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Momentum Management and Attitude Control Design
for a Space Station

Henry H. Woo,* Henley D. Morgan,} and Eric T. Falangaéi
Rockwell International, Downey, California

Control moment gyro momentum management via the periodic and continuous methods is presented for a “dual-
keel” space station. For the periodic method, the gains in the momentum loop are based on momentum derivatives.
For the continuous method, a linear quadratic regulator approach provides a means to achieve an integrated momen-
tum management and attitude control system that seeks a torque equilibrium attitude and bounds the system
momentum profile. By selecting the momentum and the controller gains, the system can emphasize attitude control
and/or minimize control moment gyro momentum to satisfy experimental and dynamic conditions. Cross-feedback
gains between the roll and yaw axes are selected to handle momentum coupling. The linear-quadratic performance
index includes system momentum, control torque, attitude, and attitude rate errors. The system’s stability and
robustness to disturbance and uncertainties are established by classical frequency response and singular-value re-

sponse methods.

Introduction

ONCYCLICAL external torques acting on the space

station (Fig. 1) will lead to the momentum saturation of
the control moment gyros (CMGs) unless'a momentum man-
agement system is provided. To manage momentum, control
torques are generated through the use of desaturation effectors,
gravity-gradient torque, and/or aerodynamics to counter these
disturbances. The gravity-gradient method, using attitude
change, is preferred to the use of the reaction control system
(RCS), which imposes disturbance to experiments, propellant
penalty, and contamination. The low control authority and
high cost of magnetic torquers are not desirable for the large
momentum dumping demand of the station.

The gravity-gradient method tilts the station from the local
vertical/local horizontal (LVLH) orientation to balance the
aerodynamic torque with the gravity-gradient torque. This
torque equilibrium attitude (TEA) can be commanded to an
average value and updated periodically or continuously.

The early use of CMG momentum dumping for manned
vehicles was applied for Skylab by Kennel.! The Skylab CMG
momentum dumping method required maneuvers about two
principal axes of large inertia. The day portion of the orbit was
mainly for inertial hold, and desaturation maneuvers during
orbital night removed secular momentum by gravity-gradient
torques or RCS. Contrary to the Skylab, the space station
attitude is constrained near LVLH to accommodate experi-
ments without a pointing system. The disturbances on the
station are greater due to more crew members, larger moment
arms, and a varying configuration.

Hopkins and Hahn? have surveyed methods for planar space
platform momentum management with attitude adjustment
and aerodynamic desaturation using panels. A proportional,
integral momentum loop was used by Shain and Spector® to
cause the spacecraft to seek a pitch equilibrium attitude about
which it would oscillate such that the momentum in the system
is bounded.
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Woo and Almanza* have developed a periodic momentum
management concept that uses the derivative of gravity-gradi-
ent momentum as desaturation gains. The method featured a
feed-forward momentum profile to handle expected momen-
tum changes and emphasized the use of threshold logic for
momentum dumping during an orbit. Hattis® suggested a pre-
dictive approach that required an environment model and
CMG momentum to shape a desaturation function at once-
per-orbit for removing expected momentum. Both the predic-
tive and periodic concepts have advocated the use of a
reference CMG momentum profile to determine the need for
RCS assistance.

The emphasis of this paper is on summarizing a periodic
method and elaborating on a continuous momentum manage-
ment method applicable to the “dual-keel” configuration. Re-
quirements and design goals are first identified. System
dynamics and environmental disturbances are summarized for
the LVLH flight mode. For the periodic method, the gravity-
gradient momentum derivatives are presented. The approach
of using linear quadratic regulator (LQR) design is emphasized
together with the classical frequency response method to assure
stability. The system dynamics modes present the expected dy-
namics for the open- and closed-loop cases. Singular-value fre-
quency responses are used to demonstrate system performance
sensitivity and robustness. Classical frequency and simulation
response results are presented to demonstrate the stability and
performance of the integrated design.

