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ATTITUDE AND VIBRATION CONTROL OF A LARGE

FLEXIBLE SPACE~ BASED..ANTENNA
S. Mn JOShi [

SUMMARY. .

The problem of control systems synthesis 18 considered for
controlling the rigid-body attitude and elastic motion of a large
deployable space-based antenna. Two methods. for control systems
synthesis are considered. The first method utilizes the stability
and robustness properties of the controller consisting of torque
actuators. and collocated attitude and rate sensors.. The second
method {s based on the linear-quadratic-Gaussian (LQG) control
theory. A combination of the two methods, which results in a
two~level hierarchical éontrol System, 1s. also briefly discussed.
The performance of the controllers {is analyzed by computing the.
variances of pointing errors, feed misaligument errors and . surface
contour errors in the presence of sensor and actuator noise.

INTRODUCTION .

The successful operation of. the NASA space transportation system
(STS) has opened a new ¢éra for more cost-effective utilization of
space. One class of examples of future missions using the STS.
includeés . pérsonal communication systems, Earth observation systems, .
rad{o astronomy systems, and electrouic mail systems. These missions
require large space-based antennas. For early missions utilizing
large antennas, the development of a deployable antenna which can be .
transported into orbit using a single shuttle flight has a spectal
appeal.. The 122 meter hoop/column antenuna represents such a  concept
for relatively near-term missions.

The detailed description of a technology development program for
large space=~based antennas was preseated in Ref. 1. The hoop/column .
antenna concept, shown in figure 1, consists of a.deployable central.
mast attached to a deployable. hoop by cables held f{n tenston. A
sccondary drawing surfiaee. is used to produce the desired contour of
the radfo-frequeincy (RF) reflective mesh. The RF surface shaping is
accomplished by mesh shaping ttes. The deployable mast contains a
number of telescoping sec¢tions which are deployed by means of a ¢able
drive system. The hoop consists of &8 rigid seéegments, and {is .
deployed by four motor drive uiits. The reflective mesh is made of .
knit gold-plated molyhdenum wire, and s attached to the hoop by
quartz or graphite fibers. The RF mesh {s shaped in the destred
manner (e.g. parabolic or sphertcal) with control cords attached to
the mesh through the sccondary drawing surfacoe,
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i In order to achieve the required RF performance, the antenna must

% be controlled to specified precision {n attitude and shape. For .
| example, for missions. such as the land mobile satellite system.
.E (LMsS), which 1s a comnunications concept for providing mobile

: telephone service to usérs in the ¢continental United States, 1t 1s.
g necessary to achieve a pointing accuracy.of 0.03 degree. RMS (root
3 mean square) and a gurface accuracy of 6 mm RMS. 1t 1is also
. necessary to. have stringent control (usually a fraction of a degree)

. on the motion of. the feed. (located.near. one ond of the mast) relative
| to the mesh. In this paper, two approaches are considered for
2 control systems synthesis for such an antenna. The. first approach
; |
l
j
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uses a ‘“collocated" controller, which consists of torque actuators
and collocated attitude and rate sensors The second approach is based
on the liﬂear-Quadratic—Gaussian. (LQG). control. theory. The
performance of the controllers i{s evaluated in the presence of sensor

.
f and actuator noise.
3
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A large,space.struéture (LSS) such as the hoop/column antenna has,
in theory, infinite number of structural modes. In order to-
facilitate analytical treatment, {t is necessary to have a finite . i ]
order "evaluation" model which s an acceptabdble representation of the
LSS. The evaluation nodel considered in this paper 18 a 20
gtructural mode, finite e¢lement model of the 122 meter diameter . - ¢
hoop/colunn antenna as described in ref. 2. For the purposc of this ©
study, four, 3-axis torque actuators (a total of 12 actuators) are
assumed to be located on the mast at points shown in figure 2. In
addition to 20 structural modes, three rigid-body rotations are also
ipcluded. The equations of motion are giveun by:

n

“ T
Is“s = ): Ti_,mwwwmw_ Q)
£ e

q+Dg+Ag=at )

where 1y {is the 3 by.3 Anertia matrix, ny {s the number of 3-axis
torque actuntOrs,q'=(¢,,gs,¢3)f ,denotes the rigid=body attitude
vector, T denotes the 3 X 1 torque vector produced by the jth.
(3=axis) torque actuator , q is the nq X 1 modal amplitude vector
(for ng structural modes) _, p=D"20 15 the matrix representing_the

{nherent damping.

