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1.0 ANALYTICAL RESEARCH 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 thrcigh April 1982. The

objective of the Task 1.0 activities are to refine and extend the analy-

tical activities started during the Phase I 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 neglecting

the influence of light redistribution in the imag-), the aspbericity 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

I
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discrete frequencies are selectee to 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. In 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 P
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:

o damping will provide little improvement

o 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-I.

3



0Disturbance Is mrodeled as two Independent colored noise sources

0 - 30v j M - 180001 N2/sec

Covariance: E(vvT) . 300 301 N2
0 30

WK 10001f 2-sPSD: V I W 2+N3-se

0Disturbance IS aPplied In z-dlrection only

*Augmented evaluation model:

z =IM 011

Table 1-I Disturbance Model
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-The open-loop poles for the evaluation model, assuring 0.1% 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

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-Ill give the basic.

characteristics and formulae for this ordering. The resulting rankings

* of the modes are shown in Table I-IV. As before, stability consider-

at ions dictate that the most controllable modes be retained. The black

* dots indicate modes retained in the reduced order model. En Table 1-V

the comparison between broadband noise effects (stochastic columns) and

sine disturbances is illustrated. The broadband effects dominate and

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

Reduced Order Control Design

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

this controller is evaluated using the full evaluation model and, with

an expanded scale near the origin, spillover is evident. Low-authority

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

have provided a similar result in this case, but not in general.

Performance Summary

The performance sunmmary for the damping augmentation controller is shown

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.

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

5



(1) Stochastic Modal Cost Ranking

(2) Internal Balancing (B. C. Moore, IEEE TAC Feb. 19811

-pgef. An asymptotically stable model = Ax + Bu Is"y Cx

Internally balanced over 10,-] IFF

At T ATt T At 2
e BB e dt- e C Ce dtm

K -.

'2 .2 . and , 2

where . dlog a _.. and .2 =

* Provides a natural (and unique) controllabllity-observability
ordering criterion, but Oscrambles" the states.

aFor lightlY-domped structural models with decoupled dynamics,
Internal balancing simply scales the states. Modal structure
Is preserved,

!p
oApproximote formulae for a can be written In terms of the

original model.

Table 1-II Mode Selection Criteria
b*

2 1-231,0 10 bil d
1 0 0

.... .... .... .... .... .... ... - X + U +
-232Q2 . b2  d2

0 4
S.1 0 0 0

-- -- --- --- -- --
[b 0 bt40 . .. x (sensors)

z1. [0m 1  0m2  . . . x (LOS)

2 bjb 1T*Controllability - Sensors: 0k .

*Controllability - LOS : 2 HbIbIbTb(MITM)l

* (dld 1TlrmlTmlll t

eDIsturbability - LOS : oT i

Table 1-III Application of Internal Balancing to Lightly-Damped

* Structural Model
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Controllability Disturbobility Stochastic
-LOS -LOS "Modal-Cost.

7. 7. 21.
219 21 e 7 *
8 * 130 12 *

12 * 16* 13 a
13 0 10 . 16 .
170 14 14
100 80 24e
30_ 24 30 a

47 22 22
46 30 . 10 0
35 17 * 50

39 50 37
45 37 35
37 35 8 9

Selection:

e First eight contr.-LOS modes

Add mode 16 because of high disturbability '

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

I

MODE SINE LOS STOCHASTIC STOCHASTIC

MODAL COST MODAL COST
WITHOUT
RIGID BODY

4 136.401 49026.975 0.000 27 0.012 0.017 0.0
5 109.737 39684.189 0.000 U 6008.083 149 76 o
6 0.000 0.000 0.000 29 2440.540 1004:205 1004.291

49.086 94659.768 94554.114 30 9323.459 5758.592 5758.520
9 4.120 3227.033 3256.289 31 11.957 5.761 5.900
9 0.166 76.291 95.850 32 0.044 1.040 1.039

