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Linear Programming technlques have been applied to
develop a CMG steering law which exhibits very high
adaptability to CMG hardware failures and varia-
tions in CMG system definition. The procedure 1s
also capable of performing a fuel-optimal jet
selection and establishing control via a hybrid
mixture of jets and CMGs. This report presents the
gtructure of the hybrid steering/selection
principle and illustrates its performance through a
get of simulation examples.

INTRODUCTION

Attitude control and momentum management of the space station will be
realized primarily by Control Moment Gyroscopes (CMGs) and Reactlon
Control System (RCS) jets. The space station environment will be very
dynamic; its characteristics will evolve dramatically during buildup,
and significant changes in mass properties and actuator response can be
expected during routine operations. Control, steering, and actuator
selectlon procedures must be able to provide an adaptive response in
order to function effectively under these conditions. Existing CMG
steering laws, however, are often subject to restrictions which may be
slgnificantly disadvantageous for applications such as space station.

CMG steering laws can frequently become conslderably calculation-—
intensive, and attempts at simplification generally result in tight
restrictions being placed upon the CMG system configuration and
behavior. This reduces available degrees of freedom and greatly lowers
the ability of the system to deal with device failures and changes in
the CMG definition.

Present steering laws generally calculate CMG gimbal rates via a
pseudo-inverse method, which requires an additional "Null Motion"
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procedure to compute gimbal commands that prevent the CMGs from belng
driven Into stable slngular states. Pseudo-inverse formulations are not
readily conducive to changes in the aumber of avallable actuators; when
addlng or deleting CMGs, the dimenslon of the pseudo-inverse and related
calculations must be correspondingly adjusted.

Peak limits on CMG output torque and stop coanstralnts on gimbal
excursion are not considered in most CMG steering procedures and must be
enforced after the CMG selection has been performed.

Current spacecraft systems possessling jets and CMGs employ independent
jet selection and CMG steering procedures. This strategy generally does
not enable operation both sets of actuators in a coordinated fashion.
The space station environment, however , encourages 2 control scheme
which addresses the possibility of mixed CMG/RCS response, particularly
in the cases of re-boost, desaturation, docking, Or other maneuvers in
which the CMGs are saturated or do not possess sufficent control
authority to satisfy input requests without assistance from other
actuators.

The effort summarized in this report has addressed the problems posed
above, and has resulted in an efficent and extremely flexible CMG
steering algorithme The actuator gelection process is not limited to
CMGs; the same procedure is used to perform fuel-optimal jet selections
and control spacecraft via a hybrid mixture of jets and CMGs.

%w:

7 INNER GIMBAL AXIS

ROTOR MOMENTUM

FIGURE 1: DOUBLE-GIMEALLED CMG

LINEAR SELECTION AND STEERING

CMCs are momentum exchange devices which create an output torque by
changlng the orientation of angular momentum stored in a rotor spinning
at constant rate. An Euler—mounted double—gimhalled cMG (as assumed in
this analysis) is sketched in Fig. l. Given sufficent gimbal freedom,
this device is capable of projecting its angular momentum along any
arbitrary axise.

The total angular momentum of 2 spacecraft and its complement of CMGs 18
constant I1n the absence of external torques; any change in the momentuml
state of the CMG system 18 transferred to the spacecraft.

Quantitatively: 264



H +) h, = constant (1)

CMGs
oH 9Lh
—6 —i
— + xn=————=—mx{h+jr (2)
d —-s =5 ot —
%" hics + aMes T

Hg = Angular momentum of spacecraft

wg = Spacecraft angular rate

Ei = Angular momentum stored in CMG rotor i

iq. (2) defines the torque applied to the spacecraft by the CMG system.
[t is derived by taking the time derivative of Eq. (1) with respect to
spacecraft—fixed coordinates. The "wgX Hg" term on the leftmost

side of Egq. (2) is due to Fuler coupling of spacecraft axes and does not
arise from the presence or action of CMGs, thus 1s ignored in this
analysis.

Both terms on the right—hand side of Eq. (2) are caused by changes in
the stored CMG momentum. The first term originates from rotation of the
CMGs relative to inertial space as they are carried along by the space~
craft angular rate. This term can be directly subtracted from the
torque command input to the steering law In order that CMG gimbals are
commanded with respect to inertial coordinates.