. 2 2 2 (
A = diag. (ml "0, ...,w“q ) 3
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; where &; {8 the natural frequency of the {th structural mode.
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QT'is the nq¢X 3ny matrix of "mode slopes", and ¢>1-' corresponds to
the. ng X mode slope matrix for the location of the jth torque
i actuator. The.dngX 1 vector T is given by

SRTLT T AT T T

wa e T T TT
i\ [11 ,12 ...,FuT ] . (5)

:

3

. The total attitude vector (including the contributfons of the

i rigid-body and structural. modes) at the location of the jth  actuator .
" is gtiven by

5 Yag T % 80 ®)

: The data preseated in. the model consists of  structural

E frequencies, , three mode shapes and threc mode slopées (6 degrees of

' freedom) at 6 points on the mast, at 8 points corresponding to the

, feeds, feed panels., etc., and at two points corréesponding to the at
. two solar panels. Three wmode shapes (3 degrees of freedom) at 96 . )
' polnts corresponding to the mesh surface are also given. The

knowledge of the mode-shapes cnables one to co-oyute the elastic.

displacements (X, Y, 2 .dircctions ), and that of the mode slopes

cnables oue to compute the elastic rotations (about X,Y,2 axes), from ‘
a.given modal amplitude vector q. Table I shows the mass and inertia i
properties of the hoop/column antenna, and the frequencles of the

first . 20 structural modes are given in Table IT. Figure 3 shows the

. 1
plots of elastic deformations resulting from some of the modes. (The . '

first and the sixth modes are torsion. modes, and are not shown - : i
because they have very small translatfonal deformatfons.) The !

assumed nominal damping rfatio of 1 per cent (0.01). will be used in
this paper for the numerical computations.

CONTROL SYSTEMS DESIGN

As stated previously, only torque actuators located on the mast
are considered {n this paper for controlling the antenna attftude and
flexible inotion. Because of the geomelry of the antenna, it appears.
that reaction Jjets located on the hoop might be effective in
controlling rigid=body roll and torsion modes; however, because of
their propellant storage requirements and to avoild possible
hardware-related difficultics {n generating  Fequired preciston




control forces, reaction jets are not considered in this preliminary

e investigation. As pointed out earlier, surface. accuracy 1s of
extreme importance to successful operation of the antenna. The
surface can be actively comntrolled by pulling the control stringers;
however, from practical considerations, it is preferable to avoid
active surface control if at all possible, and to try to control the
surface using only the torque actuators on the mast.

Two approaches .are considered in this paper for control systems.
synthesis. The first approach requires collocated sensors and
actuators, while the second approach is based on .the LQG control

theory.

2

Method I- Collocated Controller

It is .assumed that n., 3-axis attitude and rate sensors are

B e

located on the mast at the.locations of the torque actuators. The
equations of motion are (from eqs. 1 and 2): _
AX +Bx +Cx =7T0T | k
s¥s T Pe¥s T ta¥s T (7 ‘ !
where AS = d;ag._(Is,Inqan), : ,
T T T !
xs = (as :Q__?: - : ]
|

Bs diag. (O,D),_Cs = diag. (0,A),

Since the attitude and rate sensors are collocated with torque
actuators, the measured attitude and rate vectors are:

T _ T T T
r -.[I‘lw{"I"2 ,..,rnv ] e . e
where Fj [T3x3’?j] . ;
)
(Ikxk denotes theée k x Kk identity,matrix.). o ; 1
i

ya = sz +,wp (8) . !

Y, & sz + W (9)
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where Y, » Yo are the 3n.x] vectors of measured attitude and rate,
and Wj, , w). are 3ny X1 sensor noise vectors. Consider the control.

law:

T =Ry, ~ K.Yy ‘ (10)

where Ky and K, denote 3ny X3ngp, symmetric proporticnal and rate gain.
matrices. The. closed-loop equations, ignoring the noise terms, then

become:

Asxs + B_X_ + CsxS =0 (11)

h B =B +TKT (12)
wnere s s T

(13)

It can be shown that the closed-loop system as given .by Eq.(11) is. . . .

stable inp the sense of Lyapunov if KP>0 and K,zo, and 1is

asymptotically stable if K‘?O, Kr70, and the system _1is stabilizable .

