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1.0 ANALYTICAL RESEAKCH FOR CONTROL METHODOLOGY DEVELOPMENT (TASK 1.0)

The discussion contained in the following sections present an overview
of the activities performed on the ACOSS 12 contract. This overview is
on the activities accomplished on the program thrcugh April 1982. The
objective of the Task 1.0 activities are to refine and extend the analy-
tical activities started during the Phase 1 and Phase IA programs at

Lockheed Missiles and Space Company, Inc.

1.1 ANALYSIS OF DISTURBANCE REJECTION ON CSDL #2 (TASK 1.1)

The CSDL No. 2 model, shown here conceptually, represents a wide-angle,

three-mirror optical space system, together with a line-of-sight model

giving the law of displacement of the image in the focal plane when the
structure deforms. The assumption is made that the mirror surfaces are
simply displaced and maintain their nominal (rigid) shapes. The mirror
shapes are off-axis sections of rotationally symmetric coaxial surfaces.
Since the intent is to derive a first-order optical model (by negle~ting
the influence of light redistribution in the imags), the asphericity of

each mirror is disregarded.

The total structure is approximately 28 m high, has a mass of about
9,300 kg, and embodies a structural design based on realistic sizes and

weights (Figure 1-1).

Draper Model Number Two had two sine disturbances. One at 10 N and

10 Hz on the top of the truss and one at 5 Hz and 20 N on the aft body.
The sine disturbances are only one class of disturbance and do not fully
test the theory being demonstrated. A more general model for the dis-
turbances occurred across the many modes (Figure 1-2). The level selec-
ted was chosen on the basis of supplying wideband approximately as much
disturbance energy to the system as the original two discrete systems
supplied if one assumed a damping ratio of .002. The 15 Hz rolloff was

selected to include more modes than previously considered. The three
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discrete frequencies are selectec o rapresent motors, etc. The 10 and
20 Hz frequencies were selected to present the problem of control of
frequencies at multiples of each other. The 8 Hz frequency was selec-
ted to provide a beat frequency against the 10 Hz frequency that was in
the structural control bandwidth. The +1 Hz on the 8 Hz frequency was

to insure a mode would be directly excited by a sine source.

A preliminary selection of controls may be made based on the noise com-
ponents which are most difficult to suppress in the structure. 1In pre-
vious work (Phase IA Final Report), the effect of sine type disturbances
on the LOS was controlled by forcing the structure to vibrate in the
null space of the line-of-sight metric. This required active controls
to modify certain eigenvectors (mode shapes) of the open-loop system.
Damping augmentation was not significant except that required to stab-
ilize HAC spillover effects in the unmodeled plant dynamics. The new
disturbance spectrum provides no new monochromatic rejection problems.
Within a narrow band reduced-order model, these disturbances are
suppressed as before. Coincidence with a structural mode may require
some HAC modal frequency shafting which is easily accomplished since the
disturbance frequency is easily identified. In the unmodeled region, a
sine disturbance will generally be ignorable. If not, the system model,
as it affects LOS, will have to be identified close to the disturbance
frequency. This is generally straight forward. The monochromatic dis-
turbance rejection for these new oscillators will be illustrated later
in the program. The brassboard disturbance poses more severe problems.

Broadband excitation means that:

e damping will provide little improvement

e reduced order models may not adequately describe propagation
to the LOS

o eigenvector modification (zeros distribution) will produce
little improvement

This will be illustrated now with some results for the basic damping
augmentation controller. The disturbance model for the colored noise

is quantified in Table 1-1.

e N . .
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o Disturbance {s modeled as two independent colored nolse sources

I P ] R A

8 =30m; M=18000% N°/sec

T 300 0
Covariance: E{vv') = 0 300 N

18000« N2

PSD: Vl(u) = mo—')‘z

-sec

e Disturbance 1s applied in z-direction only

e Augmented evaluatlion model:

- 206
wal]

Table 1-I Disturbance Model

1. TE+02
1.50E+0E
1.25E+02
1. 00E+02 -
7.9050014
5.00E+01

<.50E+01

0.00E400 y '

-1.20€E+01 -8.00E+30 —4,00E+00

Figure 1-3 Open-Loop CSDL Evaluation Model (PO)




The open-loop poles for the evaluation model, assuring 0.17 damping,
are shown in Figure 1-3, Forty-four modes, with rigid body removed,

will be assumed in the evaluations. The selection of modes will be

T Tt

. made by using Moore's internal balancing to provide a natural ordering
! based on controllability-observability or disturbability-observability
: through the LOS measurement. Tables 1-II and 1-III give the basic

characteristics and formulae for this ordering. The resulting rankings

2 cf the modes are shown in Table 1-IV. As before, stability consider-
! ations dictate that the most controllable modes be retained. The black
dots indicate modes retained in the reduced order model. In Table 1-V
the comparison between broadband noise effects (stochastic columns) and

sine disturbances is illustrated. The broadband effects dominate and

A

it is seen that rigid body effects are negligible in the LOS.

i
b
o

Reduced Order Control Design

PP LY

W

The relevant pole constellations for the open and closed-loop reduced
order models are shown in Figure 1-4. The low frequency poles are pro-

vided in a nearly constant damping ratio in closed-loop. In Figure 1-5

L ke ettt

this controller is evaluated using the full evaluation model and, with 4
4 an expanded scale near the origin, spillover is evident. Low-authority -E
' control (the same control used in Phase IA) is added to this system in _
! Figure 1-6 (expanded scale in Figure 1-7) and the spillover problem is _:;
! corrected. Using frequency shaping to limit low-frequency gain would !.1
[ have provided a similar result in this case, but not in general. ‘fii
3 1
1 ‘j
3 Performance Summary ,i;
< {
: The performance summary for the damping augmentation controller is shown f
! in Table 1-VI for the nominal and both perturbed models. Reduction fac-
! tors of about 8 are observed and this performance is clearly inadequate. [ ]
4 As suggested earlier, damping provides only local effects on the transfer .

functions and broadband disturbances propagate significant energy away
) from the modal peaks. Disturbance accommodation, discussed in the next :
E >
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(1) Stochastic Modal Cost Ronking
(2) Internal Baloncing (B, C. Moore, IEEE TAC Feb, 1981}
e Def. An osymptotically Stable model {i = Ax + Bu} 1s

y = Cx
Internally balanced over (0,=) IFF

At - AT - ATy At
feBBTe tdt-£e C'Ce dt-z
0

where EZ = diag oi og a,zl} and {>) => of > of

e Provides g natural (and uniaue) controllobility-observability
ordering criterion, but "scrambles” the states.

e For ]ight]y-damped structural models with decoupled dynomics,
{nternal balancing simply scales the states. Modal structure
is preserved.

e Approximate formulae for {o%} can be written In terms of the
original mode].

Table 1-II Mode Selection Criteria

2% i) [ b, ] ]
[ 2330 14 0 : by 9
1 0! : 0
- S RSO Femmaemmnnas 51 e |1 ue |0
. E -232w2 -u§ ; b2 d2
o1 0! 0 0
d ) L.
y=blo blo (
1 /) v X sensors)
Zl= om Om .. ] x (LOS)

T
e Controllabllfty - Sensors: af x D101
“llwl
T T, 4
s Controllability - LOS o% ~ [(byby )My 'my)]
utlul

o Disturbability - LOS

((d,d, " tm Tm 1}
I A

2
ucltll‘

Table 1-III Application of Internal Balancing to Lightly-Damped
Structural Model
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Controllability Disturbabtlity Stochostic
-1.0S -L0S ol -Cost”
7e 7e 21 e
2le 21e 7e
ge 13 e 12
120 l6e 13
13 10e 16 e
17 e 14 14
10e ge 24
30e 24 e
47 22 22
46 30e 10 e
35 17 50
39 S0 37
45 37 25
37 35 8e

Selection:
e First eight contr.-L0S modes
- Add mode 16 because of high disturbability

Table 1-IV Ranking of Modes (Neglecting Rigid Body)

n .
"]
( .9
{ MODE SINE LOS STOCHASTIC STOCHASTIC g
MODAL COST MODAL COST
3 WITHOUT
) RIGID BODY o
i 4 136,401 49026.975 0,000 S; aoo:.:;i 8724::; 87:-::: » -
S 109,737 39484.188 0.000 2 . . . g
- [y 0.000 0.000 0.006 2 2440.540 1004.209% 1004.293 B
7 49,066 T4659.768 94554.114 30  9323,458 5758.592 5758.520 .
[ ] 4,126 3227.033  3256.289 3 11.937 5.761 5.900 9
] 0.166 76.291 95,850 32 0.044 1.040 1.038 E
10 ?.455  5200.456 $248.095 34 251.699% 293.71¢ 293.4C6 ]
) 1 1,358 490,972 490.495 1T 2313.826  3976.443  3978.349 2
) 92.663 22432.584 22424285 lc 498.705 1338.456  1336.1:6
}§ 74.429 17837.036 17842.280 37 2149.369  4252.422  A252.5%0 b
#' 14 126,502  9745.849  9745.403 38 243,698 515,033 $15.062 [ ]
b 15 1.487 107.085 107.008 39 445,489 956.199 950.300 . 1
16 194.843 12524.868 12925.704 4G 297,456 591.673 591,749
17 $7.241  2583.097  2583.419 41 445,360 829,427  B29.345 R
15 0.079 3.413 3.e32 42 47921 §48.045 847,937 1
19 6.014 1.101 1.175 43 992,472 1559.022  15%8.9¢7 1
s 21 4780.464 128953.989 128054.154 46 447,187 563091 563,234 E
22 313.51% 5568,134 5568.472 45 3431.405 1825.390 1825.%09 3
: 23 2.462 43.700 43.806 49 “1.517 74,308 74,484 -4
24 614,836 B&37.381  B437.287 47 554,378 821,245 821.i31 1
f 25 0.600 0.013 0.010 ‘E 218.90% 370.473 370.436 ®
b 26 29,502 149,357 149,427 SO 448,200 4351.281 4353.3114 1
s
§ Table 1-V Modal Costs
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PO P2 Py
Open Closed Open Closed | Open Closed
Loop Loop Looo Loop Loop Loop
RMS LOS x 28,110 11,940 27,750 | 11,110 | 30,500{ 12,490
(n RAD)
RMS LOS y 160,900 { 17,290 [ 157,700 | 16,340 | 156,900 | 16,860
(n RAD)
Total RMS 163,300 | 21,020 | 160,000 | 19,760 | 159,800 | 20,980
LOS (n RAD)
Control 0 18,74 0 1724 0 18.26
Effort (N)