The second term In the rightmost side of Eq. (2) 1s due to gimbal
rotation, which re—orients the CMG rotors (Ei)’ thus is able to

produce changes in the magnitude and direction of the momentum stored in
the CMG system. Its value can be controlled by adjusting the CMG gimbal
rates, hence this term 1ls used to establish a control torque. For an
"ideal” double-gimballed (MG of the type sketched in Fig. 1, Tee1

has the form™: i

(&Y 7T [0, (8) x B(8, 1))+ 8o x h(8, ) 14y (3)
v = Inner gimbal angle (§.is gimbal rate)
§ = Outer gimbal angle (3§ 1s gimbal rate)
Ig&,y) = Angular momentum of CMG at gimbal orientation (8&,Y)
& (6§) = Unlt vector along instantaneous inner gimbal axis
1 &6 = Unit vector along outer gimbal axis

The purpose of the generic CMG "steering law" 1s to command a set of
gimbal rates (3,7) such that the CMG control torque matches a desired
value. Attitude control systems using CMGs are generally structured to
possess more degrees of freedom (ie. more CMGs) than the minimum
required for control purposes. "Optimal” CMG steering laws select a set
of gimbal rates which attain the desired control torque while exploiting
the extra degrees of freedom to avold moving the CMG rotors and gimbals

into undesirable configurations.

265



Torques arising from RCS jet firings can be likewise expressed:

E-_'letk = [ (xy- Ecg) * Ik] (4)

Position of jet k
Thrust of jet k
Position of spacecraft center of gravity

EE

n

T
—<g
By applying Jet and CMG torques during time intervals At, a vehicle rate
change is produced:

Aty
I_ =
FLiz2e Rgs Tyer, " Cl);IGs ({ llci(si’Yi)dt ()
At
+ V| 35g (840 )dt
chies o By 3

[I] = spacecraft Tnertia TensoT

Over small gimbal displacements (ie. 1imited At) and assuming constant
gimbal rates throughout the interval At, the CMG output torque does not
exhibit large variation, hence the CMGs may be treated impulsively:

-1

d. 5 TEL L 3 B B T ot (8ot T 1 (84574)8E ] (6)
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Eq. (6) defines 2 rate change which ig achieved by commanding a set of
jet firing times (Aty) and CMG gimbal displacements (the angular
displacements for inner and outerT gimbals are respectively proportional
to Aty and Atj). The three terms of Eq. 6 are used to formulate a

set of activity vectors for lineart gelection.

RCS Jet: CMG Inner Gimbal: CMG Outer Gimbal
117 e a eI r . (8 07,) g <Ari b, 08, o) )
Ay Mer, T1g,* 41 8y Zog, 3”1

A linear programming algorithm is used to determine a set of decision
variables (At) which “optimally” command the actuators represented in
Eq. (7) to deliver the vehicle rate change of Eq. (6). The linear
programming problem ijg structured as stated below:
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N
a) Minimize: z = nll cn‘(bt)n‘

N
y) Subject to: n-};l _A_n(At)n = Aug (8)

) With: L, < (AR) 4 <+ U

N = Total qumber of actuators (jets & CMG gim‘bals) in system.
Gy = objectlve coefflcent ("eost“) associated with actuator Tie

The equality constraint (Eq. 8b) 18 essentially Eq (6) with every active
actuatorl conaidered in a single gummation running over all activity
yectors (Eq. 7). The decision yariables (at) are restricted by the
bounds imposed 17 Eq. (8c), which limit the amount of CMG gimbal
displacement allowed over each gelectlione CMG gimbals are capable of
rotating elther wgorward” OT “packward” thus thelr decision variables
At can become either posltive or negative (creating two limlts, -Ln

and tUn>s per variable). Ln is set to zero for RCS jetse

The linearl programming process finds the solution tO Eq. (8b) that
minimizes the objective function (Eq. ga) with declision variables
constrained by the pbounds of Eq. (8c). gince the decision yvariables for
CMGs are allowed tO go posltive or negatlives thelr corresponding

c, in Eq. (8a) actually take CwO values; ©n€ (ctg representing the
consequences of rotatlon in a positive sense, and another

c:) for rotatlon in a negative senses All such objective coefficients
are positlve quantities. The Cn which correspond to gimbal rotatlon

in an unfavorable direction i{ncrease as the CMGs approach problematic
orientations (as discussed below) e By minimizing z, one chooses 8
solution which moves the CMGs to achieve the deslred rate change (8b)
while encouragling avoldance of undesired CMG configurations.

The cn fOT RCS jets represent the penalty of using jets 1n the
solution tO Eq. (8b). BY getting Cn much higheT for jets than for
typical CcMGs , the latter devices areé used exclusively whenever
possible. These Cn are made proportional to the amount of fuel
required per jet, thereby enabling the linearl program to perform
fuel—optimal jet gelectlionSe

Because the CMG rotor orientation changes a8 the gimbals are moving, the
direction of the output torque (Ede 3) correspondingly shifts, and the
linearized solution tO Eq. (8) gradually loses validity. 1n order tO
maintaln the leading—order "impulsive" approximation to the output
torque (in Eg. 6), updated selections (with re—calculated CMG activity
vectors and objective coefficents) are performed after CMG gimbals have
rotated through 2 pre-setl angle (allowed maximum displacements of 5-10
degrees between gelections were found tO be adequate) s Revised CMG
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gelections are also forced if CMG costs are found to increasé
signlficantly (indicatling approach of a problematlc state) while CHGs
are ln motlom. Tn thls fashlon, the CMGs are moved to answer input
requests and avoid undesired states over a serles of instantaneously
optimal linearized stepse A strategy of improving the global accuracy
of the selectlon performed at each step is discussed In Ref. l.