10 9.455 5290.456 5248.095 34 251.999 293.710 293.606

11 1.358 490.972 490.496 2313.826 3976.443 3976.349
12 92.663 22432.584 22424.285 3t 696.705 1338.458 1336.31612 663 -431 422:24.21

13 74.429 17837.036 17842.290 37 2149.369 4252.422 4252.530
14 126.502 9745.869 9746.603 39 245.698 515.033 515.06:

15 1.487 107.085 107.008 39 465.489 950.199 950.300
16 194.843 12924.66 12925.704 40 297.456 591.673 591.769
17 57.241 2583.097 2583.419 41 445.360 829.427 829.365

18 0.079 3.413 3.832 42 476.921 e49.065 847.937
19 0.016 1.101 1.175 43 982.472 159.022 1558.907
21 4780.464 12:053.9'9 128054.154 44 447.167 563.091 563.234

22 313.515 5568.336 5568.472 45 3431.405 1925.390 1825.t09
23 2.662 43.700 43.06 46 51.517 74.309 74.496
24 614.836 8637.361 9637.297 47 554.378 921.2453 21.L31

25 0.000 0.013 0.010 4E 21.905 370.473 370.636 S
26 29.502 149.357 149.427 448.200 4352.!81 43-83 1

Table I-V Modal Costs

7
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PO P2 P4

Ooen Closed Open Closed Oven Closed
LOOP LOOP LO0 Loop LOOP LOOP

RMS LOS x 28,110 11,940 27,750 11,110 30,500 12,.90
(n RAD)

RiS 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 18.741 0 17.24 0 18.26

- Effort (N)

eDamnno ouqentation Is Ineffective aoplnst
broadband nolse.

Table 1-Vt Performance Analysis

I1
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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 unmodeled 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-VII. While system

stability is important, performance sensitivity to parameter uncertainty

f or 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-

* plex, computationally expensive and usually produces only small improve-

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).



,~K -,

OBJECTIVE: Develop Synthesis/Analysis techniques to improve/define system robustness

Properties with respect to:

,..'-. !. Stability

* Excessive perturbation of unmodeled-Pole locations (spillover) E.MODEL ERRORi
, -s Parameter sensitivity of controlled/modeled Poles

e Gain/phase/frequency margins

I. Performance

e Performance metric sensitivity to:
- disturbance parameters (modeled and unmodeled)
- identified modes
- unidentified modes

@ Performance/robustness trade-off

In general, the second class of issues Is more important than the first.

iG eneral objective is to understand the limitations Imposed by model/disturbonce
uncertainty on closed-loop performance

Table 1-VII Controller Robustness Investigation

" Performance Criterion

- Stability

- Zero AsymPtotic Error -'

- M11, MAX O~control}
plant

variations

- E (Jcontrol)
plant

variations

" Specification of Variations

- Parameter variations In deslqn model (too restrictive)

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

- Function space specifications (too analytical, useable with frequency
domain specs.)

Probability distributions (comvutationaliy expensive)

Table 1-VIII Robustness Definitions

12



4 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 l-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.

13
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* Stability Robustness:

Controller Plant w (equivalent system noise)

rV output

(P.C.F.)Derturbed  (1 + a(PCF)) PCF

multiplitcotive form of .uncertainty

a n(6(PCF)) < amn( + (PCF)YI), Vw

then the perturbed system Is stable, when unperturbed system Is stable

, Stability does not guarantee performance Improvement

ri

Figure 1-8 Singular Values of Return Difference Matrix

= Fx + Gu +w ; y=Hx +v

$(s) =- (sl -F)-1  u = Cx^

K I Filter gains

" Make HsG and C.G sauare via zero rows/columns

" Use E(wwT) = [Mo + 0
2GGT] 6(t-,)

E(vvT ) = MO 6(t-t)

" Let Q - -

" Effectively Inverts reduced-order plant dynamics (Dole-zero

4 cancel lat ion)