o Damoino auamentation 1s ineffective geainst

broadband noise,

Table 1-VI Performance Analysis
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TD meeting, will alter these conclusions somewhat at the price of a more
complex control. Adaptive methods will be necessary to identify the
contributions of the ummodeled plant dynamics transmission to the LOS.
This work will be performed in conjunction with tests to reduce the num-

ber of actuators currently used on CSDL #2.

1.2 CONTROLLER ROBUSTNESS INVESTIGATION (TASK 1.2)

The principal objectives are described in Table 1-vViI. While system
stability is important, performance sensitivity to parameter uncertainty
for high performance missions is a much more significant issue., In par-
ticular, what must be determined is how much performance is lost to
insure stability and acceptable performance sensitivity. Some systems/
missions may require identification or adaptive strategies to reduce the
risk of losing the mission. At the core of these problems is the diffi-
culty of selecting analysis and synthesis tools to determine robustness
properties. Toward this end, analysis tools like generalized Nyquist
criteria and angular value decomposition of the return difference matrix
will be used to evaluate reduced-order designs. These techniques are
known to produce only conservative evaluations of system sensitivity but

as yet have not been used on space structure system examples.

The most fundamentally important issue, however, is the designer's
access to synthesis tools which allow him to synthesize robust controls,
Many techniques have been proposed but only two will be advocated for

now, i.e.:

- frequency shaping

- adaptive methods

Direct sensitivity minimation via the usual gradient searches is com-
ments. Fixed gain and adaptive controls can be tailored using frequency

shaping techniques so that high loop gains are present only in regions

of high modal fidelity (either identified or known a priori).
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OBJECTIVE: Develop Synthesis/Analysis techniques to improve/define system robustness

properties with respect to:

1. Stebility
e Excessive perturbation of unmodeled-pole locations (spillover)
o Parameter sensitivity of controlled/modeled poles
o Gain/phase/frequency margins

I1. Performance

¢ Performonce metric sensitivity to:
- disturbance parameters (modeled and unmodeled)
- 1identified modes
- unidentifled modes

e Performance/robustness trade-off

MODEL ERROR

In general, the second class of tssues {s more importont than the first,

=P General objective 1s to understand the limttatlons imposed by model/disturbance

uncertainty on closed-loop performance

Table 1-VII Controller Robustness Investigation

e Performance Criterion

Stabilfty

Zero Asymptotic Error

MIR MAX {Jcontrol}
plant

variations

E {Jcontrol}
plant

variations

e Specification of Variations

- Parameter varlations In desian model (too restrictive)

- Frequency-domain specifications (easy to use but pessimistic)

- Function space specificotions (too analytical, useable with fregquency

domain specs.)

- Probabllity distributions (computationally expensive)

Table 1-VIII Robustness Definitions
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Possible definitions of robustness are provided in Table 1-VIII with
comments on specification of performance and parameter variations.

Monte Carlo type solutions and probability distribution will be avoided
for the present since these techniques are computationally expensive and

reduce physical understanding of the problem.

Analysis tools such as the singular value decomposition of the return
difference matrix, illustrated in Figure 1-8, can provide stability
boundaries (conservative) analysis for given system designs. What is
needed, however, are synthesis tools which allow robustness problems to

be corrected.

Full-state loop transfer function recovery has been suggested by Stein
as a method to increase loop gain sufficiently to eliminate parameters
sensitivity. As shown in Figure 1-9 and Table 1-IX, however, this pro-
cedure attempts to invest the system dynamics and provides no gain sta-

bilization in the region of unmodeled plant dynamics.

Frequency shaping avoids these problems by not exploiting modeling def-
ficiencies. Characteristics are listed in Table 1-X. For the two-mode
example developed earlier, the gain reduction achieved with frequency

shaping in the region of the unmodeled mode at 5 rad/sec is illustrated

in Table 1-XI and Figure 1-10.

The highest levels of robustness will be attainable with adaptive mech-
anizations. To illustrate this, disturbance rejection (of a sinusoidal)
is now shown for a helicopter example. This technique will be used sub-
sequently on the CSDL broadband vibration problem. The technique

exploits the characteristics of self-tuning regulators.

The objective of the time-domain self-tuning regulator is to develop a
time-domain feedback control design approach in which the helicopter
model at the vibration frequency can be continuously identified. Even
though the time-domain frequency-shaped formulation is robust with
respect to changes in model form, the associated state variable model

is difficult to identify in real-time, should this become necessary.
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e Stobility Robustness:

Controller Plant /w (equivalent system noise)

: v outor

F

(P.C.F ) perturped = (1 + A(PCF)) PCF

multipticative form of .uncertainty
Imin(8(PCFY) < oy (1 + (PCFI™L), Vo
then the perturbed system {s stable, when unperturbed system {s stable

e Stability does not guarantee performance improvement

Figure 1-8 Singular Values of Return Difference Matrix

X = Fx+06U+wW ; y=Hx +v
o(s) = (s] - o, s

K = Fllter galns

e Moke HeG ond CeG sauare vig zero rows/columns

o Use EGmD) = My +a%66T) s(t-0)

Etwh = Ny 8(t-n)
o Let a--=

e FEffectively Inverts reduced-order plant dynomics (pole-zero
concelliation}

e Does not control gain in model uncertainty reglion

Figure 1-9 Full-State Loop Transfer Recovery
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e
q=10 q = 100
Filter poles - 0.10 - 0.01
-10.8 -101
Controlled mode -0.48 ¢t ).85 - 0,48 ¢ ).84
Unmode ted mode 0.28+ ) 4.9 0.45 ¢ § 5.05

® Loop gain is too high at 5 rad/sec

Table 1-IX Loop Transfer Recover on 2-Mode Example

® Frequency welohted penalties con be Imposed for:
- state and measurement nolse estimates

states and controls (control problem)

1ikel thood function (identification)

- fault detection (1likelihood ratio)

e Loop aain can be controlled in reaions of uncertainty

efFactor AeBiIn J-= [x*(Ju)A(Jo)x(Juw) + u*(Juw)B(Ju)u(jw))duw

to net gurmented time domaln controller

®Refer to 2-mode examnle in previous section

Table 1-X Robustness Improvements Via Frequency-Shaping

Basic LQG: Frequency-Shaped

Unmode led mode 0.0164 * | 4,9084 -0.0262 ¢ j 5.0002

Fllter poles -0.4043 ¢ J 0.8627 -0.4232 ¢ j 0.8952

Controlled noles -0.6466 t j 0,8512 -0.7018 ¢ j 0.5139

. Frequency shaping - -0.3839 t j 1,0957

‘table 1-XI Comparison of Closed-Loop Modal Shift

B JEE SRR 2
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The proposed approach can be shown to be convergent for any noise level,
because it does not suffer from a leakage problem associated with

Fourier transformed data used in the multiecyclic approach.

Preliminary research conducted to date indicates that this approach can
combine the best featurses of the multicyclic frequency-domain and the
frequency-shaped time-domain methodologies. The identification part of
the approach continuously updates a time-domain model, much like the
multicyclic approach. The only difference is that the proposed approach
can update the model at each measurement point. The control input is
also computed at each point, leading to fast response for changes in
helicopter dynamics or vibration level. The time-domain self-tuning
regulator also has guaranteed convergence characteristics irrespective
of the measurement noise and process noise levels, if the helicopter

dynamics do not change too rapidly.

The self-tuning regulator concept can be applied to the vibration con-
trol problem in the time-domain because of a recent development in which
a frequency-shaped error criterion can be minimized instead of the mean-
square error. This development is critical because the standard self-
tuning regulator as proposed by Astrom cannot be used successfully to
control helicopter vibration in a time-domain formulation, because of

the need to focus on the response at the vibration frequency.

The following tables and figures show the theoretical development of the
approach, i.e., the extensions to the self-tuning regulator to incorpor-
ate a frequency-shaped error criterion. The results are applied to a

simplified simulation of a six-bladed rotorcraft, in high noise environ-

ment and when there is an unmodeled mode close to the vibration frequency.

The results for the self-tuning regulator arec illustrated in Tables 1-XII
and 1-XI1T and Figure 1-11. TIdentification and control adaption is com-

plete (steady state) in about 1 sec.
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X = Px + Gu
y = Hx
with xT = (w g §)
where w is8 the vertical speed in ft/sec.