In order to simplify accomodation of RCS jets, the selection process of
Eq. 8b is formulated as 2@ vehicle rate—-change requeste. This results in
cMG decislon variables representing gimbal angular displacements,
jeaving the absolute normallizatipn of CMG gimbal rates as an effectively
"free" parametere In the simulation examples presented pelow, the CMG
gimbal with the largest displacement was rotated at its peak rate, while
other CMGs present in the golution were gimballed at lower rates (in
relative proportion to thelr commanded angular displacements). This
represents 2 “quickest" means of attaining the desired vehicle rate.
Other gtrategles are also possible; CMG gimbal rates can be made
proportlonal to thelr decision varlables such that the vehicle is
torqued less for smaller input requests. Methods of establishing gimbal
rates are discussed in Ref. le

peak gimbal rates are assumed 10 the calculatlon of actlvity vectors
(Eqe 7)o The CMG gelection (Eq. 8) could easily pbe structured to solve
a torque request by omitting gimbal rates from Eqe. (7), and replacing
Awg in Eq. (8) with the requested torque. The resultant solutions
will then produce gimbal rates directly as decision variables.

The constants Ln and U, in Eq. (8c) bound the amount of gimbal
displacement allowed per gelection in each respective direction. They
are set tO reflect the location of gimbal stops (if one made a change of
yvariables to golve an input torque request, these bounds would directly
represent peak gimbal rates). BY appropriately decreasing these limits
as' input requests move the CMG system toward momentuml saturation, the
selection process accounts for the diminishing amount of momentum
available toO transfer into the ngaturated” axls.

The optimal gsolution to the three—axls control problem of Eqs. (8a & 8b)
(ignoring the bounds of Eq. 8¢) will include only three linearly
jndependent activity vectors (ie. only three CMG gimbals are selected to
respond to requests). The upper bounds, however , place 2 1imit to the
output of each device, allowing the linear program to introduce as many
activity vectors (ie. CMG gimbals) as needed to optimally provide the
requested ianpute

The linear programming problem as stated in Eqs. (8) is solved by
applying 2 version of the "Upper Bound simplex” methodz, which has been
modified1 to allow gelections of CMGs with positlve and negatlve
decision variablese. The simplex gelectlon process has been showd to
effectively perform fuel—-optimal jet selectionsa; an autopilot using
this procedure has recently completed successful flight testing oD the
Shuttle orbiter.
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The application of linear programming to CMG selectlon produces an
extremely flexible CMG steering law. Activity vectors representing
linearized actuators (Eq. 7) are kept in a common pool which is scanned
durlng each simplex selection. Actuator failures may be accomodated by
preventing corresponding actlvity vectors from being selected by the
gimplex process (and elimlnating the failed devices from the objective
calculations). Since each CMG gimbal is modelled via an Independent
activity vector, slngle gimbals of dual-gimballed CMGs may be failed
(ie. frozen at constant position), still leaving the surviving gimbal
available for selection. Gimbal stops are represented by the bounds in
Eq. (8c); these are considered directly in each simplex selection, and
may be inserted, removed, or re-defined at any time. Peak gimbal rates
and vehicle mass properties are represented by constants used in
activity vector calculation, thus may be easily changed and updated.
Since specific CMG mounting conflgurations are not assumed anywhere ln
the selection process, CMGs may be mounted in any orientation. The
linear objective function (Eq. 8a) is optimized in each selection,
eliminating the need of a separate "null motion" procedure to calculate
gimbal rates which avoid problematic CMG orientations (null motion, if
desired, may also be calculated directly under simplex by requesting a
zero net rate change using a modified objective function, as
demonstrated in Ref, 1). Finally, the simplex selection process 1s not
limited to CMGs; other devices (such as RCS jets or reaction wheels) can
be included, provided that they may be effectively represented by
linearized activity vectors, objective coefficents, and upper bounds.

OBJECTIVE FUNCTION

The linear selection is performed to minimize the objective function
evaluated in Eq. (8a). The objective factors (cp) dictate the penalty
of using a particular activity vector in the solution. The c, for
jets are set to large values corresponding to RCS fuel useage. The c,
for CMGs are generally much smaller, and are calculated as a sum of
several components:

c = K, + K,F (3,8) + KG

AF ANGLE (3,8) + K Yy ypypldss) - (9)

j,s STOPS
Activity vector j corresponds to CMG gimbal
s = Sense of rotation (+/-)

The K, term is a small constant bias which keeps all cj g non-zero.