(Ref. 3).. This method attempts.to make mavrices Bg and Es equal
some desired matrices By and Gy . For example, in order to assign
closed-loop damping ratio ('g;_ to structural mode i without changing
their frequencies, and to assign closed-loop damping ratio and

frequency&,«;‘i(hx,y,z) to the rigid-body modes,

Bd=2diag(°sx“’sx,‘°'symsy.pszwsz,pdlw}, . ._,Pdnqwnq) (14)
- 2 2 2 2 2
Cd diag. (wsx sogy sy, aWg sl aeeWpg ) (15)
The equations to be solved for KP and Ki‘ then become

T, o . _ A=

1Tk 1 =B, - B, £ By (16)
T . A=

= - = 17

r KPI‘ v Cd Cs Cd an

(é denotes equality by definition.) It will be assumed that r'Tis
of full rank, or has been reduced to be of full rank (by eliminating

locations corresponding to. linearly dependent columns). 1If it is

el
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desired. to control. only n, (< ng+3) modes, then the rows
corresponding to the modes whi¢h are not controlled are assumed to be
removed from M7, It is also assumed that .B, and Cd are nonnegative
definite. If the number: of controlled modes, n, is less than or
equal to the number of actuators, m (row dimension of ), then the
solution

R S -
K. =TI(r) Bd(r?r) 1.T (18)

minimizes the Frobenius norm of Ky, where the Frobenius norm 1is
defined as:

=S 2
%l ~(E 5 5 )i
1

For the case ng>»m, the solution which minimizes the Frobenius nornm
of the equation error in (16) is.given by (Ref. 4)

k= arH™ BT ey (19)

The main advantage of this method is the guaranteed. stability. The
closed-loop system 18 stable in the senseé of Lyapunov regardless of

the number of modés in the model, and 1in spite of parameter .

inaccuracies (Ref. 4). This result is true only for perfect (i.e.,

linear, instantaneous) actuators and sensors; howevér, even. with.

actuators and sensors of finite but sufficiently high bandwidth
(Ref. 5), the closed-loop system would be stable.

In practice, it may be impossible. to exactly collocate the .

actuators and sensors. The folowing analysis obtains a bound on the
tolerable inaccuracy of collocation.

Let the closed-loop system of Eq. (11) be asymptotically stable

(for perfect collocation) Then, given a 2nX2n matrix Q-Q;?O, there
exists a matrix P=P 2;9 such that

AP +PA =-Q (20)
c . [

where A, 18 the 2nX2n closed-loop system matrix ¢orresponding to Eq.
(11). Consider now the case where the sensors are not exactly
collocated with the actuators. In this case, the sensor equations
become (ignoring noise terms):

R
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Yo = (T+6I) x_

(21)
| Yo © (P+6P2) ;‘s (22)

where 6P1 = [0’5¢1 ] represents the collocation error.for the attitude
measurements .and 6, = [0,80,] represents that for the rate
measurements. The "following theorem gives bounds on 6@, ,éfz_whiﬁch
ensure stability. '

Theorem l.~ The closed-loop system with Iimprecisely collocated
sensors and actuators is Lyapunov-stable if

e A (@ A (&)
HRHgHee L +-LIx T80, 1, < ST 0ey o® e

~

P TR T T LT L R R TS T Ve A QT T T R TR

where ”L““ denotes the spectral norm of a matrix L

”L”s= (Maximum eigenvalue of LTL}/Z

7\; ) and 7% ) denote the smallest and largest eigenvalues,

Proof.- The closed-loop equation with cc6llocation error can. be
written in the state variable form as:

{
0 0 -'

zZ = A2 - z 24
' a7rTk sr. a7irTk_er @ *
’ p 1 77 Tr2 R
Consider a Lyapunov function . . . 1
¥ V(z)=z Pz (25)
Then it can be shown that i

V= =20z + 2 2 PEz (26)
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where E denotes the coefficient matrix in, the second term on the
right-hand-side of Eq. (24). For V to be nonpositive, the

inequality
zTPEz = zTQz,

should hold: But
2pez < |I2|1 1111 l]2]|® and
z'ez 2 A_(@|]z]|*

Therefore, V is ﬁonpositive if

; 2 : 2
Lt ilell 211" < % @izl

or, since ||P|lg = 2P

A_(Q)
m
lEll, < Y

The inequality (23) can then be obtained by using the properties of .

the spectral norm to obtain an upper bound on ||E| ., It should be
noted that a strict inequality in Eq.(23) ‘assures asymptotic

stability. The bound given by _the theovem 1is conservative and . ...

diftficult to compute. Also, it depends on the choice of Q, and
requires the knowledge of the system parameters.. Additional
investigation 1s 1ticeded in this area 1in order to obtain less
conservative bounds. However, it is apparent from the theorem that
the system will be asymptotically stable for sufficiently small
collocation _errors. ‘ "

Although the '"collocated controller" approach has desirable
stability and robustness properties, the decision regarding which

modes to control rests with the designer,as does the choice of the.

desired matrices By and G4+ The most straightforward choices of Bd
and C4 are given in Eqs.(14) and (15); however, this. artificial
decoupling may not give the best performance, and might result in
unreasonably high gains. One method of systematically selecting
these matrices for computing rate gains was given in Ref 6. However,
the choice of. the weighting matrix which is required in this metho
was not discussed. The choice of By and Gy, which give the best
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performance with the smallest possible magnitudes of the feedback
gains, remains an open area of .research, .

