees from MIT as a Draper
all in Mechanical Engineering.

International Space Station Assembly and Operation Control Challenges / Biography