The remaining three terms reflect the configuration of the CMG system
and are independently discussed below., The balance between the factors
Kp,Kg, and Kp determline the relative amount by which their respec—

tive effects are accounted for in the objective function. Each of these
terms possesses two values per gimbal corresponding to forward and
backward rotation.
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When the inner gimbal angle of a double-gimballed CMG approaches +/-90°
(as portrayed in Fig. 2), the CMG rotor nears alignment with the outer
gimbal axis. The control authority of the outer gimbal thus decreases
with the cosine of the inner gimbal angle (as seen in Eq. (3) vla the
o.x h(8,y) factor governing the outer gimbal torque). In order to
maintaln outer gimbal control authority, the CMGs are steered to avoid
encountering excessive lnner gimbal angles. This is the purpose of the
FANGLE term as included in Eq. (9):

Iy.l If j = inner gimbal and rotation
3 "g" increases 'Yj"

(3,8) = (10)

FANGLE
0 Otherwise -

Inner gimbal rotations which increase the magnitude of the inner gimbal
angle |Yj| are assigned a cost contribution in direct proportlon to
the current value of |y ‘. Rotations which decrease [Yj' (or outer
gimbal rotations which %ave no effect on y4) are given no cost
contributions via FpygLg. Rotations that Increase the inner gimbal
angle become linearly more expenslve as the angle grows. Solutions
involving the activity vector and decislon variable that bring |Yj|
back to zero thus become increasingly favored as ‘yjl rises.

The Ggpops function produces an amplitude which signals a "waraning"” to
the selection procedure as a CMG gimbal nears a sStop. In contrast to the
linear form of FangLEs GgTops contributes a nearly iasignificant

amount to the objective if the gimbal is far from its stop (allowing the
other terms in Eq. 30b to act unimpeded), but increases rapidly as the
gimbal approaches a pre-set distance from the stop locatlon.

9 If stops are present on gimbal #j, and

rotation "s" moves CMG toward stop.
A es(jls) ° p

Ggrops(ds8) (11)

0 Otherwis€ceceo

ej = Gimbal angle (ie. Gj or Yj)

Bs(j,s) = Stop position on gimbal j, sense S
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The gunctlon A (see Ref. 1) contrlibutes neglibly for low 845 however

as BjISS approaches unity, A diverges steeply. 1f the rotation "g"
prings 2 (MG toward &d existing gimbal stoOP.» the objective contribution
will be proportional to Ao No guch contribution will be added to the
objectlve coefflcent if a glmbal either hasg unlimited freedom OT
rotatlion ng" will remove it from a StOP: 1f a CMG gimbal has neared its
stop, the function A will contribute appreclably, and solutlions which
rotate the CMG away from the SLOP are heavily favored over those which

move it closers

RELATIVE
OBJECTIVE
G CONTRIBUTION

~t
1
} STOP

|

\
0
llJ
|

V18l
fgTOP

FIGURE 3: RELATIVE CDN‘RlEUTIDN OF FANGLE AND GgTOPS 10 OBJECTIVE vs.d

The GgTOPS and FANGLE functions are plotted together a8 a functlon

of gimbal angle in Fig. 3 for a rotation which moves 2 MG toward @
stop. FANGLE dominates initially at low 8, encouraging 2 return to
zero displacement via a 1inearly i{ncreasing objective coefficent. As
the gimbal StOP is approached, GgTOPS dominates, and solutions which
move the MG further in that direction become highly discouraged.

gince the output rorque of 2 MG is always perpendicular to lts rotol, a
CMG is unable to produce @ torque along the rotoT axls (aside from
altering the rotor rate, put this 1is held constant and not consldered a
control variable). 1f two CMGs are aligned with thelr rotors parallel
or antiparallel, control along the directlon of the alignment must be
performed excluslvely with the remaining devices 1n the system, which
can degrade the 3-axis control capability of the CMG configuratlone
Internal gingular states (ie. CMG orientations removed from gaturation
which suffer a loss of control about at least one axis) of double—
gimballed CMG systems are always related to CMG rotor alignmentSe In
order to maintain 2 high 1evel of three—ax1is controllability, the rotors
of double-gimballed CcMG systems are conventionally gteered away from
either parallel or antiparallel alignmentse This 1s encouraged by the
vy neue factor as lncluded 17 Eq. (9

The terms discussed above (FANGLE and GSTOPS) assign cost contribu~
tions to the objectlve coefficents of an activity yectoT which depend
only on the corresponding gimbal angle. They do not account for the
orientation of a CMG rotor with respect 'O other CMGS. The term
(YLINEUP) that is discussed here differs considerably jn that 1t
expresses 21 amplitude which drives the CMG under conslderation to avold
parallel or antiparallel alignment with other CMGs in the systeme.
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Where: (1#3)
R
Y (3,8) = Y S6(I,j,s) m(I,J)
I=1

R = Number of CMG rotors in system

J = Rotor index associated with
CMG gimbal #j.