Method II- Controller Based on LQG Theory

This .approach uses the steady-state LQG control theory as a design .

tool. Unlike the collocated controller, the LQG controller does not
automatically guarantee the closed-loop stability. This {is because

the plant (i.e., the LSS) has an infinite number.of structural modes,

and one can.actively control only a finite number of modes via this

approach. Furthermore, from practical cosiderations, in order to.

limit the number of feedback channels and the complexity of the
controller, it 1is usually necessary to design a controller which is

of much lower order than the “evaluation" model. (An evaluation

model 1is an acceptably realistic representation of the LSS which.
consists of a finite but large number of structural modes.) The use.

of lower order controller may cause instability because of the (ref.
7) unwanted excitation of the residual or uncontrlled modes by the
control input ("control spillover"”) and the unwanted contribution of
the residual modes to the sensor outputs ("observation spillover").

It is well known. that the LQGcontroller minimizes the performance
index:

L

. i’y T

JL = 1lim 1 .[(z Qz + u Ru) dt (27) .
tepw Sy

*
where z, u denote. the state and control vectors, 6=6_>,o, R=RT>OY

denote the state and control weighting matrices,and é? denotes the
expected value operator. An  LQG controller consists of a
linear-quadratic(LQ) regulator in tandem with a state estimator
(Kalman-Bucy filter). Only the steady-state versions of the LQ
regulator.and the Kalman-Bucy filter, which use time-invariant gains,
are used 1in order to facilitate implementation. The Kalman=Bucy

filter uses the knowledge of the system model (rigid-body modes and.

selected structural modes which are to be controlled) and the sensor
outputs in order to generate an estimate of the state .vector (l.e.,

an estimate of’as,‘, a, and éc,where q¢ denotes the modal amplitude
vector of the controlled modes). This estimate is multiplied by the

regulator gain matrix in order to synthesize the control torques. .

Thus the ¢entral problem in primary controller design is to ensure
the stability of the full-order closed ~loop system, which is .not
guaranteed because of the use of truncated models in. regulator and
estimator design. Several methods for primary controller design
based on the LQG theory were discussed in Ref 8. They 1include 1)
truncation method, in which the residual modes are merely ignored in
the design process, 11)modified truncation, or model error
sensitivity suppression (MESS) method (Ref. 9) 111) use of higher
order estimator iv) sgelective modal suppression, etc. Of these
methods, the first two were found to be effective. Stability bounds
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on spillover terms were..obtained for this
Ref 10,

type of

The"Two-level"  controller (Ref 11)is a variation of the LQG
controller in which the collocated controller is also used, but only
for damping enhancement. The controller ¢onsists of two hierarchical
levels: 1) a secondary controller, the function of which is to
enhance damping in the LSS structural modes without attempting to

control rigid-body modes, and 1ii) a primary controller for.

controlling the rigid-body modes and possibly some selected
structural modes. Robust secondary control can be achieved using
feedback of relative velocities (or angular velocities) between
various points on . the. LSS. If the -actuators and sensors for the
secondery controller are collocated, the closed~loop system
(excluding rigid-body modes) with only the secondary controller in
the loop is guaranteed Lyapunov-stable with positive semidefinite
rate gain (K,20), and is_asymptotically stable if X,>0, and ifﬁ\,d?)

is controllable (Ref.3). The closed-loop secondary system is stable.
regardless of the number of modes and parameter inaccuracies. 1In .

addition, under certain conditions, the system 1is asymptotically
stable in the large (ASIL) for sector-type sénsor and actuator
nonlinearities. (Ref 5).. A variation of the secondary controller is
obtained by using one or more. Annular Momentum Control Devices
(AMCDs) as discussed in Ref. 3.

The procedure for secondary . controller design using velocity
feedback 1s similar to. that for the collocated controller, the
difference being that the first three rows of the T matrix are
zero, and the rest of the rows consist of differences between the
appropriate columns of 7 . Thus the secondary controller is wused
only to enhance the damping of the structural modes. .