" Does not control gain In model uncertainty region

* Figure 1-9 Full-State Loop Transfer Recovery

14
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" a-:. : • • : " i : : I

q 10 q 100

Filter poles - 0.10 - 0.01
P -10.8 -101

Controlled mode - 0.48 t J.85 - 0.48 ± J.84

Unmodeled mode 0.38 t J 4.9 0.L45 ± j 5.05

* Loop gain Is too hlqh at 5 rod/sec

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

0 Frequency welohted penalties con be Imposed for:

- state and measurement noise estimates

- states and controls (control Problem)

- likelihood function (identification)

- fault detection (likelihood ratio)

* Loop Pain con be controlled In reolons of uncertainty

* Factor A & B In J = f [x(Jw)A(jw)x(Jw) + u*(Jw)B(Jw)u(Jw)]dw

to net ounmented time domain controller

*Refer to 2-mode examle In previous section

Table 1-X Robustness Improvements Via Frequency-Shaping

K

Basic LOG: Freauenc -Shaped

Unmodeled mode 0.0164 ± J 4.9084 -0.0262 t J 5.0002

Filter Poles -0.4049 ± J 0.8627 -0.4232 t j 0.8952

Controlled Poles -0.6466 ± J 0.8512 -0.7018 ± J 0.5139

Frenuency shopinq -0.3839 ± j 1,0957

Lable l-XJ Comparison of Closed-Loop Modal Shift
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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 multicyclic approach.

Preliminary research conducted to date indicates that this approach can

combine the beot features 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 are illustrated in Tables l-XII

and l-XIII and Figure 1-11. Identification and control adaption is com-

plete (steady state) in about I sec.

17
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0

a - *Gu

y-Hx

with x-

where w Is the vertical speed In ft/sec.

Is a structural mode closed to the vibration frequency

u is the collective pitch control In degrees

F- [.534 -8.69x 103  -67.41 0- -16.921

7116 -5.1372x1o
3  

-6.8 13.2

H 1 1 0 01

U Sowle rate of 180 Hz gives

.294Z
2 

+ .1863Z - .0903
u Z 

3 
_ 2.8045Z2 + 2.7661Z - .9601

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

y -. 1294Z
2 

+ .18632 - .0903_ u

z3- 2.8045Z2 + 2.7661Z - .9601

z
3 - .1z2 vvb

+ 3 _ 2.8045Z
2 
+ 2.7661Z - .9601

v Is-white noise

6vlb is sinusoidal (18 Hz)

unmodeled pole-Pair at 27 Hz

The frequency-shaping filter was chosen to be

y(Z) 
2 

- 1.60185Z + .9801

C(M - 1.61803Z + I

Sensor noise level selected to produce 50% of
steady-state error

Table 1-XIII Propagation of Noise & Vibration

18
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. . . .. .. . ..... . . . .-

Robustness Investigation Program

The tasks needed to complete robustness techniques evaluations are

listed below. Other evaluations will be included as appropriate.

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

methods.

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

a. Evaluate singular value analysis for practical parameter
variations.

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

c. Evaluate limits of adaptive disturbance accommodation

d. Evaluate robustness/performance trade-off

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

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

decrement signatures, and Pancu-Kennedy plots).
• -1I

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 I-XIV.

20



Yl

uljw)

Least-sawres fit to H(jw)
aives parameters.

ChIrn

Input

Table 1-XIV Traditional Frequency-Domain Method

Iz

ALGORITHM ADVANTAGES DISADVANTAGES

Frequency *Always converaes oNot mlnimum variance
Domain
Instrumental *Renuires no startlnn =Can only be block
Variables values recursive

*Data can be averaned oRequires solution to
for use with low a Polynomial enuation
sional-to-nolse ratio

@Difficult to make It
*Number of active modes robust
can be easily determined

Recursive sMinimum variance oRequires solution to a
Maximum polynomial eouation to
Likelihood *Always convernes comute domalnn ratios

0Easy to Incorporate and frenuencles

robustness onainst *Discrete ARPIA leads to
data dropouts Poles near the unit

circle

Table I-XV Investigative Techniques

21
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System identification methods development will follow this sequence of

steps:

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

- high-q and low-q modes

" Establish FFT baseline analysis

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

" Refine algorithms and evaluate limitations

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 I-XV.