Requirements and Design Goals

The momentum management and attitude control system
must provide space station attitude within 5deg of LVLH,
with an attitude rate boundary of 0.02 deg/s. These perfor-
mance requirements may be exceeded during activities such as
reboost, Orbiter berthing/docking, Orbiter plume impinge-
ment, and mobile service center activities and while the Orbiter
is attached.

The design goal for nominal operation is to maintain the
station attitude excursion to less than 0.2 deg from the average
TEA and the total attitude within 5 deg of LVLH. The attitude
excursion is relaxed to 1 deg during TEA seeking. The CMG
momentum storage is sized to cover initial TEA seeking, worst-
case natural environment, induced disturbances, system errors,
and one CMG failure. The CMG momentum requirement
for worst-case natural environment should be bounded to less
than one CMG each for the in-plane and out-of-orbital plane
direction.
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Linearized Dynamic Model
Assuming small roll, pitch, and yaw angles (¢, 6, and )
from LVLH and an average angular rate equal to the orbital
rate w,, the linearized form of station dynamics can be shown
as

Iyg — HY +Jx$ + Tex = Tpy (1a)
LA +T40 +Tey=Tpy (1b)
Iy +Hé + ) + Tez = Tpy (lc)

for the roll, pitch, and yaw axis, respectively, where
H=ow,Ix+1;—1Iy) (2

is the station momentum coupling and

Jy =40y —I) (3a)
Jy =303y~ I) (3b)
Jz =Xy —Iy) (39

are the combined gravity-gradient and gyroscopic torque in
roll, pitch, and yaw, respectively. The last two terms in Eq. (1)
are the CMG control (T¢cy, Tcy, Tcz) and other external dis-
turbance torques (Tpy, Tpy, Tnz); respectively. The roll and
yaw attitude motions are coupled through the gravity-gradient
and gyroscopic terms while the pitch axis is uncoupled. The
CMG momentum dynamics expressed in terms of control
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torque are
HX =Tcex + 0, Hz (42)
H y=Tcy (4b)
Hy =Tz - w,Hy (40)

The roll and yaw momentum couple through the orbital rate
while the pitch axis is uncoupled. The given linearized model is
used as the basis for the development of the flight control and
momentum management system for the space station.

One of the disturbances, the aerodynamic torque, can be
expressed by the average and cyclic components

Tagro = Tave + Teyer sino,t + Toyeo sin2wt (5)

The location of the static bodies contributes to the average
torque. The diurnal bulge effect causes the cyclic torque com-
ponent at orbital frequency, while the rotating power panels
cause cyclic aerodynamic torque at twice the orbital frequency.

The average-pitch aesrodynamic torque, 7sygy, causes secu-
lar momentum in the pitch axis. Similarly, secular momentum
exists in the in-orbital-plane (roll/yaw) axes. The pitch secular
aerodynamic torque can be balanced with the gravity-gradient
torque [Eq. (3b)] by establishing an average pitch attitude from
the LVLH as

(6)

Once this average attitude is achieved by a momentum man-
agement system, the sum of the average torques is theoretically
zero, and no secular momentum exists on successive orbits.
Instantaneous TEA is achieved by the feedback from momen-
tum and continuous attitude adjustment.

Oave = Tavey/303 Iy — I,)

Momentum Management Methods

The periodic momentum management method will be sum-
marized and the continuous method will be discussed to greater
depth.

