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AGENDA
8:00 Registration
8:30 Welcome and Introduction E. Crawley
9:00 Optical Interferometer Testbed ~— G. Blackwood -/
9:30 Active Impedance Matching of Complex D. MacMartin ~ =~
Structural Systems
10:00 Break
10:15 Narrow and Broad Band Isolation for . 7 A. von Flotow 235
Uncertain Dynamic Systems
10:45 Application of CST to Adaptive Optics E. Anderson -
11:15 Middeck 0-G Dynamics Experiment (MODE) M. van Schoor -4
11:45 Lunch
1:00 LABORATORY TOUR (MEET IN 37-372) AL
2:00 Shaping System Commands to Reduce W. Seering - P
Residual Vibration
2:30 Middeck Active Control Experiment (MACE) D. Miller - -
3:00 Break
3:15 Robust Control for Uncertain Structures M. Athans - &
3:45 Cost Averaging Techniques for Robust N. Hagood ~ 7
Structural Control
4:15 Intelligent Structures Technology E. Crawley )

4:45 Conclusion
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A Space-Based Interferometer

e used for astrometry:

- measure baseline and delay lines using
metrologyv system

e used for imaging

- measure intensity (mag) and phase (via
delay line distance) of central fringe of
interference pattern

- vary baseline and rotate siderostats about
LOS to target star by rigid body motion

- reconstruct image from 2-D spatial IFT of
the measured intensity

Light from target star
Light from guide star /

: \\ v\\I

L -4 variable delay line
L -

MIT Space Engineering Research Center
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mirror mounted on rigid base

mar9

Mirror

Piston & Y on Table

e mirror actuated in piston (z) direction only

Open Loop Transfer Function
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mirror mounted at truss vertex
(plate C)

marll

Piston & Y on Plate C
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mirror mounted on truss beam
(plate A)

marll

Piston on Plate A
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ACTIVE VIBRATION ISOLAT

z SOURCE

¢

DESTINATION

« NOISY SOURCES, SENSITIVE DESTINATIONS
« OPPORTUNITIES FOR ACTIVE CONTROL

« CURRENT WORK /FORECAST

4



Applications

(—N

Noisy Machine

N\ 2/
Flexible structure
— i
ffJ-l-\\ Noisy Helicopter Transmission
Flexible
) | S| - Fuselage

Sensitive Instrument

f/

S\
\

Noisy Space Station

Common Features:

> @ The mount represents a "bottle neck” in
the disturbance path.

® Structural Response is poorly known.



DYNAMIC MACHINERY ISOLATION

}mount

flexible structure

D = dlsturbance force

F. = transmitted force

T
TIFFN F MOUNT

w _~deal | |

n ""1, passive compromise

2 i

— 1

fpand i

-— !

%] I .
— —» disturbance

frequency spectrum

|1



ITIONAL PASSIVE MOUNT IGN

DESIGN MODEL: ¢ fo
Rigid Machine}

Soft Mount }

(disturbance)

‘f'r (transmitted)
Rigid Vehicle} S7777777

v—| Q
o= mount with
E: internal dynamics
= N\
(as)
<
W
‘é’ soft spring
w g \, mount
g <
@ ‘
= —>
> ®

well isolated
disturbance frequencies

EXAMPLE: Naval Machinery Raft

L%

(O) (O)
T —

" —

l J

BEEEEEEERE:

Hull Structure
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- BESPONSE FREQUENCIES:
Machine:

t wa|

,q-— rigid *p’d—-flexible >

Q
Yehicle
Mb’d——ﬂexible —

—

DISTURBANCE SPECTRUM

broadband

>
0 Frequency

12a



HOW MANY INDEPENDENT MOUNT AXES?