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

input measurement is contaminated by noise. The instrumental-variables

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.

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 (ARMAX) of the form

A(q- )y = B(q-l )u + C(ql )v

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

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

properties are the same as batch maximum likelihood.

22
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6 The basic results include the following characteristics:

e Comparison with frequency domain method

e Nonlinearity in actuators observable in time history

* Closed-loop vs open-loop for attitude controller

* High damping ratio synthetic data results

* Identification model selected for 10 modes and 8 modes
(20th and 16th order polyiiominals)

FFT computations are displayed to indicate the poor signal to noise

characteristics associated with the square-wave excitation. Curve f it-

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 mdal 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 GEM 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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Figure 1-12 Plate Experiment Sensors and Actuators

4.36E-01

3.36E-01-
2.36E-01 -

1. 36E-01

3.56E-V2e

-6. 44E-02
-1. E-01

-2.64E 01 -

-3.64E-01 -

-4.64E-1 TI.L- S..
e.0e .e 1. 2.0MeE ..0 3.Oee0 4.OeE+ee s. eeE ee

0 2.2Ea*e2-"

2. O.,,.02 -[

1. :
1.5E+0e -

5.00E+0 1

1. =. Q.-2 -Z2.Se.+01 i

0. OOE +0 4.OOL4eI S. W~E+0 1 1.kvC44C I. 6*+0?

Figure 1-13 Open-Loop InpuLt and Spoctru n for Plate Identit ication

24



7-SK-43-efA It

-1.2w-

-3. 2SE-S

--6. 25E-W
0. OW+00 t. .0E+GG 2. OK440 :3.OE+00 4. OgE+00 S. 0EWee

3.57E02 
-CH.2

25.

3.7dE-04



c LwSf b-L6of

2.QI~ -0+ H

Figure 1-16 Velocity FFT Comparison (Chi. 1)
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Figure 1-17 Open-Loop 20th Order ID (Poles Only)
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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 corn-
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 30% to nearly

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

The effects of changing model order are illustrated in Table l-XVI. For

q 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:

" MA1L provides precise estimation of frequency and damping
ratios with greatly reduced information (over traditional
frequency-domain methods) for plate systems.

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

* Further tests of technique should be performed on wheel I
structure and P0G.

" Assessment of automatic structure determination is required.

1.4 DIGITAL CONTROLLER CHARACTERISTICS & IMPLEMENTATION (TASK 1.4)

Difficulties experienced in AGOSS Phase IA with digital implementation

are addressed in this task. In particular, achieving high sample rates

has been difficult for multivariable controllers. New architectures,

27
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OPen-LOOP Open-Loop

-c16th Order Model 20th Order Model

Frequency (Hz) Damping Frequency (Hz) LaImpI_na

28.76 0.0228 29.02 O,0224.

85.4i5 0.0072 85.17 0,0092
43.06 O.0174 43.0 0.0333

53.
69,15

eDomoina ratio estimotes sensitive to model order for hioh Q modes

Closed-Loop
20th Order Model

Freuenc Donpin

28.62 0.0078
84.09 0.0092
42.02 C.0267

Table I-XVI Comparison of Damping Ratio vs Model Order
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Figure 1-20 Identified Synthetic Poles & Zeros
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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-

U length. These issues are discussed first. The basic tasks are listed

below.

Task Objectives for Implementation Issues

Word length and algorithm selection for (status: complete)

- Minimum pole shift (robustness)

- Mechanization stability

" Sample rate selection (status: complete)

- Constraints imposed by stability

- Constraints imposed by architectures

* - Architecture assessment/memory requirements

" Requirement for anti-aliasing filters (status: complete)

" Other investigations (status: research continuing)

- Quantization effects and controller roughness

- Throughput capacity and efficiency

- Flexibility, fault-tolerance

- 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 I-XVII.