The closed-locp system including the secondary controller provides

the starting point for the design of the primary controller. The.

primary controller design 1s accomplished using the. LQG control
theory as discussed previously. Since the damping of the LSS is
enhanced by the secondary controller, it should facilitate the design
of the primary controller such that the overall system has an
acceptable degree of stability.

PERFORMANCE_EVALUATION -
The performance of the control system can be eévaluated by

computing the standard deviations or root mean square (RMS) values of
various errors in the_presencé of sensor noise, actuator noise and

other disturbances. Disturbances such as gravity gradient .and solar
pressure are low-frequency and predictable, and can. be open-loop

compensated. However, sensor and actuator noisé represent very
significant sources of error. In this paper, the attitude sensors

10
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and rate sensors are assumed to have additive .white measurement .
noise. The nominal standard-deviation intensities of these noise

processes  are assumed to be 0.488 arc-second and 0,031
arc-second/sec. . respectively (Ref 12). The rate gyro drift 1is not

modeled. The actuutor nolse {g also assumed to be zero-mean and

white. Since data were not available on nominal actuator noise, it

was not included in the nominal performance computations. However,

the actuator nolse was {ncluded. in the computation of the

parametrized data (1.e., coeficientéad as will be explained later). .
The sensor.and ..actuator noises additively enter.- the closed-loop

equations for both the . controllers considered, and in both the

primary and +he secondary levels of the. two-level controller. The

final closed-loop equation 1is of the type:

x.=-Ax + Bv (28)

where x is the overall closed-loop state vector’ (n, X1), A 1is . the
strictly Hurwitz ¢losed-loop matrix, B is the noise input matrix, and -
v is a vector white noise process whose entries represent all the .
noise. terms. The closed-loop covariance evolves according to the
equation

Y aaX+ AT+ mt (29) _. .

where Z(tpELX(t)x‘?d_is the covariance matrix, and V is the covariance

intensity matrix of the noise process V. 1f v. is. a stationary

process, % approaches a steady-state value 3 as t tends.to. .
infinity. Since the performance variables. of interest (e.g.

attitude angles and deflections at various points.on the antenna) are.. -
l1inear transformations of the state vector X, the variances of_ these

variables can be.obtained by appropriate transformations.of Y - A

number of . methods are available for aumerical solution of the L
steady-state version of. Eq. (29). The method given in Ref. (13) is

used in this paper.

NUMERICAL RESULTS.

As stated previously, four J-axis torque actuators. and four 3-axis
attitude . and rate sensors (at the same locations) are used for the
nominal control systems. design. Three types of zero-mean,
white-noise disturbances are considered for performance analysis.

Each attitude and rate sensor output is. assumed to be contaminated

with additive white measurement noise, and each actuator is assumed

to introduce additive white aoise. All individual noise processes

are assumed .to be mutually uncorrelated. The basic .design objectives .
are: 1) to obtain sufficiently high bandwidth (t.e.,closed=loop

11 ..
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frequencies.. corresponding to. rigid-body modes) and satisfactory
closed-loop damping ratios for rigid-body and strué¢tural medes 2). to
obtain satisfactory RMS pointing errors, feed motion errors, and
surface errors. The first design objective arises from the need to.
obtain sufficiently fast error decay when a step disturbance (such as
sudden thermal distortion caused by entering or leaving Earth’s .

shadow). occurs. The second design objective arises from the RF .

performance requirements. These two. objectives may not necessarily
be compatiable, and may even be conflicting. For example, the use of.
increased feedback gains for obtaining higher bandwidths and damping.
ratios will, in general, result in higher RMS errors (becausé of the
amplifiec effect of sensor noise) beyond a certain point. Therefore,
it is necessary to carefully consider the tradeoffs between.the speed
of recponse and lower RMS errnrs. .

As a part. of the first design objective, the desired rigid-body
closed-loop bandwidthe 1in the range of 0.02- (,25 rad/sec were.
considered. Also as a part of the first objective, the desired real
parts of the closed-~loop eigenvalues correesponding to the structural
modes., (Ph&d in the range 0- 0.5 were considered for the collocated
controller. (inherent damping of 1 % is assumed for-all structural .
modes, and (PW)y=0 implies "no additional desired damping".). That.
is, the desired damping ratio for each structural mode was inversely
proportional to 1its frequency, and the desired closed-loop
eigenvalues would 1lie on. or to the.left of the =(PW)y line in the
complex plane. For. the LQG controller, the weights corresponding to .
d can be successively increased in order to achieve successively
higher damping on the structural modes. RMS errors were computed for
nominal noise standard deviation intensities (as stated .previously)
for different values of the closed-loop rigid-body frequency
0)3 (same for all three axes), and desired closed-loop structural
damping. The desired rigid-body damping ratio.ﬂ} was held at 0.7.
The five measures. of performance considered were:.a) maximum (taken
over -all pointe on the mast) RMS pointing errors €p,¢9,€y about the.
X, Y, Z axes (all erors include the contributions of rigid body modes
and all 20 structural modes). b) maximum RMS. feed motion error
(maximum taken over seven points corresponding to feeds and feed
panels, with error at each point being defined as.the resultant of X,
Y, 2 direction n>tions. of each point relative to the point on the .

mast where the reilective surface intérsects the mast).. ¢) maximum__.