[ 4 is a structural mode closetd to the vibration frequency

u 318 the collective pitch control in degrees

3

F= [-.5034 -8.69x10 -67.4 Ge [-16.92
0 0 1 0
.7116 -5.1372x10° 6.8 13.2
H= [ 1 1] 0]
Samble rate of 180 Hz gtves
.y . -.12042% + .1863Z - .0903
u 23 2.80452% + 2.7661Z - .9601

Table 1-XII 3-Mode Example - Model (Reduced)

y - -.12042% + .18632 - .0903 .
23 . 2.804522 + 2.7661Z - .9601
22 - 122 ves
3 ) vVt Cutb
23 - 2.80452% + 2.7661Z - .9601
v 1s.white nolse
Syib s sinusoldal (18 Hz)

unmodeled pole-palr at 27 Hz

The frequency-shaping filter was chosen to be

2

v(2 A
;!‘

(2

~

- 1.601852 + ,9801
~ 1.61803Z + 1

©

Sensor noise level selected to produce S0% of
steady-state error

Table 1-XIII Propagation of Noise & Vibration
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- Robustnegs Investigation Program

The tasks needed to complete robustness techniques evaluations are

,c listed below. Other evaluations will be included as appropriate.

1. Refine parameter sensitivity (model error) definition and synthesis
methods.

a. Evaluate singular value analysis for practical parameter

!! 2. Perform parameter sensitivity study on CSDL strawman model for:
’
!
. variations.

P

»

. b. Select performance variation criteria and evaluate singular
" value decomposition/robustness properties.
b

¢. Evaluate limits of adaptive disturbance accommodation
d. Evaluate robustness/performance trade-~off

_ 3. Assessment of adaptive control strategies against parameter
9 variations studies in Task 2.

T

a. Model Structure changes

b. Lattice form mechanization

1.3 SYSTEM IDENTIFICATION METHODS ASSESSMENT (TASK 1.3)

Because the damping ratios of structural modes are required with high

precision and the data is often noisy, advanced identification tech- -

niques are desired. Currently used real-time techniques are highly

suboptimal (e.g., least-squares fit to transfer functions, random

Lo, s
st bk adad b

3 decrement signatures, and Pancu-Kennedy plots).

it

L - 4
i The estimated parameters must be updated at regular intervals to con- |
! tinuously track any changes in modal characteristics. Thus, a recursive

technique is desirable. The traditional frequency~domain fitting method
£ is illustrated in Table 1-XIV. -
b .
2
q
[ ®
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Least-squores fit to H(Jw)
oives parameters,

Table 1-XIV Traditional Frequency-Domain Method

ALGORITHM ADVANTAGES DISADVANTAGES
Frequency eAlways converaes eNot minimum variance
Domain
Instrumentol eReoulres no startino *Can only be block
variables values recursive

eData can be averaoned sRequires solution to
for use with low a polynomial enuation
sional-to-noise ratlo
oDifflcult to make it
sNumber of active modes robust
con be easily determined
Recursive eMinimum varionce *Reaquires solution to a
Max imum polynomial equation to
t 1kel thood eAlways converoes compute dompina ratios
*Easy to Incorporate and freauencies
;°b”53“ess oaatnst eDiscrete ARMA leads to
ata dropouts poles neor the unit
circle
Table 1-XV Investigative Techniques
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System identification methods development will follow this sequence of

steps:

e Establish data base for plate and wheel models in open
and closed loop cases

- high-q and low-q modes
e Establish FFT baseline analysis

e Test recursive maximum likelihood and instrumental
variables software against data bases

t e Refine algorithms and evaluate limitationms

». Currently, data bases are being established for the plate and wheel
models, some of which will be discussed below. Although instrumental
variables has already been tested in the POC lab, results illustrated
here will emphasize recursive maximum likelihood techniques which are
applicable in on-board system ID situations. The two techniques are

compared in Table 1-XV.

The least-squares method gives biased estimates of parameters when the

input measurement is contaminated by noise. The instrumental-variables

" aaa

technique was developed to minimize the bias in estimates. In addition,
unlike least-squares, the instrumental-variables method does not require
solution to a nonlinear programming problem. The instrumental-variable

estimates are, therefore, obtained in a single step.

vr-f-'

Recursive prediction error methods based on discrete ARMA models update

estimates at each data point, The algorithms include recursive maximum

likelihood, recursive least squares, recursive instrumental variables,
and extended Kalman filter (corrected). These have been used success-
fully in signal processing and process control and monitoring applica-

tions. The RML method was an autoregressive moving average model with

exogenous inputs (ARMAY) of the form

A by = B(qHu + c(¢ v

& __A

such that polynominals are then selected to match the output data y,

e

where u is the system input and v are the innovations. The asymptotic :

properties are the same as batch maximum likelihood. .

-y
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L

The basic results include the following characteristics:
e Comparison with frequency domain method
e Nonlinearity in actuators observable in time history
e Closed-loop vs open-loop for attitude controller
e High damping ratio synthetic data results

o Identification model selected for 10 modes and 8 modes
(20th and 16th order polynominals)
FFT computations are displayed to indicate the poor signal to noise
characteristics associated with the square-wave excitation. Curve fit-

ting is extremely difficult in these cases.

The time response data in some cases displays non-linear damping char-

acteristics believed to be due to the PPM actuator behavior.

High modal damping ratio tests (synthetic results) were created from
analytical plate models since actual modal control data is not yet

available.

The plate sensor and actuator locations are shown in Figure 1-12. The
velocity measurements used in the identification are obtained by inte-
grating the accelerometer outputs 1 and 2. The CEM actuator (5) is used
to excite the specimen. The FFT for the square wave excitation is shown
in Figure 1-13 and indicates why this signal provides poor excitation of

the modes to be identified.

Principal measurements for system ID were the two accelerometer outputs
integrated to obtain velocity of the plate surface. These signals are
shown in Figure 1-14 with a zero shift so that both are visible. In
Figure 1-15 these signals are compared again for the closed-loop atti-

tude controller.

Open and closed-loop FFT's of the velocity measurements in Figure 1-16
show damping changes for the closed-loop. Note that the attitude con-
troller destabilizes this plant. Signal-to-noise, however, makes damp-

ing ratio evaluation from the FFT difficult.
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@.@ : INERTIAL SENSING/
ACCELEROMETERS
(1 D.0.F, Z-MEASUREMENT)
®.® OPTICAL SENSING/MIRRORS
' (2 D.0.F. 0., 6., ANGULAR
» X
©.0 MEASUREMENT y
(x', ¥') ARE 45° W,R.T,
(x, ¥)
@-@: MICROPHASE OPTICAL SENSOR
(2 DISPLACEMENT)
ACTUATORS
Ao A, i PIVOTED PROOF-MASS
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—_—— T—

DISTURBANCES)

Figure 1-12 Plate Experiment Sensors and Actuators
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Figure 1-14 Plate Open-Loop Velocity Measurements
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Figure 1-15 Attitude Control Closed-Loop Velocity Measurements
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Using RML techniques and a 25th order model, the open-loop transfer
function reconstruction is shown in Figure 1-17 and 1-18. The effect
of the zeros is quite pronounced, as shown in Figure 1-18 for the com-

plete numerator and denominator dynamics.

In Figure 1-19 damping ratio is plotted vs modal frequency for some of
the higher frequency modes. Variations from about 307 to nearly

undamped are observed. All modeled modes and damping ratios are shown.

The effects of changing model order are illustrated in Table 1-XVI. For
high q modes, damping ratio estimates are sensitive to model order as
expected. Some form of automatic model structure determination will be

required to obtain high accuracy for these estimates.

For modal control situations, synthetic data was created by exciting the
plate analytical model and then identifying the appropriate closed-loop
system. The control attempted to left-shift the open-poles of the

plate. The pole-zero map is shown in Figure 1-20.

Some basic conclusions may now be drawn before proceeeding to further
data processing on all experiments:
e RIL provides precise estimation of frequency and damping
ratios with greatly reduced information (over traditional

frequency-domain methods) for plate systems.

e Actual evaluation for closed-loop modal control on plate
is required.

e Further tests of technique should be performed on wheel
structure and POC.

e Assessment of automatic structure determination is required.

1.4 DIGCITAL CONTROLLER CHARACTERISTICS & IMPLEMENTATION (TASK 1.4)

Difficulties experienced in ACOSS Phase IA with digital implementation
are addressed in this task. In particular, achieving high sample rates

has been difficult for multivariable controllers. New architectures,
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Open-Loop
16th Order Model

Frequency (Hz)

28.76
85.45
43.06

Damping

0.0228
0.0072
0.0174

Open-Loop
20th_Order Model

Frequency (HZ)

29.02
85.17
43.0
53.
69.15

e Dampina ratlo estimates sensitive to model order for hioh Q modes

Domping

0.0224
0.0092
0.0333

Closed-Loop
20th_Order Model

Frequency (H2) Dompino
28,62 0.0072
84,09 0.0092
42,02 €.0267

Table 1-XVI Comparison of Damping Ratio vs Model Order
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Figure 1-20
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discussed near the end of this section, will remove sampling rate con-
straints, but in so doing, raise the issue of filter stability vs word-
length., These issues are discussed first. The basic tasks are listed

below.

Task Objectives for Implementation Issues

e Word length and algorithm selection for (status: complete)

- Minimum pole shift (robustness)

- Mechanization stability
e Sample rate selection (status: complete)

- Constraints imposed by stability
- Constraints imposed by architectures

- Architecture assessment/memory requirements
e Requirement for anti-aliasing filters (status: complete)

e Other investigations (status: research continuing)

Quantization effects and controller roughness

Throughput capacity and efficiency

Flexibility, fault-tolerance

1

Emulation of large spacecraft model

Multivariable Flight Control

Multivariable control methods have been highly successful for designing
complex control systems for multi-input/multi-output systems. To apply
multivariable control methods to flight control, the aircraft is gener-

ally represented by the equations of Table 1-XVII.