If opijst < OFjexs then a flexible body is rigid.

few axes, perhaps

.~ 6per machine

many axes




OVERVIEW OF ACTIVE APPROACHES FOR
| MACHINERY ISOLATION

Broadband / Semi-passive
Narrowband



ACTUATOR OPTIONS

———

METRY ACTUATOR REQUIREMENTS
ACTUATOR IN THE LOAD PATH:

&
C_mactine £
} passive =

} acive FREQUENCY

( vehicle )
z
jo4]
s
&
<
= —

[7¢]

8  FREQUENCY >

A AT LOAD PATH

FORCE
v

FREQUENCY

DISPLACEMENT
Y

FREQUENCY



BROADBAND/SEMI-PASSIVE

Variable viscous damping:

exteragcl = eaq

—— e,

|
N / ar at'e
K ar.f'ce
i

|

hydraulle
maunt

metal
Bushing ——e @ ;
fluld —— 4
reservair —

-— lud
‘nection

B

I
I
| ———— |

The Semi-Acuve Hydraujic Moun:

Figure 1a
l Enqine
Mount —ydr3y <
Bracket ‘ 0 I ' Mount
e Chossis
!
Figure 1b  Instaliation of a Hydraulic Mount

Graf & Shoureshi, 1987

(also much work on
vehicle suspensions)



BROADBAND/ACTIVE

Newport Corp EVIS Vibration Table (1988)

[
2
®
L] i
- ,
[ .
g i
e
0.1]
|
0.01 ] T T T S
0.01 0.1 1 10 100
Frequency (H2)
Figure :. - ... © cv EVIS of vibrations

from the suz:... .. the working surface as a
function of trequency.

Sperry Corp. FEAMIS Magnetic Isolation System

2 4 £. 085 passive

ISOLATOR

=02

- ° h
E -4
< PASSIVE
ISOLATOR
-2 WITh ACTIVE
H DAMPING
a DEAL
E 24 ISOLATOR
[ 4
-
w -
%0 4
FEaMIS
- w -
) v . + —
1 2 s 1 2 s 10
NOAMALIZED FREQUENCY

Fig. 5 Isolator Response Comparison

124
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Relative Magnituda, db
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L J

2

-

:

2
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20

Fig. 7

BR6ADBAND SINGLE AXIS FEEDBACK
(WATERS ET AL. (999)

Fq DISTURBANCE
4 FORCE
! DIESEL
1‘ ENGINE MACHINE z,
} [MPEDANCE ach
v, MACH INE
[ 1 maen (VELOCITY)
PASSIVE ACTUATOR
P v ACTIVE/PASSIVE MOUNT % -
;ééﬁiv%a ISOLATOR COmZENSA ; TON
- wALL OF WOR
1-BIAM WATER TANK
FSUN:ATION\
Sl E—':z:} . FORCE
CIC1-34% l
MOUNTS ! GAUGE
D_—l Vig (FOUNDAT;ON)
YT T YTy T — YTy FOUNDATION z YELOCITY
l IMPEDANCE td
y

0
ACCELERATION
0 b

THE DNOUNT FORCE SENSOR
IS A BETTER FEEDBACK
SENSOR THAN ACCERATION

b
FORCE
] ,L.A.J/
L A A 1 PN EFETreY 1. e h

1 10 1 1000
Leg Fresauency, M2

AR a2l LR AR YT Y 380 " : ' . — r .
MAGNITUDE - 270 s s
V\\__ ¢
[ 4 180 2
N « 3 s
e\ . %0 3 :
Sy PHASE § 3 w0
2 1 N _ 08 ¢ )
ARV ¢ : //1
o,
'.'!‘\ -t -80 é . ° —
! Pl
s ¥ -180
V\“ ':r' -10 ' 1 b L
ey Y 1 10
i e -270 Lo Freauency. 3
o
L dians L g 1 LY sl 360 . 10. Ratio of Transmitted Force into Foundation for Ac-

1 10 100 1000 10000

Log Freguency, HI tive/Passive Mount Relative to Passive Mount

. Open-Loop Frequency Response for Uncompensated System

BROADBAND FEEDBACK DOES NOT SELECTIVELY
ATTENURTE NARROWBAND DISTURBANCES



IMPEDANCE TNATCHED SEwWSoR JACTUATIRS

(ForR ROBUST BROADB AND
AcC TIVE TSOLATION )

corceE (2ErR0 I MPEDANCE)

Sensed( ‘prv(e

Cormmanded frce

Corce \
ac tuate 1
P ass (v
sprina
\_.;_ v
Fﬂcﬂ. “w“-t
Sa’msn /mol" -~

) v
fex. blob dgnamics

DisPLAcENeEVT (.TUF/,U:TE ImPED ANCE )

Acce(m.d/m

L

actuatn stmke

Flex

52
blob
accel.