Periodic Momentum Management

This method is suited for steady-state operation where the
average TEA is adjusted once-per-orbit or as required. Figure
2 shows a functional diagram for this method. The attitude
control design is separated from the momentum management
design without optimizing the use of CMG momentum. The
attitude control bandwidth of 0.01 Hz is established classically,
and it is at least a factor of 10 separation between control and
dominant structural frequencies. A sixth-order filter is used in
each axis to attenuate and gain-stabilize the flexible body
modes.
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Periodic momentum management depends on the reference
and sampled momentum profile to establish attitude com-
mands to dump undesired momentum. CMG system momen-
tum is computed from wheel speed and gimbal angles and is
used in conjunction with reference and past-orbit momentum
profiles to compute the secular and bias momentum. The roll
and pitch axes are used for secular momentum dumping, al-
though a TEA is permitted in all three axes to reduce cyclic
momentum in roll/yaw and secular momentum in pitch. The
yaw momentum can be dumped more effectively with roll atti-
tude adjustments due to larger roll gravity-gradient torques.
Dump phasing, threshold, and limiter logic are provided to
determine when and how much of the secular momentum is
dumped at suborbital or orbital intervals. Dump phasing is
referenced to universal time and orbit states. The momentum
threshold is set relative to a reference momentum and is ad-
justable according to station operations. A steering function
interfaces with the attitude control system so that the attitude
and attitude rate commands are smoothed and bounded.

The initial-pitch TEA estimate is based on Eq. (6). The atti-
tude change to remove accumulated momentum and center the
cyclic momentum is then

do
do = —<d—H—y> [H,(n) — Hy(n— 1) + Hyavel (7N

where the present momentum H,(n) and past momentum
H,(n — 1) determine the bias momentum. The average momen-
tum, H ,vg, centers the momentum profile.

The gain for attitude adjustment is the inverse of the gravity-
gradient momentum derivative. This momentum derivative is
computed as

dH
—dZ)X = T,[30/(180/m)](Ix — I2) (®
where T is the orbital period. Based on mass property updates
from a mass property model with only major elements, gain
adjustments can be made over the orbit.

The initial roll/yaw TEA are based on an average angular
misalignment of the respective principal axes from the body-
fixed axes. Alignment of the roll/yaw axes reduces the cyclic
gravity-gradient torque. The bias CMG momentum profile
from previous orbits is fedback to generate attitude command
profiles to bound the cyclic momentum of the current orbit.
The inverse of the momentum derivatives are used as gains.
The momentum derivatives dH,/d¢ and dH,/d¢ are propor-
tional to the difference in the ¥ and Z principal axes of inertia.
The roll attitude change for yaw momentum dumping is se-
lected because the yaw momentum derivative with respect to
the roll angle is greater than that for yaw attitude change. Due

to roll and yaw coupling, the dumping of momentum is ini-
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tiated at alternate quarter points in the orbit to prevent im-
proper momentum transfer. Roll momentum dumping can be
initiated at either the one-quarter or three-quarter orbit point.
Yaw momentum dumping can be initiated at either the start of
the orbital reference point or the halfway point. A toggled roll
attitude command profile can remove accumulated momentum
in roll/yaw from previous and current orbits.

Periodic TEA Adjustment Results

Figure 3 shows the simulation results with gravity-gradient
and aerodynamic torques for the periodic momeéntum manage-
ment method.® An initial error in pitch TEA and adverse mo-
mentum conditions are assumed for a station with an Orbiter
attached when the 5 deg of LVLH requirement is not stipu-
lated. Since a relatively stiff controller is applied, a significant
portion of the CMG momentum capability is used for main-
taining attitude while the undesired momentum must be
removed.

Continuous Method

The continuous method integrates momentum management
and attitude control functions and design. This system includes
out-of-plane and in-plane control laws with attitude and mo-
mentum feedback as shown in Fig. 4. The attitude control loop
consisting of attitude and attitude rate feedback provides for
rigid body positioning and damping. The momentum feedback
loop, consisting of CMG system momentum and the momen-
tum integral, bounds and centers the momentum profile. The
functions of the two loops tend to oppose one another, and
good attitude control is obtained at the expense of momentum
and vice versa. The design goal is to establish a satisfactory
tradeoff between attitude error and momentum while main-
taining overall system robustness.