Note: The sum runs over all CMG rotors except that assoclated
with gimbal #j. Uppercase variables denote CMG rotors
(ie. J), whereas lowercase variables denote CMG gimbals

(ie. 3).

m(I,J) = "Urgency” of lineup condition (increases as rotors
I and J approach one another).

+]1 if rotation "s" moves rotor J toward rotor I
SG(I,j,s) =
-1 if rotation "S" moves rotor J away from
rotor I

B = Bias to keep all YLINEUP(j’s) non-negative
(ie. B = -min Yo(j,s) )

Eq. 12 defines the antilineup function Ypingupe The Y, term is a

sum of amplitudes which reflect the lineup condition of the CMG rotor in
question (#J) with respect to the other rotors in the system. If the
rotation "s" of gimbal #j moves the associated CMG rotor toward parallel
or antiparallel alignment with another rotor in the system ({#I), the
“8G(I,j,s)" flag will be positive; if the rotation moves the rotors
mutually apart, "SG" will be negative. The "m" factor describes the
“urgency” of the lineup condition; ie. m(I,J) equals zero if the two
CMGs in question are mutually perpendicular and linearly increases as
the rotors approach one another, reaching a maximum at parallel or
anti-parallel alignment. The products of "SG" and "m" are evaluated for
the rotor and gimbal under consideration paired with all other rotors in
the system; these are summed to form Yo(3,s).

The value of Yo(3,s) quantitatively represents the consequence of

moving CMG gimbal #j in directlon “s"  with respect to lineup with other
CMGs in the system. A positive Yo(j,s) indicates approaching lineup,
and the magnitude of Y, indicates the degree of alignment. The

opposite rotation will have the inverse consequence; ie. the Yo (3,-8)
will be negative with equal magnitude, indicating the direction in which
to move gimbal #j to escape alignment. Since negative objective values
can yield unphysical solutions, a bias must be added onto Y, in order

to keep all Yy INEUP non-negative, This bias (B) is the negative of
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the minimum ¥,(3,s) over all j and s; the YLINEUP(j-S) will thus

range from zero (ie. gimbal rotation with minimum Yo(j,s)) on up.
gimplex 1is thus encouraged to gelect the lower cost activity vectors
corresponding to gimbal rotatlon which moves the rotors away from
1ineups; thls selection 1s {ncreaslngly favored as rotor alignments are
approached.

The Y1,INEUP function defined above uses an lastantaneous approximation
to the CMG rotation and does not consider the motion of one CMG with
respect to another (these factors can not be directly accounted for
under a linear selection). CMGs are encouraged via Y[ INEUP to move
independently away from one another; this strategy is found to be very
effective in managing system redundancy to avoid rotor alignment, as
will be {llustrated in the simulation examples.

steering single gimballed CMG systems away from lineup conditions is
generally not adequate for avoiding singular orientatlions. Objective
contributions which address the needs of single gimballed CMGs are
discussed in Ref. 1.

HYBRID RCS/CMG SOLUTIONS

Because of their much higher objective values, RCS jets are not

gelected by simplex unless translational control is desired, oT CMGs are
unable to respond due to effective saturation. gince the jets are €O
expensive and have much more control authority, the hybrid solutions to
rotational requests often consist of very short RCS pulses coupled with
extensive CMG activity. Such solutions are unphysical and problematic
for several reasomns, je, nonlinearities introduced as CMGs gimbal over
large angles, and the minimum limits conventionally imposed on the
duration of RCS pulses. These solutions also result in the transfer of
all CMG momentum before resorting primarily to the RCS system (which
leaves the CMGs momentum saturated upon finishing the operation;
certainly an undesired feature). Non-neglegible attitude errors can
also occur under these realizatlons of hybrld maneuvers; RCS firings can
deliver a momentum impulse very quickly (le. on-time of the jets
concerned), whereas extensive CMG motion requires a considerably larger
jnterval as the CMGs gimbal over gizable angles to transfer the extra
momentum needed Lo complete the request. Significant attitude errors
can accumulate during the period between completion of the RCS firing
and acquisition of the desired CMG state.