Multivariable control design is based on the quadratic cost functional

shown in thz table which produces the closed-loop feedback control law.

When the state x is not measured, x must be estimated from sensor out-

puts using the Kalman filter also shown in the table.
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MULTIVARIARLE CONTROLLER EQUATIOQNS

State ond
Megsuremen ons: X = Fx + Gu +w
y =Hx +v
T
Control Deslgn: J = f IxTAx + uTBu) at
0
u=Cx
SF+FIs+A-s6816"s=0
¢ = -8 16Ts
filter Design: J =

T
f leQw + vIRvl dt
0

X=Fi*6u*l(v

v=y - HX

FPePFT v q-puTRlup =0
K = PHTR™]

penalty functional

control structure
steady-state control gains

noise covarionces (weightings)

fllter structure

steady-state fllter aqgins

Table 1-XVII Selection of Control Algorithm Form

Kolmon FLITer: X4 = @ X *+ T Uy + Kly, - H X, )

control Law: u = -C Xy

where ¢ and T are discrete versions of F ond G.

¢ Implementation Eaquotion

(*k+1) Fiii Fr2 ( *x)
..... = P -——--
Uy Farl P2 [\ %

R

control desian
mateix

where Fpy o=t - KM - A N T T

and F2z -0

Table 1-XVIII Steady-State LQG Controller Form
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In the steady-state, the control and filter gains are constant and can
be solved off-line for C and K. C and K can then be used to compute u
and ¥ in real time. Therefore, the real time calculations required to
implement a steady-state multivariable controller are given in Table
1-XVIII.

The real time implementation can be performed by analog or digital cir-
cuits. However, the digital implementation is often more flexible since

it can be easily modified.

By examining the steady-state controller equations it is clear that only
matrix-vector multiplication is required for implementation. The matrix
elements, which are constant in the steady-state designs, can be stored
in memory for each tlight condition., These observations form the basis

for the architecture described later.,
Stability Analysis

Because of modeling uncertainties, it is important to examine the margin
of stability associated with the computations. Figure 1-21 gives a geo-
metric interpretation of a stability margin in the z-plane. |z| repre-
sents the magnitude of poles of H(z) and |Az| is the distance from |z|
to the edge of the unit circle. The magnitude of |Az| is dependent on a
number of factors such as modeling uncertainties and finite wordlength
considerations. From an analysis viewpoint, it is convenient to lump

these considerations into a perturbation of F.,. and analyze the stabil-

11
ity of the eigenvalues of Fll + AFll.

If Fll is perturbed to Fll + AFll, then the correspording change in the
eigenvalues of F can be estimated from the formula shown in Table

1-XIX.

1i°

Wordlength Considerations

The formula in Table 1-XX represents an effective numerical test for

rapidly determining the minimum number of bits required to implement a
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A

Actual coeffictient
-1 1 Re Fi1 < F1y * oFy)
Fl2 €= F1p + oF)
F21 €= Fp1 * 8Fy
F2o €= Fpp + oFp

!
How many bits are requlred to ensure
stability?

l.e., lzl+lazlc 1

Stabllity Marain

Figure 1-21 Word Length Effect on Coefficient Perturbation and Stability

For the discrete controller
Xeap = F11 X * F12 Y
Uk = Fa1 %

If Fp - Fint AFll , then the chonoe in the efcenvalues of Fjy
are alven by Jacobi‘s formula:

_ T -

Ay = VioFy, 80, 1 =1,2,....n
where U and v ore the rlaht and left elaenvectors, respectively,
of Fll ond VIU‘ =1,
For stability In z-plane,

< T ‘
|Xl + Alll < l*”’lvl AFIIUll <1
WIaF 01 < 1 - 1]
[l G §

|
Stabi!ity Marain

Table Table 1-XIX Eigenvalue Perturbation and Stability Condition
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e Perturbation {n F11

m,-b
Fip © Fip * 8Fp where [1aF i1, <52

where b s the number of bits, ond n |s the

system order

e Stable Control Computations Reauire

b= [;(l'+ 1092 ((l-lmcx)/n){l >0

max

where Apay = 1cqen 1M

[ Table 1~-XX Minimum Number of Bits to Insure Controller Stability
!
b
i‘.
-
29
(4
20
b
System order
w 15
s
k3
~
2
[:]
2 w0
L 8
3
b
» N=10
f 5
3 Diagonal System
»
»
‘e
» 0 I a
! 0.9 0.92 0.94 0.96 J9R 1.0 \nij
16-bits are adeauate for most problems
N )
: Figure 1-22 Minimum Number of Bits for Stable Control Computations
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given digital flight control law. The magnitude of the maximum eigen-
value of F11 is the parameter which defines the margin of stability.

The equation was evaluated for different values of A % and n. The
results are shown in Figure 1-22. Note that the number of bits required

for stability increases substantially as Amax + 1 and as n increases.

This formula represents an effective numerical test for rapidly deter-
mining the minimum number of bits required to implement a given digital
flight control law. The magnitude of the maximum eigenvalues of Fll is
the parameter which defines the margin of stability = 1 - Amax = AX,
The equation was evaluated for different values of Amax and n. The
results are shown in Figure 1-22, Note that the number of bits required
for stability increases substantially as Amax + 1 and as n increases.
Because Amax is directly related to the sampling rate (1/At), Figure
1-22 indicates, therefore, that at high sampling rates, a large number
of bits are needed to keep the computations stable. Since the improve-
ment in stability is marginal beyond 16 bits, a 16 bit arithmetic pro-

cessor is used.

Preliminary evaluation of the stability computations was made on a
simple dynamic plant (4th order) to illustrate the technique. An F-15
digital longitudinal autopilot, used for flight tests, is shown in
Table 1-XXI. Subsequent tests will be performed on CSDL #2 and the

wheel closed-loop controller.

In the digital design a sampling rate of 1/A = 100 Hz was selected.
The sampling rate is about 50 times the Nyquist rate for the F-15., At
such high sampling rate, the discrete implementation approaches the

continuous design.
Note that all the eigenvalues of the closed-loop system are inside the

unit circle. The minimum number of bits for the computations to remain

stable in this F-15 aircraft example is also shown in Table 1-XXI.
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Example: Diottal Controller for F-15 Alrcroft

® Dialtal Controller (100 Hz somplina rate)

Xke1 = F11 % * Fio ¥k Ug = Fay X
0.9026 -0.2986 0.0150 -0.3143
- F., = |0.0081 0.9345 0.00u41 -0.0026
0.0196 -0,0422 0.9300 -0.0480
| 0.0077 -0.0012 0.0061 0.9990
El e tloenvalues of F11
[- \; = 0.9074, », = 0,9985, Az 4 = 0.9601 + j0.0608
|
: : o Mintmum Number of Bits for Stability
[e
b b = It(l + loqz((l-0.9985)/u;| = 11 bits
*max

Table 1-XXI Emulation of Closed-Loop Control

lh-bit precisfon (stable) ; B-bit precision
k r ‘ . (unstable,
L - :
b | i |
(A (B)
]
}
L Simulation results indicate that 16-bit precision
\ s adequate for stable dialtal control comoutations.
o
1 Figure 1-23 Digital Controller Emulation: F-15 Angle of Attach Response
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The closed loop dynamics of the F-15 aircraft were simulated with var-
ious levels of precision. The processor was emulated using 8-bit pre-
cision, 16-bit precision and 64-bit precision. Simulated values of the

aircraft's angle of attach response are shown in Figure 1-23.

Figure 1-23A indicates that the control computations were essentially
the same using 16-bit and 64-bit precision. Therefore, 16-bit precision

was adequate for the control computations and F-15 aircraft remain
stable.

However, Figure 1-23B indicates that if only 8-bits of precision are
used, the F-15 will go unstable. Note that this result is consistent
with the prediction that 11 bits are needed for stability.

Architecture of the Controller

The architecture ¢ the processor is centered around a high-speed
matrix-vector multiplier (see Figure 1-24). The control design matrix
elements are stored in data memcry and then downloaded into a high-
speed RAM. The analog measurement data are converted to digital form
by a high-speed, 12-bit, A/D converter. The results are stowed in a
high-speed RAM along with the state estimates. The control law is then
evaluated by multiplying the control-design matrix by the state esti-
mates and measured data in RAM. A high-speed, 16-bit hardware multi-
plier/adder performs the matrix multiplications and additions required.
All addresses for the RAMs and hardware multiplier/adders are gener-
ated by the firmware. The digital controls are then sent to a 12-bit
D/A converter. The D/A converts the digital controls to analog sig-
nals which are stored in sample-and-hold circuitry. Once the controls

have been updated, the controls are simultaneously sent to the actuators.

Requirements for Anti-Aliasing Filters

Digital controllers may require analog filters to eliminate unstable
interaction between the controller and the unmodelled bending modes that

sampling aliases into the controller frequency band. Also, such filters
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MULT | VAR ABLE
— CONTROL
DATA
MEMORY
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¥ —am{ ANALOG-TO- HIGH-SPEED DIGITAL- o—u,
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Architecture has been optimized for control/
filterina computations.

Figure 1-24 An Architecture for High-Speed Control
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help reduce the noise aliased into the control band and the excitation
of unmodelled resonances by harmonics in the reconstructed analog con-

trol signals.