Two modes of operation are considered. The TEA seeking
and nominal modes are applicable to the dynamic and experi-
mental conditions respectively. The TEA seeking mode empha-
sizes momentum feedback to allow for large attitude
initialization errors without exceeding the available CMG mo-
mentum. Prior to the start of microgravity experiments on the
station, TEA-seeking attitude oscillations in the order of 1 deg
about the average TEA is permitted.

At the switchover to nominal operating mode, reinitializa-
tion to the estimated average TEA is made to reduce the resid-
ual bias in momentum. A low-pass filter, not shown as part of
the control system, is used to estimate the average value of the
TEA from the sensed attitude data. The filter has a bandwidth
lower than the orbital rate and converges to the average TEA
during the seeking period. The estimated average TEA is subse-
quently issued to attitude control and enhances attitude tuning
during the nominal mode.

For the nominal mode, momentum loop gains are reduced
and the attitude loop gains are increased to achieve a band-
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width close to 0.01 Hz. A fader function smooths the transition
from a relaxed to a tighter controller bandwidth. The fader
uses a prespecified allowable time for computing the slope from
the initial to the final gain value. A typical time interval is
about one-third of an orbit.

Design Approach for Continuous Method

The linearized system dynamic Eq. (1) is implemented in a
linear stability analysis computer program on a personal com-
puter to derive controller gains. The system dynamic modes are
then observed for the open- and closed-loop cases. At this
point the model is augmented to include the flexible modes and
the analysis continues in mainframe programs. The system sta-
bility is analyzed with Bode and Nichols plots. The perfor-
mance robustness to disturbances and stability robustness to
station uncertainties is analyzed using singular-value frequency
response plots. Finally, a multi-degree-of-freedom simulation
program is used to check the performance of the integrated
system. )

Out-of-Orbital-Plane (Pitch Axis) Design

The goal for the pitch axis controller is to remove secular
momentum by centering and minimizing the cyclic momentum
about zero while maintaining satisfactory attitude control. The
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pitch control torque command is expressed as follows:
Tey = ere + KRge —KyHy — Ky fHY &)

where Kp and K are the gains for attitude error 0, and attitude
rate error 6, respectively. The momentum and momentum in-
tegral gains are K and Ky, respectively. The pitch axis gains
are derived by minimizing the following performance index
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using gradient optimization methods”:

PIy =J <W09§ + Wgl2 + WyH?
0

2
+ Wy (JHy> + WCTZC'MGY> d: (10

where W, and Wy, are attitude control performance weighting
factors, Wy and W, the momentum management perfor-
mance weighting factors, and W, the control weighting factor.
Thes¢ penalty weighting factors are chosen to provide a satis-
factory tradeoff between attitude performance and momentum
levels. Table 1 shows a typical set of gams for the TEA-seekmg
and nominal modes.

In-Orbital-Plane (Roll/Yaw) Design

The des1gn approach for the roll/yaw controller is to derive
crossfeed gains that achieve stable attitude control and decou-
pling. Full-state feedback was applied as follows

¢ =[K]x (1

where the control vector has two components — Ty and
— T¢z. The state feedback gain matrix [K] is

- [K1l K12 K13 K14 K15 K16 K17 KI8
K] K21 K22 K23 K24 K25 K26 K27 K28
(12)

The state vector x =[¢ SNV HyxHz | Hy | Hz]". The con-
troller matrix [K] is designed to minimize the performance
index

PI,, = J (x7Qx + TTRT,) dt (13)
0 . ’

where Q and R are diagonal weight matrices that penalize the
states and control vectors, respectively. The weight matrices
provide a tradeoff between attitude errors and momentum so
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that attitude errors and CMG momentum levels satisfy opera-
tional requirements.’