0 Multivariable control design is based on the quadratic cost functional

shown in the 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 Kamnan filter also shown in the table.

30
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MULTIVARIARLE CONTROLLER EQUATIONS

State and
Osurement Eauotions: * = Fx + Gu + w

Y = lx + v

T

Control Desln: J = f lxTAx + uTBul dt Penalty functional
0

u = Cx control structure

SF + FTS + A - SGB'IGTS = 0 steady-state control gains

C = -B-IGTS

Filter Design: f iw~ow + vTRvl dt noise covorlonces (welhtings)
0

x Fx + Gu + Kv filter structure

S= y - Hi

FP * PFT * Q - PHTR-lHp = 0 steady-state filter Goins

K = pHTR -1

Table 1-XVII Selection of Control Algorithm Form

Kalman Filter: xk+l ,Xk r U k + Kvk -H xk

Control LOW: uk =-C Xk

where o and a are discrete versions of F and G.

SImolementotion EQuation

t~+\ F11  F12  /xk

k F21  F 22  Y

control design
Motrtx

where F1i 
= ,- KH - rC, F12  K, F2 1  (Ir F,2

Table -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 X in real time. Therefore, the real time calculations required to

implement a steady-state multivariable controller are given in Table

i-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 ilight condition. These observations form the basis

for the architc.-tLr, JLsribed later.

Stability Analysis,,

Becausu of modc.ling uncertairities, 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. Izi repre-

sents the magnitude of poles of H(z) and Azi is the distance from Izi

to the edge of the unit circle. The magnitude of lAzl 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 F1 1 and analyze the stabil-

ity of the eigenvalues of F + AF

If F11 is perturbed to F1 1 + AFill then the corresporAing change in the

eigenvalues of F, can be estimated from the formula shown in Table

I-XIX.

Wordlength Considerat ions

The formula in Table I-QXX represents an effective numerical test for

rapidly determining the minimum number of bits required to implement a
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imz Actual Pole

Desinn coefficients
Implemented in hardware

SDesired Dole F 11, F12, 1 21, F22

Actual coefficient
1 Rez F11 m F11 * F,

F12 4-F12 + A1

F21 4 F21 *I2

~22 4-F22 22

How many bits are required to ensure
stability?

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

For the discrete controller

Xk+1 = Fl, xk + F12 Yk

Uk = F21 xk

If I'll I'l1 + IF,, , then the chonoe in the eiloenvalues of F11
ore alven by Jacobi's formula:

ki = VTAF11 AU I 1=1,2,..,n

where U ond v ore the riaht and left eiaenvectors, respectively,
of F11 and Tu = 1.

v1U

For stability In z-Dione,

Ii+ I~ 1A 1+IvT F1 1

IvTAFIIU11 1YI~

II

Table Table l-XIX Eigenvalue Perturbation and Stability Condition
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e Perturbation In Fl

M -b
F 11  Fl1 + AF11 where I11F1 1l1. <-2

where b Is the number of bits, and n Is the Ii
system order ,

*Stable Control Comi~utatlons Require

b= 1-0+ o2 ((l-xmx/n)] _0

max
where Amox= 1<<n I

Table I-XX Minimum Number of Bits to Insure Controller Stability

20

N-1000

10 . N-10

N-10

D~iagonal Sy Itvm

0
0 .9 0.92 0.q (1.O 96 .9A 1 0 rw~X

16-bIts (ire o(heitjote for most rfoblIems

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 F1 is the parameter which defines the margin of stability.

The equation was evaluated for different values of X and n. The
max

results are shown in Figure 1-22. Note that the number of bits required

for stability increases substantially as X 1 and as n increases.
max

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 elgenvalues of F11 is

the parameter which defines the margin of stability = 1 - Xax = AX.

max

results are shown in Figure 1-22. Note that the number of bits required

for stability increases substantially as AX - 1 and as n increases.
max

Because Xax is directly related to the sampling rate (1/AT) , Figure

4 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 l-XXI. Subsequent tests will be performed on CSDL #2 and the

wheel closed-loop controller.