So far, a simple example has demonstrated how an analog filter improves
a rigid body controller's stability when sampling folds a single unmod-
elled bending mode whose damping ratio is 0.0l1. Both a classical and
an optimal attitude controller were designed neglecting the effect of
the bending response. These were exact discrete designs to eliminate
the possibility of errors from discretizing a continuous control design.

Figure 1-25 shows the block diagram of the total system.

Figure 1-26 charts the maximum possible controller bandwidth relative
to the Nyquist frequency versus the bending-frequency to Nyquist-
frequency ratio. Regions (1) through (5) all fold into region (0) like
a fan. Line "a" indicates the bandwidth obtainable if no bending pole
(i.e., pole corresponding to the bending mode) were present. The
striped portions of the curves indicate that the attitude controller is
unstable for higher bandwidths; unstriped portions indicate the highest

obtainable bandwidth when the controller remained stable.

A cycle of z-plane bending pole movement from B to A and back is common
to regions (0 and (1), (2) and (3), and (4) and (5). The bandwidth-
limit curve exhibits a W shape in each case. At the arms of the W the
pole is at B in the z-plane and the maximum bandwidth compares with the
ideal limit 'a' because the large open-loop rigid body response near
zero frequency dominates the folded bending response. At the center of
the W the bending pole is at A, and the maximum bandwidth is again high
because an open-loop phase shift of -360° at the bending resonance turns
the resonant peak away from the point (-1,0) that determines stability

in a Nyquist plot.

In summary, Figure 1-26 indicates that in this example an optimal con-
troller bandwidth below 1/7th the bending frequency or 1/10th the
Nyquist frequency will ensure stability. In contrast, a bandwidth less

than 40 percent of the Nyquist frequency is safe for a classical design.
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To improve the stability of the optimal design, a first-order filter is

O P TR, W)

placed on the commanded torque (see Figure 1-27). Compensating the
filter's phase lag in the control design allows a low filter break fre- 1
quency, which maximizes the filter's attenuation of the unwanted bending
response. Figure 1-28 shows that adding the filter increases the maxi-

mum controller bandwidth unless the bending pole is at the favorable

PRSI Y

z-plane locations A or B. In particular the lowest bandwidth limit in
the folding region (1) increases from "c¢" to "b". The filter is most
effective at high frequencies; thus it reduces the unstable region in

(3) and eliminates the unstable regions in (4) and (5).

In short, with a filter the maximum optimal controller bandwidth to
ensure stability increases from 13.5 to 36 percent of the Nyquist fre-
quency, and the maximum Nyquist frequency for unconditional stability
increases from 18 to 29 percent of the unmodelled bending frequency. -
Judging from frequency response such as shown in Figure 1-29, a Nyquist
frequency below 25 percent of the bending frequency or a controller
bandwidth below 33 percent of the Nyquist frequency will insure good
response. Without a filter the corresponding values are 14 and 10

percent.
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2.0 EXPERIMENTAL VERIFICATION ON BRASSBOARD AND SYSTEM IDENTIFICATION
TESTING (TASK 2.0)

2.1 LABORATORY EQUIPMENT UPDATE

The Dynamics and Control Laboratory has been physically relocated from
Building 202 to Building 205 and several improvements and modifications

have been made to the test equipment to reflect various experimental

requirements.

2.1.1 Circular Plate Experiment

The test setup has been completely redesigned and is now totally mounted
on a single 14 foot long Newport Research Optics Table as shown in Fig-
ure 2-1. At one end, the plate is hung by the suspension system shown
in Figure 2-2, with the mounting bracket attached to a frame bolted on
both sides of the table. To isolate the plate from acoustic vibrations
and air motion, a wooden cabinet was built around the frame (but not
touching it) and padded with sound absorbing material. A plexiglass
cover closes this cabinent, allowing the view of the plate. To minimize
air currents inside the cabinet, baffles have been installed on the back

side and on the plexiglass cover as well.

At the other end of the optics table, is another frame supporting the
optical measurement system. This system is shown schematically in Fig-
ure 2-3. It is mounted on a thick plate (weighing about 70 1lbs.) rest-
ing on the two lateral pillars through vibration absorbing pads. There
are also sheets of the same vibration absorbing material between the
pillars and the optics table to which they are bolted. This new setup
has reduced quite drastically the spurious noise induced by environmen-

tal vibrations, allowing the system to operate in the urad range.
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Figure 2-2 Plate Experiment
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Figure 2-4 DPlate Experiment Sensors and Actuators
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The nature and location of the actuators and sensors used on the circu~
lar plate experiment are shown in Figure 2~4, The actuators are of two
types:

1. Contactless Actuators - Magnetic forces are extended on

a small magnet attached to the plate. This provides the
necessary actuation for obsolute pointing.

2. Pivoted Proof-Mass Actuators (PPM) - Reaction forces are
exerted by moving a small mass connected to the plate by

an electrodynamic motor. Only AC forces can be produced
this way.

Sensors are of the angular type (deflection of a light beam by a small
mirror is sensed by a linear photo detector), or of the linear displace-
ment type (measured via phase difference of the return light from a
corner mirror using pu-phase detectors). In addition, accelerometers are

used to measure vibrations along the Z axis.

2.1.2 Wheel Experiment

This test setup has also been installed in the laboratory. The bracket
holding the wheel suspension system is mounted on a concrete wall. Four
optical detectors have been installed on the wheel, six accelerometers
and four Pivoted Proof Mass (PPM) Actuators. Figure 2-5 shows the gen-
eral nomenclature used for this system of actuators and sensors. The
PPMs driving electronic has been installed in a mobile bay and the gen-

eral setup is shown in Figure 2-6.

For the open-loop characterization test, 15 measurement channels were
connected to the 11-23 processor, comprising 8 optical channels, 6
accelerometers and a force measurement channel corresponding to an
accelerometer mounted in lieu of the proof-mass on the PPM actuator

chosen for exciting the structure.
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2.1.3 Digital System Status

The existing data processing/digital controller system has been given
the added capability to communicate directly with large scale computers
such as the Lockheed-based UNIVAC 11-23, the I.S.I. VAX computer, etc.
This allows a direct transmission to the system to control gains gener-
ated by large scale Control Synthesis programs and also, the transmis-
sion from the system of time histories for off-line processing by large
scale System Identification programs. The overall configuration of the

digital system is shown in Figure 2-7.

This figure shows the interaction and interfaces between the various
processors and the test structure. <Control gains generated by control
synthesis programs on the UNIVAC 1110 are transmitted directly to the
ST1/DEC 11-23 microprocessor system and stored in disk. These gains

can then be loaded, when needed, in the Array Processor (AP) before
starting control experiments. The AP has its own A/Ds and DACs and

thus carries out the control of the specimen independently of the rest
of the system. It can, however, be directed by the 11-23 to either
start or stop controlling, or to acquire a time-slice of data for later
examination by the 11-23 software. Also, the 11-23 can run concurrently
dynamic characterizations of the specimen (either open or closed-loop)
since it can acquire sensor data and send excitation signals via its own

A/Ds and DACs.

The MAP300 Array Processor is now operating satisfactorily at 120 Hz
sampling rate. Failures have been extremely rare since the beginning
of the year and were very mild, i.e., the system could be restarted
easily. An emulation of the array processor calculations was implemen-
ted on the UNIVAC 1110. Strings of data generated by the AP were then

run and compared on the UNIVAC and satisfactory agreement was found.

Finally, new VAMP software was implemented, with 'ZOOM" capability and
"SWIFT" mode. Z0UM is a transformation which allows the data to be
concentrated in a narrow frequency range, so that better resolution is

obtained on a particular resonant mode. SWIFT (Sinewave Integration
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Fourier Transform) is a technique for the high-accuracy determination of
spectral properties of poorly damped structures. It uses sine sweeps
with adjustable wait time and determines the Fourier components of the

response.

2.2 EXPERIMENTAL PLAN

The experimental objectives of this study are summarized in Table 2-I,.
In order to reach these objectives, a test plan was established for each
of the experiments. These test plans for the plate and the wheel exper-

iment are described respectively in Table 2-II and 2-III.

OBJECTIVES BRASSBOARD
0 MODELING WHEEL

0 SYSTEM 1D STUDIES

(NEW VAME, PLATE, WHEEL
INSTHUMENTAL VARIABiES,
MAXIMUM L LeEL THaul,

0 SLATE ESTIMATIUN PLATE, WHEEL

0 HAC/CAL ST.LIES

{MUDAL CONTROL, GISTURBENCE PLATE
REJECTIUN, SPTLLOVER)

o

#-VIBRATIUNS PLATE

Table 2-1 Experimental Objectives

Table 2-I1 is a matrix overview of the different tvpes of controllers to
be studied on the circular plate and the objectives of ecach of them,