RMS surface error ( maximum taken over the resultant displacements
from nominal positions , of 96 points on the surface).

The nowinal performance of the collocated controller was first.
obtained. The closed-loop eigenvalues for the collocated controller

indicated satisfactory stability margins (i.e., real parts close to..

the desired values). .Figure 4 shows the nominal performance of the
collocated controller for the different values of the closed-loop
rigid-body frequency,Ws= 0,02 rad/sec, 0.1 rad/sec and 0.25. rad/sec
(same g for the three axes, with damping ratio i% 20,7) The nominal
performance does not include actuator noise because of the present

12
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lack of %nowledge of the type of  device that will be wused. The. .
nominal attitude and rate sensor noiscs are as stated previously. It
{s. apparent from Fig. 4 that the RMS pointing ecrrors €y 6,6, decrease
as (PW)y 1s {increcased. However, as. Ws is 1increased, the RMS
pointing errors first decrease, and then increase.. RMS feed motion
and . surface errors go through a.minimum as (PW)4 18 inéreased. As
can bé .seen from Fig. 4, the nominal RMS errors are very low, well
below the allowable limits. FOr;example,'forbﬁJg a0,] rad/sec and
(Pw)m0.25, €p ~0,62x103degt‘ee.€e =1 ,0x10 degree, €y = (. 55x10°
degree, €g = 0,08 mm,€Egw 0.14 mn, where&;(<=HO,y,f,8) denote (maxinmum)
three RMS pointing errors, RMS feed motion error, and RMS surface
error respectively. For effectively designing a control system, more
generic data will be helpful. Since the covariance 1intensities of
the three noises considered <VP’ V., and Vg, which denote the
attitude and rate sensor noise and the actuator noise) enter the.
covariance equation linearly, it is possible to6 parametrize the data
by activating each noise one at a time. Figures 5, 6, and 7 show the
coefficients db.é,Jn‘, ,54& (1=@,9,4f,8), which represent the -
appropriate error variance (denoted by subscript 1), obtained by
making each of the noises Vp, V). and V4 équal to unity ome at a time
while the other two are being held at zero. As a result, any of the
five performance measurés €¢ (i= @9,%-};) can. bé computed for any
given set of actual noise variances as follows:

‘ 1/2
g, = -
1= OV T8V 8 V)

where . the units of € are degree for i=@,0,Y, and mm for i=f,s.
units of the noise variances are (rad)*,. (rad/sec)*, and (ft-1b)*-
respectively. The coefficients in.Figs. 5-7 are plotted for three
values of . : 0.02, 0.1 and.0.25 rad/sec in order to consider three .
response speeds. Generic data such as these can provide useful
guidelines for antenna control. system design.

The nominal performancé with the LQG- based controller was next..
obtained. In addition to thé three rigid-body modes, 1t was
arbitrarily decided to control the first three structural médes.. The
nominal deésired values of (Ugwere selected to be 0.02, 0.1 and 0.25
rad/sec, corresponding to slow, medium and fast response speeds
(R =0.7). The estimator was designed to estimate state.variables
corresponding only to those modes which were controlled. in this

preliminary analysis. With a 1little. trial and error, it was.

straightforward to arrive at performance function wefights Q which
yield the desired Wsand 3 for the LQ regulator.. Instead of using
the actual noise .parameters for the design of the Kalman- Bucy
filter, (which would give. extremely slow filter .résponse) weighting
matrices were adjusted by ¢trial and error to yleld <¢losed=loop
frequencies. (corrésponding to rigid=body modes). approximately 34
times Wy, with damping ratlos=0.7, Satisfactory (0.7 or better)
damping ratios for the structural modes were obtained by adjusting

13
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the ¢orresponding weights. Keeping the catimator fixed for eachWys,
the weights on tae modal velocities (q) in the regulator design were
fnercased by factor of 10 at cach step, and nominal performance was

computed simflar to the collocated casov. The closed=loop eigenvalues .

fndicated satisfactory stabllity margins for the controlled modes.
The ¢losed=loop damping ratios for wmost of the residual modes changed

very little (i.0., remained between 0.0075 and 0.013), while that

for the rest of the residual modes increased. the. nominal
performance is plotted in Fig. 8 for Wy «0.02, 0.1 and 0.25 rad/scc.