En the digital design a sampling rate of 1/A =100 Hz was selected.

4The 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.

4Note 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 l-XXI.
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Examole: Dlitol Controller for F-15 Aircraft

a Dloital Controller (100 Hz samplina rote)

Xk+1 = Fl Xk + F12 Yk Uk = F21 Xk

0.9026 -0,2986 0.0150 -0,311431

= 0.0081 0.9945 0.0041 -0.0026
0.0196 -0.0422 0.9300 -0.0480
L.0077 -0.0012 0.0061 0.99901

S Elnenvalues of F

A1 = 0.9074, x2 = 0.9985, A3, 4 = 0.9601 ± J0.0608

SMinimum Number of Bits for Stability

b= -(I + loa2((1-0.9985)/4 = 11 bits

Xmax

Table l-XXI Emulation of Closed-Loop Control

6 3
thbi precision (stable) 9 -bit precision

(A) (B)

Simulation results indicate that 16-bit precision
Is adequate for stoble dIaltol control comnutations.

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

q 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 c- the processor is centered around a high-speed

matrix-vector multiplier (see Figure 1-24). The control design matrix

elements are stored in data memory 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

37



0W

H1G44-SPE TIOTL

y Is

*NL ED HIGHSPEED IGITAL- -- a- U

YAchtctr ha bee oIiie for HG-SEIcon TA LO
filtering MM corONuAtions ODIVRSO

Figur 1-24 AnGI ArhtLuefrHg-peOnto

Y1 GCU

F x0mT ';onsrs Acuator

38



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 0.01. 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.
q

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 I/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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LEAD COMPENSATION: C1 (Z) 0. 0, Co (Z) -K Z + A

OPTIMAL DESIGN: C1 (Z) MINIMIZES f(A@
2 + B U2) dt

0

Figure 1-25 Plant & Control Loop Schematic

44



I

Z- PLANE
SA IB

r--B A A

: -j•a

0.1
- - OPTIMAL

_ CLASSICAL

UNSTABLE

STABLE

0.01' .___ _ , _ _ _ _ _ _ _ _ _ _

0 1 2 3 4 5
fB/fN

Figure 1-26 Maximum Bandwidth vs Bending Frequency
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To improve the stability of the optimal design, a first-order filter is

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-

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

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).

U
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 iinmodelled 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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F 0

Figure 1-27 Optimal Design with Prefilter
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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 mounted2

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.

4 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 lbs.) rest-

ing on the two lateral pillars through vibration absorbing pads. There

4 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 irad range.
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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. Contactiess 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
p.- 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 ti-phase detectors). In addition, accelerometers are

A use.d 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

STI/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. ZOOM 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 -I

52

SI



CONTROL GAINS

LIN

EXCITER I

OPTICAL
CONTOLS CSPI AIDSENSORS

UP TO 16 STATES MAP 300 ACCELEROMETERSPLT

DCACTUATORSI

Figure 2-7 Overall System Configuration

53



Fourier Transform) i3 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 2-11 and 2-111.

OBJECTIVES BRASSBOARD

o MODELING WHEEL

o SYSTEM ID STUDIES

(NEW vAMP, PLATE, WHEEL

INTkUMENTAL VARIABLES,

MAA AIMUM L I .kl tL'OU,

0 SLATE ESTIMATION PLATE. WHEEL

o 'IAC/CAL SI jIES

(MUAk ION
T
ROL, ILSTLWBiNLL PLATf

WE kEJI! IUN. SPILLOVLR)

o A-VIBRATIUNS VkATL

Table 2-I Experimental )biectivus

Table 2-11 is a matrix overview of the different types of controllers to

be studied on the circular plate and the objectives of each of them.