These difficulties are avoided by repeating the linear selection
whenever jets and CMGs have been specified together in the original
simplex solution. The second selectlon is performed with considerably
reduced upper bounds on CMG gimbal displacement and lower RCS objectlve
"costs". The maximum allowed gimbal displacement puts 2 celling on the
amount of CMG involvement in answering the input request; by reducing
this quantity, we restrict the CMGs from moving over large angles and
1limit the influence of nonlinear effects. CMGs are thus confined to a
“trimming" role, and the primary maneuver is performed by "golid" RCS
firings (with aon-trivial on-times).
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In contrast to the much larger RCS cost, all CMGs appeared gimilarly
priced in the original selection, and CMG useage did not discriminate
between “"favorable" and “unfavorable" rotations. In the second
selection, the RCS cost 1s adjusted to the current mean CMG cost (after
accounting for the reduced CMG control authority), thus the "cheaper”
CMCs are encouraged to be used along with RCS firings. This results in
an effective "desaturation” tendency, where hybrid RCS/CMG operations
often leave the CMGs in a lower cost (le. more favorable) orientation.

When the CMG system is removed from saturation, finite upper bounds are
still maintained on gimbal displacement. If a large rotational request
is input to the selection procedure, those bounds can encourage the
introduction of RCS jets (even when the CMG system is unsaturated),
which can instigate a re-selection (as discussed above) that prevents
the CMGs from extensively responding to a request which would bring them
Into saturation. i

By allowing the magnltudes of RCS costs and CMG upper bounds to decrease
with the approach of the CMG system to saturation, the primary selection
may prove directly realizable and the need for the additional hybrid
selectlion may be eliminated.

A stralghtforward means of performing hybrid selections which fire jets
in order to move CMGs away from saturation and into superior
orientations (while holding constant vehicle rates) has been
demonstrated1 by enabling jets to be selected along with CMGs in the
simplex-based null motion processe.

SIMULATION EXAMPLES

In order to test the performance of the hybrid selection/steering
procedure, it has been interfaced to a closed-loop control system based
upon the OEX Advanced Autopilotq’“ This autopilot incorporates a
phase—-space control law, which derives vehicle rate-change commands from
a weighted sum of vehicle attitude and rate errors, providing
coordinated control of vehicle rotational states. Mass properties of
the power tower space station® (without orbiter or payloads attached)
have been assumed in these simulations.

In the first tests, a quad double-gimballed CMG configuration is used
(as deplcted in Fig. 4). This mounting style was derived from the
convention used In Skylab6 (three CMGs initially perpendicular), with a
fourth added skewed at equal angles to each of the others. This
configuration 1s not proposed as an optimal CMG mounting protocol for
the space station; the hybrid steering law is easily amenable to any CMG
arrangement (including parallel mounting7). The CMGs are modelled in-
accordance with recent specifications proposed for the space station”,
je. an angular momentum capacity of 3500 ft-1b-sec per rotor, and peak
gimbal rates of 5 deg/sec on both inner and outer glmbals. Stops are
imposed at +/-90° on inner gimbal travel, and the outer gimbal is
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assumed capable of contlnuous rotation. "Ideal"” CMGs are assumed 1n the
gimulation, and higher-order dynamic effects (eg. gimbal acceleration
torques, Servo effects, etc.) are mnot currently included. The control
procedure normalizes the CMG gimbal displacements in the simplex
solutions to the peak gimbal rates in order to promptly realize the
commanded vehicle rates (smoother gimbal motion may be obtained by
making gimbal rates proportional to their corresponding absolute
displacements; see Ref. 1)«

The power tower 1s assumed to posSsess 12 RCS jets, which operate at a
nominal thrust of 75 1b each, and are clustered into mutually orthogonal
triads located at four positions on the spacecraft (see Ref. 5). Jets
are assumed to be discrete devices, and firings are rounded to the
closest 80 msec increment. No separate logic is used to introduce jets;
they are prescribed and selected by simplex as discussed above.

All tests are performed in an jnertial environment; Euler coupling and
the interaction of vehicle rates with CMG momentum (Eq. 2) are included
as dlsturbances, while aerodynamic and gravity gradient torques, which
would be present on-orbit, are ignored. Vehicle rates are initialized
to zero at the start of each teste.

The first example commands a series of rate increases (0.003 deg/sec
each) about the vehicle pitch and roll axes (the yaw rate is held at
zero). Five such increases are requested, building net rates of 0.015
deg/sec over the 100 sec duration of the test run. This is a
significant rate, considering the sizable vehicle inertias (106+107
slug-ftz) and limited CMG control authority. Two test cases are
considered; one with a complete objective function (Eq. 9), and another
without including the antilineup component (ie. KL=0).