System Dynamics Modes

The rigid-body dynamics modes are shown in Fig. 5. The
open-loop pitch axis has a complex pair of poles on the imagi-
nary axis correspondmg to the pitch gravity-gradient un-
damped hbratlon mode and a double pole at the origin
correspondlng to the CMG momentum and momentum inte-
gral. The gravity-gradient oscillatory mode is damped mainly
with attitude and rate feedback while the momentum modes
are stabilized with momentum mtegral feedback. The pole lo-
cations for the closed-loop pitch axis indicate that the nominal
mode .will exhibit greater ‘bandwidth than the TEA-secking
mode.

The in-plane axes exhibit unstable open-loop dynamics as
shown by the right-half s plane poles in Fig. 5. The complex
pair at +; 0.0011 rad/s is due to orbital rate coupling between
the roll and yaw axes. The two poles at the origin correspond
to the momentum integral. As shown by the location of 'poles
in Fig. 5, the in-plane closed-loop design is expected to allow
bounded attitude oscillation during TEA seeking and a more
stable attitude during the nominal mode.

Sensitivity Robustness to Disturbances

Figure 6 shows the magnitudes of the predicted disturbances
M7 and the maximum allowable attitude dev1at10ns Megr
from the average TEA during normal operation as a function
of frequency. The aerodynamic torque -occurs at orbital and
twice the orbital frequency with an expected maximum disturb-
ance torque of 1 and 0.5 ft-Ib, respectively The crew disturb-
ance torques are based on the maximum crew forces and
moment arms from the c.g. The maximum allowable attitude
error is 0.3 deg for frequencies below 0. 001 Hz. At the desired
control bandwidth of 0.01 Hz, the maximum allowable error is
0.2 deg. For frequenc1es above 0.1 Hz, less than 0.1 deg error is
allowed.

The station attitude response is desired to be within the al-
lowable error in the presence of the prescribed disturbances for
alt axes. The control system design goal results in the followmg
criteria for robust performance:

SIGMA,.,,[S(j®)] £ Mgrr(®)/Mpist(®) (14)
where S(jw) is the sensitivity function and represents the sys-

tem closed-foop attitude response to disturbance torque (rad/
ft-1b). The performance requirements of Fig. 6 are mapped as _
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Fig. 10 Closed-loop transfer functlon singular-value frequency response
to attltude commands.
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Fig. 11 Stable response achieved and CMG systein
momentum bounded and centered after TEA seeking.
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upper bounds in Fig. 7 by the right side of Eq. (14). Figure 7
shows that the maximum singular value SIGMA_,,, does not
exceed the bounds set by the requirements specified in Fig. 6. A
flexibility model using 20 structural modes was included in the
sensitivity and robustness analysis. A transfer function block
representing structural flexibility is shown in Fig. 4 and de-
scribed in detail in Ref. 8.

System Robustness

The closed-loop system should be robust to parameter un-
certainties. The following equation characterizes the station
uncertainty:

Gr(©) = G() + A@)G(w) (15)

where G () is the real station dynamics. The transfer function
G(w) is the station model. The function A(w) is the parameter
uncertainty factor, which includes 10% inertia uncertainties
(A =0.1) from 0.0-0.06 rad/s and larger structural mode un-
certainties (A = 30) occurring at frequencies greater than 1 rad/
$ (see Fig. 8).
The design goal for robustness is to satisfy the following
equation:
SIGMA (M, ()] < 1/A®) (16)

where M, () is the 3 x 3 closed-loop system function for all
axes across the perturbation A(w).” Figure 8 shows the charac-
teristics of the uncertainty factor in the frequency domain and
indicates that Eq. (16) is satisfied at all frequencies. This crite-
ria assures stability in the presence of parameter uncertainty.
Further analysis in the classical sense is performed to deter-
mine stability margins.