The actuators in use in each case are listed. The simplest controller,

using only 2 contactless actuators (EM) is essentially an attitude con-

troller. Its main purpose is to check out the array processor algorithm

and the calibrations so that confidence may be built up to study higher

order controllers. This is an inportant and necessary step in this

experiment.
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2.3.1.3 Modal Controller

(7 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 system 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 GEM 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. It 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 2-15 Circular Plate: Closed-Loop Test (3RB, 2F)
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* MODE # FREQUENCY (HZ) BEHAVIOR

1 3.63 CENTER HUB Y
2 3.64 CENTER HUB X
3 7.41 CENTER HUB Z

4 11.37 RODS (1-3) (5-1) BOW

5 13.149 ROD (2-4I) BOWS 6 2
6 14.26 POINT 4 ROTATION %
7 14.61 ROD (6-4) BOWS
8 14.67 ROD (3-5) BOWS , HI B'/
9 15.42 POINT 3 ROTATION ._

10 15.45 ROD (5-1) BOWS 5 3

11 15.60 POINT 5 ROTATION
12 15.78 ROD (2-4) BOWS
13 15.94 ROD (1-3) (6-4) BOWS 4
14 16.24 ROD (6-2) (2-4) BOWS
15 16.47 ROD (6-2) (5-3) (6-4) BOWS MODEL NODE NUMBERS
16 19.87 ROD (6-2) (2-4) (6-4) BOWS RELATING WHEEL LOCATIONS
17 19.87 ROD (6-2) (2-4) (6-4) BOWS
18 20.90

19 23.46
20 24.11 EVERYTHING MODEL WEIGHT: 34,.6 LBS
21 28.78
22 30.38

Figure 2-18 Wheel Model Mode Identification

Increment Reduce Previous Wait for
Command Acquisition Data Specimnen to Acquire
Frequency to Fourier Settle (100- Da
(-.0005 HZ) Components 400 Cycler)

Figure 2-19 Sinewave Integration Fourier Transform
SWIFT

(VAMP Implementation)

*

VAP Command Generator t--tt -

Commond Generat;on
Dot* Acqulstlon
Dato Analysis

oat0 Acquisition Accelerometer
and C ;plc~ament

Respones Signals-

4 Figure 2-20 Structure Characterization Configuration
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2.3.2.2 Identification 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 A3
z

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

are given in Table 2-IV.

Mode Frequency Damping
1 3.4-8
S2 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
11 18.58 .001 3

12 19.36 .0012
tic 13 20.63 .0012

'i..ule 2-IV Experimental Characterization Results

2.3.2.3 Correlation of Test and Analysis

* In order to do this comparison, it is necessary to identify the actual

mode shapes. This was done by dwelling experimentally on each mode and

directly observing the vibration patterns. The frequencies shown in

Table 2-V are the only ones which could be directly compared since modes

* had the same shape (deformation pattern). The other frequencies (not

compard) correspond to some combination of other mode shapes due to

differences between analysis and test. These differences appear to be

related to PPm substructures at points 3, 4 and 5.
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TEST FREQUENCY (Hz) ANALYSIS FREQUENCY (Hz) BEHAVIOR

3.40 3.63 HUB Y

3.64 HUB x

7.30 7.41 HUB Z

12.10 11.37 RODS (1-3) (5-1)

10.60 14.26 POINT 4 ROTATING

10,70 15.42 POINT 3 ROTATING

18,60 19.87 RODS (6-2) (2-4)

(6-4) BOWS

Table 2-V Correlation of Test and Analysis

I

MODEL CHANGE RESPONSE

USINrG 4 SEGMENTED BEAMS INCREASE FREQUENCY .1 Hz
INSTEAD OF 3 SEGMENTED FOR MODES ABOVE 10 Hz
BEAMS

" USING MEASURED Z OFFSETS INCREASE FREQUENCY OF HUB
INSTEAD OF THEORETICAL Z MOTION FROM 7.5 TO 10.5 Hz
ONES

" ADD PPM SUBSTRUCTURE 2 NEW MODES IN (20 - 30) Hz
RANGE AND (.2 to .5) Hz
DECREASE IN MODES ABOVE 10 Hz.