Gimbal angles for both cases are shown in Fig. 5. Results using a
complete objective are shown in the left column; both inner and outer
gimbal systems are seen to be employed in answering requests (excessive
inner gimbal swings are avoided), and jets are required to complete
maneuvers (as indicated by asterisks) toward the end of the run. The
results for the test omitting the antilineup component are shown in the
right column. The remaining objective components work only to minimize
the inner glmbal angles, and this 1s indeed what 1s noted in Fig. 5¢;
the lnner gimbals are hardly used until they are required to complete
requests at the conclusion of the test.

CMG rotor alignments are portrayed in the upper portion of Fig. 6. The
complements of the relative angles between all possible CMG rotor pairs
are plotted (there are 6 combinations of pairs possible in a 4=CMG
system). A parallel lineup is indicated when a curve nears +90°, an
antiparallel lineup is indicated when a curve nears -90°, and the
respective CMG rotors are orthogonal (the “jdeal” case) when the curve
ig in proximity to Zzero. When using the complete objective function
(Fig. 6a), CMGs are generally seen to avoid alignment until all move
together toward saturation at the close of the test. When lineup
avoidance is not considered in the objective (Fig. 6b), CMG rotors are

276



LL2

COMPLETE OBJECTIVE NO ANTILINEUP CONTRIBUTION

IINNEFI GIMBAL ANGLES‘

a) *°° (c) 90

45 45 -
‘\g Legend ﬁ Legend
% evogt 5 CMep Y
a oMol z & RLELE S
CMCH S CHGY 3 __
CMG4__ CHGf 4
=45 -]
b e
i + MANEUVER + MANEUVER
_,‘RCS REQUIRED . fEpe ® JETS
-9%0 ___.__,—————r—'__'—"__'—dr——'———r——_t -90
0 20 40 60 80 (G]1] 120
SECS
‘OUTER GIMBAL ANGLES |
(b) ) (d) 'e°
135
90 |
\ e e —
- l_/" —-@lx@)‘
A Legend [ ] Legf‘and
% A CMGH 1 E_:, (1] # nE—W - AN u-‘uummnu—wnmnnnnmuunwmwﬂqﬂ—f-%——* CMGH 1
o ™~ ‘\ owopz B ™ X | CuCLZ
. ) A YT R k > e,
\_ L 1RCS REQUIRED S \ % 'RCS REQUIRED  cuo4__
-90 R . -90 - * N
‘\P—-__-—-.__-—-.; \ \‘..__..--_,_..____.__-_
-135 PR + MANEUVEF =135~ ‘\#-/"‘-\__.__N__________ + MANEUYER
* JETS X JEIS
-180- M -180- M
0 20 40 80 80 wo 120 0 20 40 50 80 1o 120
SECS SECS

FIGURE 6: HYBRID RESPONSE TO CMG SATURATION



8.2

COMPLETE OBJECTIVE

NO ANTILINEUP FUNCTION

[[RELATIVE ANGLES BETWEEN CMG PAIRS |

(a) s0q - b)soq N e
| i PARALLEL @ A
. | ;_:_——-__—“.-_‘-'_ LINEUP '."‘ "._ !
/ | ": ’... |' ———
5 / :RCS REQUIRED T 45 pr {RCS REQUIRED
¥ Nt — —ad™ L —
; o / fcmas MOMENTUM \ { / I'CMGS MOMENTUM
8 | e y | SATURATED Legend a \ "\\ 4 | SATURATED Legend
o 0- "_“_.“!““—_"'"\"H"'“ "'={/m“|nm.|_§—*mu4-|—|—+—— 12 % 0- m%\n—u h%mm 0 0 T 0000 T 4 PR bt 12z
2 '- wo_ . B8 -5\ ; & . B
\ / 23 . RN / 23
\ / 4 \ \.__.-—-’/ | S
-\ / B -5\ 24
T~—_/ Mo \ / 4
+ MANEUVER -'—v/—\\ /® + MANEUVER
X JETS vlr v M JETS
-~ T T 1 =90 T T T T T 2]
o0 20 40 60 80 10u 2 ANTIPARALLEL o 20 40 60 80 100 120
SECS LINEUP SECS
] [VEHICLE RATES | ,_
| (d)
154 RCS T 151 RCS T
REQUIRED REQUIRED
o s o et e e 5 o A e e I
Q 1 Q -
»  |ONLY e s | ONLY = e
J 3]
v n
G 0s- En;‘ 0.5}
a8 8
1] T4 l,.“f-‘--_—k o o lf, T—.
I i
=05 T T T T T 1 -0.5 T 1 T T T 1
0 20 40 60 au 1o 120 1] 20 40 60 a0 100 120

SECS.

FIGURE 6: HYBRID RESPONSE TO CMG SATURATION




geen to more frequently approach alignment; at the positions indlcated
on the plot, rotor palrs moved within 10° of parallel and antiparallel
alignment before saturation was reached. The extremé minimization of
inner gimbal angles attained In thls case was performed at the expense
of avolding {nterim CMG rotor alignments. In both test cases, Jets were
gutomatically selected by simplex when continued CMG performance was
{nhlbited due to momentum saturation.