The actuators in use in each case are listed. The simplest controller,
using only 2 contactless actuators (CEM) is essentially an attitude con-
troller. 1Its main purpose is to check out the array processor algorithm
and the calibrations so that confidence may be built up to studv higher
order controllers. This 1s an important and necessary step in this

exper iment.
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ﬂ CONTROLLER ACTUATORS MODES DISTURBANCE
23 EST # PURPOSE __TYPE | MUMBER & TYPE | CONTROLLED | __ TYPES REMARKS b
1 | SYSTEM AND CAL- | CLASSICAL 2 CEM 2 RIGID 1, 2 DIGITAL IMPLEMEN- "::;
P IBRATIONS CHECK | (P.1.D) TATION OF ANALOG
» ouT STABILIZER; 2 o
; OPTICAL SENSORS =
' ONLY. TOTAL OF 4 o
. STATES ~
A 2 | FILTER ALGOR- HAC 2 CEM 3 RIGID 1, 2 4 OPTICAL SENSORS DR
ITHM & ACCELER- & 2 ACCELEROMETERS i
4 OMETERS CHECKOUT ‘i
'l 3 | EFFECTS OF LAC |HAC + LAC TOTAL OF 6 STATES i
‘ 4 | DEMONSTRATION |HAC + LAC 2 CEM 3 RIGID 1, 2 REQUIRES 2 ADDI- ';j
OF MODAL CON- 2 PPM 2 BENDING TIONAL STATES FOR
TROL & PPM USE FILTER FREQUENCY
SHAPING. TOTAL OF i
X 13 STATES
?i' 5 |DEMONSTRATION |HAC + LAC 2 CEM 3 RIGID 1,2, 3 TOTAL OF 15 STATES E;‘
- OF S.S. DISTUR- 2 PPM 2 BENDING %
: BANCE REJECTION 1
EFFECTS OF DIS- 1 CEM EXCITER 1
TURBANCE VARIA- 4
TION wq
|
! 6 |MULTIMODE CON- | HAC + LAC 2 CEM 3 RIGID 1, 2 TOTAL OF 19 -
TROL 2 PPM 5 BENDING STATES o
7 | MICROPHASE HAC/LAC 3 CEM 3 RIGID 1.2 1 wPHASE SENSOR
OPTICS CHECK FOR TRANSLATIONAL
, ouT MODE ,
. 8  |MICROPHASE HAC/LAC 2 CEM 3 RIGID 1.2 18 STATES P&
OPTICS DEMON- 2 PPM 5 FLEXIBLE 8 SENSORS |
STRATION FOR
MULT IMODE
CONTROL L I B —
'.'.. :
v DISTURBANCES: 1 ENVIRONMENTAL NOISE
74 2 STEP FUNCTION
M 3 SINUSOIDAL i
[ 4
§ Table 2-11 Circular Plate Test Matrix Control Experiments
E'. )
r &
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EXCITER ;

B TEST # PURPOSE LOCATIONS METHOD RESULTS

£

g 1 | OPEN-LOOP MODAL AZL NEW VAMP (SLOW | FREQUENCIES, DAMF-

K CHARACTERIZAT1ON SHEEP) ING TRANSFER FUNC-

BA TIONS

-.' 2 AX1

= 3 AB 91

E. 4 | MODAL CHARACTER- |  AZ3 NEW VAMP INST. SAME i

N IZATION WILL LAC VAR. & MAX, %

B LIKELIHOOD -
' < |

I 5 | STATE EsTimaTION|  AZ3 OPTIMAL FILTER | FIRST 8 BENDING F

7 MODES

Table 2-IIT Wheel Test Matrix

s
RIVPOL. o RN o

i FINITE ELEMENTS | yppATE o
L\ (UNIVAC 11-10) &
bt L
X REDESIGN  [CONTROL SYNTHESIS UPDATE
! gm_——— L (UNIVAC 11-10) | ; i
1 | & |
b : s 1 s |
R : GAIN MATRICES : '
o | HANUAL 1 : e 1
1 IPDATE STORE FINAL oy
- @ e SULTS 1
® (STI 11-23) e
o CONTROLLER K S e &d
o . RESULTS ANALYSIS CHARACTERIZATIOH
v STI 11-23
| TAD N STI 11-23

VAX, UNIVAC
a ——}——J CONTROLLER |
p—— RUN CONTROL] — ol
; nnq ALGORITHM SPECIMEN ﬁ
HISTORIES (WAP 300)
i

9 Figure 2-8 Control Experiment Procedure
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For the last two controllers, disturbance will be generated via a third
contactless actuator driven by either a pure sinewave (for steady-state

disturbance rejection experiment) or a random excitation of given PSD.
The last two tests will use the newly developed u-phase optical sensor.
This device was tested open-loop in 1981 but has not been used yet in a

closed-loop configuration.

Table 2-II1I gives a similar overview for the wheel experimental plan.

2.3 EXPERIMENTAL RESULTS

The various operations involved in the structural control experiments
are shown in Figure 2-8. From the finite element analysis, a linear
model is derived‘which is used as a basis for control synthesis pro-
grams. These programs generate a set of gain matrices which are stored
in the 11-23 and may be manually updated if needed. The appropriate set
is loaded in the array processor. Then the control algorithm is started
and the AP controls the specimen and may acquire data. This data is
stored on disk and can be analyzed off-line by the 11-23 or transmitted
to a larger computer (VAX, UNIVAC 1110) for further processing. Also,
while the AP is running, dynamic characterization may be carried out by
the 11-23.

2.3.1 Plate Experiment

2.3.1.1 Digital Classical Attitude Controller

The first controller implemented on the Array Processor was the discrete
version of the classical analog controller built in 1980 to stabilize
the plate in rotation. It uses the signals from optical sensor #2
(i.e., sensors 5 and 6 of Figure 2-4 corresponding to the angular rota-

tions By, and Bx, respectively) and two CEM. CEM actuators, each
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actuator controlling separately its own axis (i.e., A3 controls Ox,, A4
controls Gy,). The digital mechanization of the control law is shown
for cne of the axes in Figure 2-9, along with continuous (analog) trans-
fer function of the existing analog stabilizer. Figure 2-10 shows the
angular rotations of the plate about its x' and y' axes when a step
torque is applied about the x' axis and the digital loop is closed. The
integral part of the controller makes the angle return to zero, exactly
cancelling the disturbance (DC) torque. Figure 2-11 shows the closed-
loop steady-state pointing error due to environmental noise. the RMS

value is about 5 urad.

2.3.1.2 Rigid Body Optimal Controller

An optimal controller was designed to control the 3 rigid body modes

(2 rotations Gx and By, and 1 translation z). It uses the signals from
the six sensors. The accelerometers measurements are integrated by an
analog circuit to provide velocity measurements. The designed closed-
loop poles were about 1 Hz for rotational modes with 607 damping, and
.3 Hz in translation with 17 damping. The low damping in this mode
resulted from the poor performance of the accelerometers at low fre-
quency, making it difficult to correctly est-mate this mode. As a
result some coupling is occurring with the rotational modes as can be

seen in Figure ?-12.

This figure shows the output of the plate sensors when the rigid body
controller is active and the plate subjected to a step input force at
actuator #5 (CEM actuator at the bottom of the plate). The recovery
time is about 1/3 sec. for the transverse axes (Ox,). The residual
oscillation is due to the translational mode interaction. The state
estimates can be used to reconstruct an estimate of the sensors signals,
thus giving a check on the accuracy of those estimates and of the over-
all behavior of the filter. Figure 2-13 and 2-14 show respectively the

time histories for Gy. and Vz for both measured and estimated values.
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DIRECT AXIS RESPONSE AFTER 3 seconps
Bx’
16 uRad
b
3. TIME= 3.00 T0 7.00 SEC

Figure 2-11 Circular Plate Response to Step Torque
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Figure 2-12 Circular Plate: Closed-Loop Test (HAC 3RB)
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Figure 2-13 Circular Plate: Closed-Loop Test (HAC 3RB)
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Figure 2-14 Circular Plate: Closed-Loop Test (HAC
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2.3.1.3 Modal Controller

The next controller studied included the 3 rigid body modes plus the
first 2 flexible modes. Because of the low performance of the acceler-
ometers at low frequency, the filter (state estimator) was modified to
discard the low frequency information, but keep the relevant information
around the modal frequencies. Controllability/observability problems
have been encountered because the two flexible modes are very close in
frequency and the svstem seems very sensitive to parameter errors. This
matter is being investigated. A relatively low performance was however
obtained with the loop closed on only the two CEM actuators. In this
case about 9% damping was obtained in the highest mode, but only 1/2%

in the other. An example of the closed-loop response is shown in Fig-
ure 2-15. The excitation was at the first mode frequency (~ 18 Hz).

The second mode (poorly damped) was at about 19 Hz.

2.3.2 Wheel Experiment

2.3.2.1 Finite Element Model

Front and side views of the wheel finite element model are shown in Fig-
ure 2-16. The center hub consists of a laser tube with balance weights
at one end. The corners of the wheel have adorned on it mirrors and
Pivoted Proof Mass (PPM) actuator/accelerometers at selective places.
The wheel itself consists of stainless steel tubes (10 mil thickness,
3/8" 0.D.). A 3 dimensional view of the complete wheel model is shown
in Figure 2-17. 1t consists of 636 degrees of freedom finite-element
model. It weighs 36.4 lbs which exactly agrees with its measured

weight., In Figure 2-18, the model frequencies and behavior patterns

are listed and model mode numbers are shown for identification reference.
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Figure 2-16 Components of the Wheel Finite Element Model
-y
1
)
636 DEGREES OF FREEDOM -
FINITE ELEMENT ™ODCL
WEIGHT: 36.4 LBS |
4
~
)
-
|
f
!
Figure 2-17 Complete Wheel Model B
64 '
A e |




-~ T

~

Y vy vy

1 3.63
2 3.64
3 7.41
4 11.37
5 13.49
6 14,26
7 14,61
8 14,67
q 15.42
10 15,45
11 15.60
12 15.78
13 15.94
14 16.24
15 16.47
16 19,87
17 19.87
138 20.90
19 23,46
20 24,11
21 28.78
2 30.38