Frequency Response Analysis Results

The integrated system stability, including structural flexibil-
ity, was analyzed in the frequency domain to derive the phase
and gain stability margins. The results of the open-loop fre-
quency response analysis for the nominal operation are shown
in Fig. 9. The control system provides at least 60 deg of phase
margin and 10 dB of flex-mode attenudtion. Figure 9b shows
the closed-loop system attitude response to attitude com-
mands. The solid line corrésponds to the nominal mode with a
0.06 rad/s bandwidth. The dotted line corresponds to the TEA-
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Table 1 Inértia and control law gains wifhout Orbiter attached

Inertia:
I, =0.1152 x 10% I, = 0.3221 x 10%; I, =0.104 x 10° slug-feet®

Gains TEA seeking Nominal Unit
K, 0.7x10+3 0.8x10+* ft-Ib/rad
Ky 0.2x10+7 0.3x10+7 ft-Ib/rad
K, -04 —02x107! st

Ky, —0.1x1073 —0.1x10—* s72

K, 0.102x 10+¢ 0.165x 10+¢ ft-Ib/rad
Ki» 0.824 x 108 0.632x 10+ ft-Ib/rad
K5 —0.624 x 10+2 —0.303%x10+° ft-1b/rad/s
K4 —0.325x10+7 0.637 x 107 ft-1b/rad/s
K;s 0.4164 0.2161 s7!

K —0.299x 10! 0.58x 10! s~!

K, —0.418x10~* -03x1077 s72

Kig —0.178x 103 —0.5%x10-% s72

Ky 0.403 x 10+5 0.117x 10+3 ft-ibjrad
Ky 0.715x10*7 0.162x 10+7 ft-Ib/rad
Ky 0.951 x10+% 0.158 x 10%¢ ft-1b/rad/s
Ky 0.277 x 10+ 0.189 x 10+8 ft-Ib/rad/s
K,s 0.428 x 107! 0.953x 1072 s7!

Ky 0.1697 0.543 x 102 s!

Ky, 0.178 x 103 0.5x107° s72

Ko —0:418 x 10~3 -03%x10-7 s72

seeking mode. The poor response at low frequencies is due to
a dominating momentum feedback, since the main goal of the
TEA-secking mode is to orient the station to an attitude that
minimizes overall momentum with little emphasis on attitude
commands. The system stability in the flexible structural fre-
quency region is compensated by a sixth-order filter per axis.
The closed-loop system response to attitude commands for
nominal operation is shown in Fig. 10 by the singular-value
frequency response plot. The solid line is the maximum singu-
lar value and is dominated by the pitch axis. The dotted line
corresponds to the minimum singular value and is dominated
by the roll/yaw axeés, which perform at a lower bandwidth.

Continuous Method Simulation Results

Figure 11 shows the simulation results of how the integrated
system allows for large attitude initialization errors without
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exceeding the available CMG momentum. The TEA-secking
mode achieves an average roll, pitch, and yaw TEA of 1.25, 2.4,
and 0.65 deg, respectively, as can be seen in Fig. 11. The atti-
tude excursion about the average TEA is less than 1 deg. When
a higher bandwidth controlier is faded in after one-third of an
orbit, the aftitude excursion is well below 0.2 deg in pitch and
below 0.5 deg in roll. The attitude rate is below 0.002 deg/s and
well within the attitude rate boundary specified. The momen-
tum history indicates initial transient for TEA seeking, but the
profile is bounded.

Conclusions and Récommendations

Both the periodic and continuous momentum management
methods have been presented. A combined modern and classi-
cal design approach to an 1ntegrated momentum management
and attitude control system is emphasized. A set of linear dy-
namic equations has been shown and implemented in analysis
programs to expertise gain determination, show sensitivity ro-
bustness, and confirm system stability. Designing the inte-
grated system as a whole assures good performance and
stability robustness according to the design goals of the two
modes of operation. The integrated system is demonstrated
with frequency and simulation response results to have suffi-
cient stability margins and stable attitude characteristics with-
out penalizing CMG momentum. The integrated design
approach is viewed as necessary, comsidering the evolving
configuration and the variety of disturbances acting on the
space station. Further investigation of specific disturbance
characteristics will be performed in future disturbance accom-
modation studies.
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