The RMS errors. are significantly lower than those for the ¢ollocated .

controller. At least for this preliminavy wodel,. the LQGC acthod
using simple modal truncation doca not cause any appreciable
destabilining effect on  the residual wodes for the range of
closed=loop bandwidth considered (0.02-0.5 rad/see). Therefore, it

1s not nccessary to use special techniques for the reduction of

spillover (c.g. Ref. 8)... The data for the LQG controller ¢an also
be parametrized in the same fashion as the collocated controller.
The resulting coefficients are. shown. in Figs. 9=l1, 1t. can be .seen.

that the coefficients d&u;and y¢ are much. lower for the LQG

controller than for the collocated ¢ontroller, while(Sazappears to
be. roughly the same. The LQG teedback gains were much smaller than
those for the collocated controller (typically by a factor of 100 or
MOTE) o

Generation of parametrized data such as these can provide useful.

guidelines for the antennd control systems design. In order to

evaluate. the  coatrollers. wore  completely, the following

fuvestigations were made:

Bffect of tmprecise collocation.~ In order to luvestigate the
cftect Tof Timprecise ~ scusor/actuator collocation on the collocated
controller, all sensors were displaced . from  the.  corvesponding
actuators by 60 om along the mast. For the uominal case (W =0.1
rnd/soc,GQkMd =0.25) the closed-loop clgenvalues remained practically
unchanged, and RMS crrvors showed. less than 1% {nereasc.

Effect of using fewer ﬂprqtofs[aenaoysq-~1u.ordnr to . {uvestigate

{f Tower actuntors/sensors can Be used, both the designs were carried

out for the -nominal case, with a) one (3-axis) actuator and sonsor .

(actuator uo. 1 in Fig. 2) b)two actuators/sensors (nos. 1 and 3),
and ¢)three actuators/sensors (noes. 1, 2 and 3). The ¢ollocated
controller failed to meet the rigid=body bandwidth and damping ratto
requiremeitts. with fewer than 4 actuators, while . the LQG controller
met. the requirements with two or more actuators. The RMS performance

of the LQG ¢ontroller deterforated by about 50% with 2 actuators (as

compared to the nominal 4-actuator case), which was well within the
acceptablé bounds.. the maguitudes of the maximum <lements of  the
regulator and Kalman .gain matrices {nereased by about 70% and 15%
respeitively, which {8 not  éxcensively large. In vigw of this
analysis, 1t appears. that an acceptable LQG design may be obtained
using only two actuators. 1t was not posaible to obtain &
satlsfactory stable LQG design with a single actuator anit BeNBOY.

14
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Effect of {imprecise knowledge of parameters.- A change  in
parameters (@), and ) of upto £10X caused Tess than 22 deterioration
in the collocated controller  performance , and caused under 4%

deterforation in. the LQG ¢ontroller performance.

. Two=-level controller.- A secondary ¢ollacated controller was first
designed for the (PW)y=0 to 0.5 range. The primary LQG controller
was .then designed to obtainWs =0.1 rad/scc.. MHowever, this caused
the RMS errvors to increase by a factor of 10 or more as compared to
the case with LQG controller alone.

Effect of number of modes.controlled.- For. the LQG controller, the
number —6f  modes controlled (and  estimated) was varied from n =3
(rigid-body only) to 9 (rigid-body and the first six structural
modes). Slight {mprovement {in the performance was noted as ne was
fucreased, with about 15% improvement for =9, Thus c¢ontrolling
more than the first 4 or 5 modes appears to .contribute little towards
the first objective (i.e., speed of response). However, since the
damping ratios of the residual modes remain close to 0.01, the speed.
of response may not be satisfactory if .the number of modes controlled
is too small,

CONCLUDING REMARKS

Control systems synthesis was considered for a large. flexible

space antenna using two. approaches. From the résults bascd on the .-
o preliminary model and linear analysis, it appears that the performance
roquivements can bé satisfactorily met, and an acceptable degreée of
stability and rebustness. can be.obtained using either of the controll= .. 3
era.  However, the 1QG approach yielded much lower RMS errors, with ‘
stgniffcantly lower feedback gatus. In addition, satisfactory perform-
ance. was obtained with the LQG controller using as few as two actuat-
ors. Thercfore, the LQG approach {s more désirable for this problem. {
A method was given for generating parametrizod performance data which . B
would be_useful as a design guldeline. - In ovder to arrive at more
complotée conclusions, however, ft will be neccssary to {include the 1
effects of actuator/scusor dynamics and nonlinearities. This can be i
accomplished only after the actuator concepts arve selected and thedr — \
characteristics known., 1t will also be useful to investigate other
types of actuator comcepts (e.g. réaction jets) prior.to arriving at
a control system design. Before commencing the final design processa, i
ft will also be neeessary to precisely define the design ohjectives
such asg the spesd of response réquirement.