- . T TN T e T

BEHAVIOR

CENTER HUB Y

CENTER HUB X

CENTER HUB Z

RODS (1-3) (5-1) BOW
ROD (2-4) BOWS

POINT 4 ROTATION

ROD (6-4) BOWS

ROD (3-5) BOWS

POINT 3 ROTATION

ROD (5-1) BOWS

POINT 5 ROTATION

ROD (2-4) BOWS

ROD (1-3) (6-4) BOWS
ROD (6-2) (2-4) BOWS

ROD (6-2) (5-3) (6-4) BOWS
ROD (6-2) (2-4) (6-U4) BOWS
ROD (6-2) (2-4) (b6-4) BOWS

EVERYTHING

MODEL NODE NUMBERS
RELATING WHEEL LOCATIONS

MODEL WEIGHT: 3u4,6 LBS

Figure 2-18 Wheel Model Mode Identification

Increment Reduce Previgus Wait for

Command Acqulsltion Data Specimen to | [Acqulre
Frequency to Fourier Settle (100- ) Date
(-.0005 Hz)} - | Components 400 Cycles)

Figure 2-19 Sinewave Integration Fourier Transform

SWIFT

(VAMP Implementation)

VAMP

Command Generation
Data Acqulsition
Dato Analysis

Commond Generotor

Doto Acguisition

Actuator

Accelerometer

and © :placamant

STRUCTURE

Response Slgnals

Figure 2-20 Structure Characterization Configuration
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2.3.2.2 1ldentification Test

This test was run using the SWIFT mode of the VAMP program. The

sequence of operations are shown in Figure 2-19 and the general setup

in Figure 2-20. The actuator chosen to excite the structure was A3z

(see Figure 2-5 for definition). The preliminary results of this test

are given in Table 2-1IV.

Mode Frequency Damping

1 3.48

2 4.14

3 7.27 .0012
4 10.83 .0029
5 12.12 .0020
6 15.23 .0016
7 15.52 0015
8 15.75 .0015
9 16.90 .0014
10 18.12 0013
LA 18.58 .0013
12 19.36 .0012
13 20.63 .0012

————

¢
sima am

v v v vy —— gy

e ———-

Tavle 2-1IV Experimental Characterization Results

2.3.2.3 Correlation of Test and Analysis

[n order to do this comparison, it is necessary to identify the actual
mode shapes. This was done by dwelling experimentally on cach mode and
dircctly observing the vibration patterns. The frequencies shown in
Table 2-V are the only ones which could be dircctly compared since modes
had the same shape (deformation pattern). The other frequencies (not
compar.d) correspond to some combination of other mode shapes due to
ditferences between analysis and test.  These differences appecar to be

related to PPm substructures at points 3, 4 and 5.
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TEST_FREQUENCY (Hz) ANALYSIS FREQUENCY (Hz) BEHAVIOR 1
5
3,40 3.63 HUB Y 9
3.64 HUB X " 4
B
7.30 7.4l HUB Z ]
1
12,10 11.37 RODS (1-3) (5-1) 4
10.60 14,26 POINT 4 ROTATING 2
}
T
10.70 15,42 POINT 3 ROTATING 1
4

18.60 19.87 RODS (6-2) (2-4)
(6-4) BOWS ]
Table 2-V Correlation of Test and Analysis 1
- 4

MODEL_CHANGE RE SPONSE

o USING 4 SEGMENTED BEAMS INCREASE FREQUENCY .1 Kz 1

INSTEAD OF 3 SEGMENTED
BEAMS

+ USING MEASURED Z OFFSETS
INSTEAD OF THEORETICAL
ONES

« ADD PPM SUBSTRUCTURE

* [EROED HUB OFFSETS FROM
CENTER TO RIM

+ ZERQED CORNER (1 - 6)
OFFSETS

FOR MODES ABOVE 10 Hz

INCREASE FREQUENCY OF HUB
Z MOTION FROM 7.5 TO 10.5 Hz

A —ada 4>

2 NEW MODES IN (20 - 30) Hz .
RANGE AND (.2 to .5) Hz i
DECREASE IN MODES ABOVE 10 Hz.

+2 Hz DECREASE IN MODES BELOW
10 Hz (HUB MODES)

« 4 A A a_a_a_a

DECRLASE (.1 - .2) Hz MODES
BELOW 10 Hz
DECREASE (.3 - .6) Hz MODES
ABOVE 10 Hz

Table 2-VI Model Sensitivity
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In an effort to get a better understanding of the discrepancies between
model and actual structure, various model changes were performed to
determine the sensitivity of the wheel frequency response. The results
of this sensitivity study are listed in Table 2-VI indicating the sig-

nificant influence of the PPM substructure model.
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3.0 PROOF OF CONCEPT EXPERIMENT

3.1 INTRODUCTION

This section describes the plan for applying Active Control of Space
Structures (ACOSS) controls technology to a scaled representation of a
typical large aperture o-fset antenna spacecraft configuration in an
extensive ground test for the primary purpose of validating the ACOSS
technology. This test is devised to demonstrate the ability of the
ACOSS technology to exert considerable control over and suppress the
dynamic responses resulting from flexible body response of a realistic
facsimile of a flexible spacecraft to typical orbital disturbances. The
vehicle configuration, instrumentation and controls implementation are
further designed to allow identification of hardware limitations and

ultimate development of distributed sensor and actuator requirements.

3.2 OBJECTIVES OF THE PROGRAM

The specific objectives of the program are to:

¢ Experimentally demonstrate established ACOSS theory.
o Investigate hardware limitations and requirements.

e I[nvestigate sensitivity of control approach to knowledge
of the system model.

e Develop techniques for evaluating ACOSS control systems.

3.3 SCOPE OF THE TEST PLAN

This plan describes the activities required to accomplish the program

objectives.
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3.4 TEST SPECIMEN DEFINITION

The chosen configuration for the simulation is based on structural,
schedule, cost and growth considerations. The result was a simulation
of typical radial beam surface support structure dynamics/stiffness
characteristics and a lightweight membrane surface. This structure
appears as an RF reflector. The test specimen is presently designed, as
shown in Figure 3-1, as a typical offset fed RF antenna system. To sim-
ulate as nearly as possible the free-free structural boundary conditions
of the orbit enviromment, an air bearing suspension is employed. Con-
trol Moment Gyros (CMG) are used as the principle source of control
torque, as is typical of orbiting systems which will result from this

concept.

The MG's planned for use in this test program are the Lockheed owned
Bendix hardware. Since the bending modes to be controlled must be
within the bandwidth of the CMG's, the design of the specimen is depen-
dent on the characteristics of these CMG's; as a result, CMG character-
ization is a task included in the preliminary equipment test section.
It is desired to keep primary bending frequencies between 1 and 10 Hz,
and to insure that the corresponding modes are controllable by torques
(CMG's) located in the vehicle bus (see Figure 3-1). Modes with bend
ing frequencics between 10 and 20 Hz will be controlled by distributed

actuators on Phases III and IV of the controls testing.

3.4.1 Design Procedure

e Determine preliminary beam sectional properties to ensure
that the initial finite element model will have approxi-
mately the desired modal frequencies.

e Construct free-free finite element model of the specimen
design approximate model parameter.

- 250 modes
1500 DOF's
- 300 - 400 lbs
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Distributed Actuation - pivoted proof mass dampers

Seusors - a. standard and micro accelerometers
b. standard laser measurement device
c. rate gyros
d. multi-channel micreo doppler laser displacement
measurement device

Computer - PDP 1145, CSPI array processor

3.5 PRELIMINARY TESTING OF EQUIPMENT

As mentioned in Test Specimen Definition, CMG bandwidth data is required
before finalizing the design. Also, since the Bendix CMG's are to be run

well past their specified lifetime, it is desired to see if any anomalies
have developed in the individual CMG's before assembling them into a
single torquer package. In addition, the structural dynamics characteri-

zation requires tests on the air bearing to establish if a "pinned" struc
tural boundary condition accurately represents the air bearing behavior,
or if a more complex modeling of the boundary conditions at this crucial
interface is necessary. The following outlines the plan for these tests.

3.5.1 CMG Characterization

The CMG tests to be performed will provide:
1. Gimbal Rate PSD for zero rate command input
2. Gimbai Rate Scale Factor
3. Torquer Cogging and Ripple
4. Tachometer Ripple
5. Open Loop Transfer Function

6. Nominal Wheel Speed
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3.5.2 Air Bearing Characterization

The purpose of this test is to determine if the specimen-air bearing mount-

ing will result in any new quasi-rigid body modes with frequencies below
30 Hz.

e Use instrumented hammer, accelerometers, and H-P transfer
function analyzer to investigate unloaded air bearing for

evidence of low frequency translational modes.

e If the above test is positive, increase complexity of test

as necessary to adequately characterize modes in question.

3.6 PROOF OF CONCEPT TESTS

3.6.1 Test Preparation
Preliminary tasks to be performed before the start of testing are:

A. Preparation of the Flexible Vehicle Control Lab facility.

B. Mounting of MG's in GAM configuration in specimen bus.

Rate Gyros to be included on mount.
C. @G distribution law to be implemented on PDP 1145,

D. Implement and test controls software. Implement and test

data gathering software.
E. Mounting of specimen on air bearing in modal lab.

F. Preliminary installation and calibration of laser-grid

sensing apparatus and accelerometers on specimen,

G. Interfacing of test with PDP 1145.
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3.6.3

3.6.2 Phase I Test Specimen Modal Characterization

The Kalman filters used in many parts of the ACOSS control strategy require
accurate models of that which is to be controlled. Because of this, any
discrepancies between the final hardware setup and previously developed

finite element models must be reconciled. The test proceeds as follows:

Design and implement simple control system to contain rigid

body modes during test (this step later deleted).