Vehicle rates are plotted in the lower portlon of Fig. 6. The commanded
input about the pitch and roll axes is plotted as the dotted

vgtalrcase”; the vehicle rates (solid lines) are seen O follow thls
jnput. Since the 3-axls control authorlty 1s generally higher, a
quicker vehicle response is aoted in the run incorporating the complete
objective function. The last requested rate lncrease occurs after the
CMGs have reached momentum saturation, hence it 1is answered primarily
yia an RCS Tesponse; due to their greater control authority, the vehicle
is seen to respond more rapidly when jets are employed. The vehicle is
commanded to malntain a constant yaw attitude while rates are built
around the other axes. A small yaw disturbance 1is encountered when jets
participate in maneuvers (the moment of inertia is an order of magnitude
smaller in this coordinate), however it is easlly compensated by the
phase space controller.

The next test uses a 5—CMG array; four are included as depicted in Fig.
4, and a fifth ngkewed” CMG is added perpendicular to cMG #4. The
command sequence conslsts of two rate-change requests followed by
attitude holds. The initial segment requests 0.03 deg/sec about the
pltch axis, and enters attitude hold after 30 sec have elapsed. Once
the desired attitude has been acquired, a rate of 0.005 deg/sec 1is
requested about the roll axls. All CMG outer gimbals are falled after
this rate 1s achieved, thus subsequent CMG control must be realized
exclusively with inner gimbals. After keeping the commanded rate for
approx. 60 sec, an attitude hold is commanded, and rates are agaln
brought to Zero.

Results are given In Fig. 7. Gimbal angles are plotted In the left
column; note that jets were introduced to establish and remove the
commanded 0.03 deg/sec pltch rate. Since the CMG array (as mounted and
initlalized in this configuration) can only provide enough momentum tO
achleve approx. 0.015 deg/sec along this axis, jets are required to
reach the desired value of 0,03 deg/sec. Because of the restrictive
upper bounds placed upon CMG gimbal displacement in solutions including
jets (as described earlier), CMG participation is limited in responding
to this request, and the bulk of maneuvering is accomplished vla the
RCS. This prevents the CMGs from being first driven into gaturation
before introducing jets; the hybrid response to such a large input
request favors an RCS-based solution in order that the CMGs are not
saturated when the final state 1s achleved.

VYehicle rates are given 1n Fig. 7¢c. The 0.03 deg/sec request is seen to

be quickly established (A) and removed (B) primarily via jets. In order
to restore the desired attitude, the vehlcle coasts at approx. -0.002
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deg/sec after the attitude hold is commanded; thls rate 1s removed and
the vehicle ls stabillized (C) entirely vla the CMG system (0.002 deg/sec
is well within the CMG control margin).

After vehicle rates have damped to zero, a 0.005 deg/sec rate is
requested about the roll axis. This is handled exclusively by the
CMGs, and no jets are required (see Figs. 7a & b). After this rate lIs
achieved (D), the outer gimbals of all CMGs are failed (ie. frozen at
constant position and inhibited from selection [E]), and an attitude
hold is commanded (F). As seen in Figs. 7a & b, thls was achleved
entirely via the ilnner gimbal system, no RCS assistance was requlred.
At point G, vehicle attitude was restored, and rates were returned to
zero.

Vehicle attitudes are plotted in Fig. 7d. The command sequence executed
in this test established attitude changes of approx. 0.85° in pitch and
0.3° in roll, Yaw attltude remalns at zero, as commanded.

The set of activity vectors avallable for slmplex selection can easlly
be re-defined and restricted, as illustrated by the single-gimbal
failures performed in this example. Effective singularity avoidance in
the resulting single gimballed CMG system can not be achieved by merely
steering away from rotor alignments; modifications to the objective
which address this problem are outlined in Ref. 1.

CONCLUSION

The adaptation of linear programming to command CMG systems has produced
an extremely flexible CMG steering procedure; it 1s able to successfully
establish control using an array of double gimballed CMGs mounted in
different orientations, and effectively manage truncated CMG systems
resulting from various fallure modes. The composite objective functlion
encourages CMG selections that avoid gimbal stops, excessive inner
gimbal swings, and rotor alignments.

The hybrid procedure has also performed optimal jet selections, and has
been shown to be effective in addressing mixed CMG/RCS maneuvers. The
adoption of upper bounds in the CMG selection process directly accounts
for gimbal stops, and places an effective limit upon allowed CMG control
authority; RCS jets have been seen to be automatically introduced in
response to requests which can not be answered via CMGs alone,
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