REEERENCES

1. Russell, R. A., Campbell, T. 6., and Freeland, R. E.: A Technology
Dove Lopment: ?toggam for Large Space Antennas, NASA TM 814902,
September, 1980,

2. Sullivan, M. R.: LSST (Hoop/Column) Maypole Antenna Development
Program, Parts 1 and 11. NASA CR 3558, June 1982,

3. Joshi, S. M.: A controller Design Approach for Large Flexible Space

Structures, NASA CR 165717, May 1981, .

4. Elliott, L. E., Mingori, D. L., and lwens, R. P.: Performance of
Robust Output Feedback Controller for Flexible Spacecraft. Proc.
Second VPISU/AIAA Symposium on Dyanamics and Control of Large
Flexible Spacecraft, Blacksburg, VA, Junc 1979, pp. 409-420.

5. Joshi, §..M.: Design of.Stable Feedback Controllers for Large
Space Structures. Proc. Third VPISU/ATAA Symposium on Dynamics and
Control . of Large Flextble Spacecrafte, Blacksburg, VA, June 1981,
pp. 527-539.

0. Aubrun, J. N., Lyons, M., Margulies, G., Arbel, A., and Gupte, N.:
Stability Augmentation for Flexible Space Structures. 18th IEEE.
Conference on Dectision and Control, ¥, Lauderdale, Florida,
December 1979,

7. Balas, M. J.: Feedback Control of Flexible Systems. 1EEE Trans.
Automatic Control, Vol. 23, No, 4, August 1978, pp. 673-679.

8. Joshi, 8. M., and Groom, N. J.: Controller Design Approaches for
Large Space Structures Using 1QG Control Theory. Proc. Second .
VELSU/ATAA Symposium on Dynamics and Control of Large Flexible |
Spacecraft, Rlacksburg, VA, June 1979, pp.. 35-50. .

9. Sesak, J. R.,. Likinsg, P, W., and Coradettt, T.: Flexibl., Space-
craft Control by Model Error Sensitivity Suppression (MESS). ..
JooAstronautical Seloncés, Vol. 27, No. 2, April-Junc¢ 1979,

PP 131=156.

10.Joshd, S, M., and Groom, N. J.: Stab{lity Bounds for the Control .

of Large Space Structures. ALAA 0. Guidanee and Control, Vol, 2,
No. 4, July-August, 1979, pp. 340-351,

Ll.Joshi, S, oM., and Croom, N. J,:A Two=Lével Contvoller Design .
Approach for Large Space Structures, Proc., 1980 Joint. Automat{c
Control Conference, San Francisco, CA, August, 1080,

12, Josht, §. Mo:On Attitude Eatimation Schemes-for Fing=roint ing

Control, TREE Trans, Acrospace and Electrontle Systoms, Vol, 14,
No. 2, March 1978, pp. 258-265.

16

|
|
|

—

e s ekt s s itk s

R 4




ORIGINAL PAGE IS
OF 'POOR QUALITY

T

13, Smith, P. G.: Numerical Solution of the Matrix Equation AX+XA"+B=0. .

IEEE Trans. Automatic Control, Vol. 16, No. 3, June 1971, pp. 278-
279.

TABLE I, MASS AND INERTITA PROPERTIES

Mass= 4544.3 Kg.

Inertia about axes through center of masa.(Kg-mz)

I =5.726 x10° 1= 5.747 x 10°
xx . vy
1 =4.383 x10° 1= 3.906 x 10
44 Xz

I =1 =

xy yz 0

TABLE II, STRUCTURAL MODE FREQUENCIES

Mode no., 1 2 3 4 5 .1 6 7.1 8 9 10

Freq.
rad/sec

0.7511.35 |1.70 3,18 |4.53 |5.59./5.78 |6.84| 7.4 | 8.78

Mode no. 11 12 13 | 14 15 | 16 17 18 19 20
Freq.

rad/sec |[10.85 |11,24 | 15,05| 15.4] 15,75/ 15.85/16.04| 18,84 18,84]|18,99
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