Install accelerometers at locations as indicated by analytical

modes.

Locate and support external actuators as necessary to perform

modal test.

Install necessary instrumentation cabling and perform end to

end checks.
Perform wide band sweeps to locate modes.

Perform narrow bend sweeps for all modes of interest, 1 -

100 Hz range.

Process sweep data to obtain frequency, damping and mode shape
date for each mode and any desired transfer function and influ-

ence coefficient data.

Perform additional tests as necessary to determine input-
output relationships for control system actuator and sensor

systems.

Refine finite element modal to concur with test results.

Phase II Test - Central Actuator Controls Experiment

During this phase, tests are run on control systems designed to usc the

! ° central actuator package to greatly reduce the scttling time of the 1LOS

when provoked by transient disturbances.
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The control systems to be tested in this phase are designed to return the
LOS rapidly to its nominal direction after it has been deflected by some
external disturbance. The disturbance can disrupt the LOS pointing either
by changing the orientation of the entire test specimen, by changing the
relative orientation of mirror and laser by bending the specimen, or by
some combination of both. The control systems use only the central actua-
tor package (CMGs) located in the ES of the specimen to control the LOS.
In this early test stage, only the part of the LOS with frequency compon-
ents at or below 10 Hz is controlled; that is, the controller will have an

effective bandwidth of 10 Hz.

Two design approaches for the control systems are being considered. The
first introduces, by active control, significant damping in all bending
modes under 10 Hz, which causes them to settle down quickly after an exci-
tation. When the rigid-body modes are controlled as well, the LOS settles
down quickly itself. The other approach is to cause that particular com-
bination of sub-10 Hz modes constituting the LOS to settle quickly. This
approach differs from the first in that damping is not necessarily induced
in any of the modes separately. Rather it causes them to respond together

in such a way that the LOS settles down quickly after a disturbance.

Both design approaches are implemented in the same manner. They both use
a Kalman filter to estimate model amplitudes and rates (including those of
the rigid body), which are then fed back to the control actuator. The
feedback of the estimates to the control actuator distinguishes the two
approaches from each other; they both use the same estimator to obtain

the modal amplitudes and rates. In this task, since only the behavior of
the LOS in the frequency range below 10 Hz is to be controlled, only the

first six bending modes of the test specimen are estimated and fed back.

A schematic of the POC test specimen equipped for Phase I tests was
shown previously in Figure 3-1, The instruments used to provide inputs

to the control system Kalman filter are also used to acquire evaluation
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data during tests. Ten accelerometers are located on the ES, mast and

antenna dish of the specimen; a three-axis rate gyro package is mounted
on the CMG package in the ES; and a laser attitude determination system
(not shown) is attached to simulate and measure the LOS orientation and

to measure rotation of the ES about the LOS axis.

Before either type of control system is tested, the Kalman filter segment
of the controller must be checked out. To accomplish this, the control
gains are set to zero so that there is no control response and the spec-
imen is subjected to a modal test as described in the Progress section.
The modal test is conducted using a single electromechanical shaker whose
frequency and point of application are varied to ensure excitation of all
modes. Test data are obtained from the accelerometers, rate gyros, and
laser attitude determination system and stored for post-test evaluation.
The filter is then adjusted for proper response time and separation within
the estimated states. When the Kalman filter is working properly, the

control loop is closed and another test is run,

With the control system that seeks to impart damping to the individual
bending modes below 10 Hz, this test is again a modal test, but it is
performed this time with the control system in place and operating. For
this control system, proof of success comes from frequency domain analy-
sis of test data to show whether or not target damping values are attained
for the closed-loop system. Transfer functions from the shaker input to
the various outputs are constructed from the test data, and the modal
peaks are examined to determine frequency damping for each mode in the

controlled system.

For the other type of control system, a similar frequency domainr analysis
reveals the efficacy of the control system, but in this case the relative
phases of the various modes must be taken into account so that the inter-
mode cancellation can he detected. Also, in the time domain, a simple
time history of the LOS response to a step input perhaps best reveals the
performance of this system,
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Preliminary goals for this test phase are to establish a control system
that causes the sub-10 Hz component of the LOS motion to diminish by a
factor of 1/e within 0.5 s. This can be accomplished by imposing 20 per-
cent damping in the 10 Hz modes. For lower frequency modes, the frequency
must be actively increased and significant damping must be imposed to meet

the 0.5-s settling time goal.

A settling time goal of 0.5-s is quite conservative, and a 0.l-s settling
time should be possible. However, 0.5-s is sufficiently quick to allow

transition to Phase 2 tests.

3.6.4 Phase II Test - Distributed Controls Experiment,
Transient Disturbance Rejection

During this phase, the Phase I setup will be augmented by up to 10 small
force actuators distributed about the test specimen, with the goal to

extend the control system bandwidth to 20 Hz.

The control systems to be tested in this phase will augment those verified
in Phase II. The intent is to add a number of the small PPM actuators.
With these additional actuators, the bending modes between 10 and 20 Hz
can be controlled, and their disruption to the LOS can be reduced to the

desired 0.5-s settling time.

That these additional modes are to be controlled with distributed actuation
rather than with the centrally located CMGs is not because of the bandwidth
of the CMGs; in fact, their response curve is flat out to 100 Hz. Distrib-
uted actuation is to be used because, even though the CMGs are powerful
(each can exert up to 100 ft-1b), the leverage made possible by placing

an actuator to optimally control one or two modes can easily offset the
power advantage. Tor bending modes between 10 and 20 Hz, the forces nece-
ssary to actively impose 10 percent damping by exerting forces or torques

from the (MG cluster can easily exceed the capabilities of the CMGs,
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whereas a few proof-mass actuators, with a force capability of no more

than 1 or 2 1b, can accomplish the desired damping if strategically

located.

Aagain, the control system design can take either of two approaches; to
independently damp all modes so that the LOS settles quickly or to control

the bending modes to advantage so that the LOS settles within 0.5-s.

The test procedure is the same as that for Phase I1I.

3.6.5 Phase IV Tests - Distributed Controls Experiment,
Steady State Disturbance Rejection

During this phase, tests are run on a control system designed to use dis-
tributed actuators as well as the central CMG cluster to diminish the

effect of a steady state onboard disturbance on the LOS.

The control systems tested in this phase used the distributed actuator
configuration assembled in the previous phase to significantly reduce the
effect on LOS of constant disturbances with known frequency characreris-
tics. These control systems superficially resemble those assembled for
Phase III tests in that a Kalman filter is used to estimate modal activ-

ity and to feed back the modal estimates.

For this phase, the filter is augmented with new states to create the mod-
ern control analog of classical control 'motching'. This notching causes
the control system to concentrate effort within a specified frequency band,
that of constant disturbance, so that no energy is wasted outside that
band. Since the disturbance is constant, damping and settling time are
not goals of the control design. Rather than shift the eigenvalues of the
controlled system farther to the left of the imaginary axis, these control
systems work by modifying the mode shapes. The result is that, even when

all modes are active (being driven by the constant disturbance), the mode
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shapes are "dented" by the control system in such a way that the response
of the LOS to the disturbance is greatly reduced. These control systems

are designed to modify the bending mode shapes rather than to change their

frequency domain behavior, as do the control sys'ems used in Phase I and II.

In this phase, two disturbance sources simulated by a small electromechan-
ical shaker are mounted on the test specimen, one on the antenna dish and
one in the ES. They are driven simultaneocusly, but at different fixed

frequencies. Their performance is evaluated by comparing the steady state

response of the LOS (measured directly) in the controlled case to that for

the uncontrolled case.

3.6.6 Phase V Tests

The testing in this phase of the experiment is designed to show the effect
of several slewing techniques on the lower frequency bending modes. 1In
particular, to demonstrate the ability of certain slewing methods to leave

bending modes quiescent at the end of the maneuver.

The maneuver to be used to compare the various techniques is a 10° combin-
ation yaw-pitch slew to be executed in 10 s. This maneuver will excite

all of the sub-20 Hz bending modes. It must be followed within 5 s by a
return maneuver to avoid saturating the CMGs by requiring them to hold

the POC specimen askew to gravity. The present CMGs are not adequate for
performing any of these maneuvers, although their torque capacity (100 ft-
lbs) is more than enough, their 5 ft-lb~sec momentum capability is at least

an order of magnitude to small to carry out the requisite maneuver.
To perform these tests, a set of reaction wheels currently here at Lock-

heed must be modified to CMGs with more balanced specifications nf 50 ft-

1b torque capability while maintaining 50 ft-1b-sec of momentum.
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The three slewing techniques to be used are:
1. Square Wave Slew - excites all the modes
2. Sine-Versine Slew - leaves one mode unexcited after maneuver

3. Optimal Slew - leaves all modes unexcited after the maneuver

(but uses more power to do it)

Further we will show a method of closing a loop on the optimal slew in

order to avoid parameter sensitivity.

3.6.7 Phase VI Test - Dynamic Figure Control

In this phase, the control systems of phases two and three are extended to

control the 20 to 30 Hz bending modes of the antenna dish.

Te.« small (1/2 1b) PPMs will be located symmetrically about the antenna
dish. Displacement sensing with accuracy in the range of 10"4 inches will
be provided by the micro-phase laser sensor developed earlier on the ACOSS
contract. Initially, the control systems will be extended to provide
active damping of the dish modes. However, by substituting small displace-
ment actuators for the PPMs, this phase of the experiment could be expanded

to demonstrate figure control of the antenna dish.
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