" ZEROED HUB OFFSETS FROM .2 Hz DECREASE IN MODES BELOW
CENTER TO RIM 10 Hz (HUB MODES)

" ZEROED CORNER (I - 6) DECREASE (.1 - .2) Hz MODESOFFSETS 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

C determine the sensitivity of the wheel frequency response. The re'sults

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 AGOSS

q 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.

" Investigate hardware limitations and requirements.

" Investigate sensitivity of control approach to knowledge
E of the system model.

" Develop techniques for evaluating ACOSS control systems.

4 3. 3 SCOPE OF THlE TEST PLAN

This plan describes the activities required to accomplish the program

object ives.
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3.4 TEST SPECIMEN DEFINITION

CThe 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 environment, an air bearing suspension is employed. Con-

Utrol 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 CMG'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-

V ization is a task included in the preliminary equipment test section.

It is desired to keep primary bending frequencies between 1 and 10 Hlz,

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 frequencies between 10 and 20 Hz will be controlled by distributed

actuators on Phases III and IV of the controls testing.

* 3.4.1 DT'sipn Procedure

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

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

- 250 modes
- L500 I)OF's

* - 300 - 400 lbs
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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

V ~ 30 Hz.

* Use instrumented hammer, accelerometers, and H-P transfer

function analyzer to investigate unloaded air bearing for

evidence of low frequency translational modes.

o 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 CMG's in GAM, configuration in specimen bus.

Rate Gyros to be included on mount.

C. CMG distribution law to be implemented on PDP 1145.

1). 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. [nturfacing of test with PDP 1145.
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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:

A. Design and implement simple control system to contain rigid

body modes during test (this step later deleted).

B. Install accelerometers at locations as indicated by analytical

modes.

U. Locate and support external actuators as necessary to perform

* modal test.

D. Install necessary instrumentation cabling and perform end to

end checks.

E. Perform wide band sweeps to locate modes.

F. Perform narrow band sweeps for all modes of interest, 1 -

100 Hz range.

G. Process sweep data to obtain frequency, damping and mode shape

date for each mode and any desired transfer function and influ-

ence coefficient data.

H. Perform additional tests as necessary to determine input-

output relationships for control system actuator and sensor

systems.

1. Refine finite element modal to concur with test results.

3.6.3 Phase It Test - Central Actuator Controls Experiment

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

central actuator package to greatly reduce Lime settling time of the LOS

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

ki 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

4 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 systemt 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 a]1

I 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 domain 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 le detected. Also, in the time domain, a simple

time history of the LOS response to a step input perhaps best reveal.s th

performance of this s':-;tem.
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Preliminary goals for this test phase are to establish a control sys temn

that causes the sub-10 Hz component of the LOS motion to diminish by a

factor of l/e within 0.5 s. Thip 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 0.1-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.

T1he 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 GMGs is not because of the bandwidth

* of the CMGs; in fact, their response curve is flat out to 100 Hz. Distrib-

uted actuationi is to be used because, even though the CMGs are powerful

(each can exert up to 100 ft-lb), the leverage made possible by placing

an actuator to optimally control one or two modes can easily offset the

power advanitage. For bending modes between 10 and 20 Hz, the forces nece-

ssary to actively impose 10 percent damping by exerting forces or torques

from the GM; cluster can easily exceed the capabilities of the c04Gs,
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( whereas a few proof-mass actuators, with a force capability of no more

than 1 or 2 lb, 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 II.

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 "notching". 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 simultaneously, but at different fixed

frequencies. Their performance is evaluated by comparing the stendy state

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

the uncontrolled case.

I

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. In

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-

ibs) 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 of 50 ft-

lb torque capability while maintaining 50 ft-lb-sec of momentum.
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(2
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

*q 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 lb) PPMs will be located symmetrically about the antenna
-4

dish. Displacement sensing with accuracy in the range of 10 inches will

be provided by the micro-phase laser sensor developed earlier on the ACOSS

contract. Initially, the control systems will bL 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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