-~ vaaké
dc'éua.'éo‘l /
Llex,
ja‘ola, / ‘-~J\7

-FILX‘ 5,0‘9 p(grlamc'cs




A PASSIVE NARROW BAND ISOLATION MOUNT

T f = sin(ot)

_____ .. [A tip-weighted beam |
- in bending ;

J
722777772

USE: VIBRATION ISOLATION MOUNTING OF A
HELICOPTER FLOOR

1d¢



NARROWBAND/ACTIVE

Basic principle: Provide compensator gain only at
(well-known) disturbance frequency. Avoid

destabilizing unmodelled dynamics.

DISTURBANCE
SPECTRUM
w
A
COMPENSATOR |
o
@
/'
ACTIVE MOUNT |
STIFFNESS W
»
@

MIMO implementation?

xh



CLASSIFICATION OF APPLICATIONS AND
ACCOMPLISHMENTS

Generic
Disturbance
mechanism Important
Responses
Adaptati}'
— Actuators

Sensors

Physical
System

Disturbance
Feedforward —’O—’

I Feedback —[




NAR ACTIV R YNTHESIS TECHNIQUE

tacho
(O 1/
control adaptive
C / filter

M
residual
sengor j:f //

Tuned Oscilator | |

(OY
’__h:%‘control G

residual
sensor

12 ¢



ARROWBAND/A

y

FUSELAGE -/

CONTROL SYSTEM

GUIDE LINKS

CABIN ISOLATOR
SEAT ISOLATOR

Al T T T T T TTTIC
o NO LOAD 3
~ 6 1201 LOAD (80,45 Xg) -
= # -
L - Allen & Calcaterra
(1972)
% ' . e Wat N
i - ) r 3
= D‘ :
i L 4 i
- . 1 B
é -
‘ = —
5
g‘ .
g ME - -
- 3
C i n
B ]
Qo | 1 1 {411} I} 1 {1 1]

I 10 100

FREQUENCY, Hz

Flgure 21: Vertical Transmissibiiity of Active Seat [solator in
1solate Mode Measured During Laboratory Tests



Vidbrating machine

Machinery raft

TiV

Acceleromataers

Cancaglling shakars

Anti-vibration mounts

Fig. 3.

Before cancellation

o

1 After cancellation
N /VA'
L &
~ &
] ) -
<
¢0 HZ= 3928 ]

Fig. 7. Sensor | autopower spectra.

. I 7

White & Cooper
(1984)



0
ENGINE g (“"
oene oy 4| doTHER visraTION,0R |
y TATIC AND DYNAMIQ |-44
ACTUATOR — hp JFORCES
(active mount)|& _SEATING
T ’ 3 3 .
esidual transducer o0 250 500
HZ
Fig. § The active engine mount prevents engine vibration 0
reaching the seating but ignores all other forces. It thus holds i (b)
the engine rigidly aligned. Any vibration from other parts of %

the structure which may be transmitted via the seating to the
mount (ie, the reverse direction) is treated dentically — itis |4
ignored and not cancelled. This is an essennal feature of any
active mount since cancellation would not be occurning at
“source” and would result in actual enhancement in other parts
of the structure,

-80

0 W7 250 500

Fig.& Typical periodic spectrum
from the active vibration cancel-
lation ng — (a) before cancellation,
(b) after cancellation.

EGHTESADI & CHAPLIN (1987)

17 ¢
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UNKNOWN PLANT PHASE

Compromise between performance and stability:

Possible root - loci (local):

(Collocated force sensor, piezo actuator)

Compromise;

Make compensator damping ratio equal to plant damping
ratio

(Limits theoretical active disturbance attenuation to 1/C)
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CRIGINAL PANE IS
Of POOR QUALITY

AN D

A STuDY . 0F ERROR SENSORS
INPIRTAMT AXES

r~ 0 _ .
l PAMArY cacnsuen h
(1 kg mass on Lang 403 shalter)
i piven dlewang prunary sicnition —~ ,\
} * 18 o W vanous pianes (rom = \ \
verucal ig hontomial - N / o~
secondary (ores scasessy v \ Y A .
E ? N o
2 38 "y L.
P 8 ? ! Y <
Ll .- vt -
S | X= Redueun i log g X g
~ X o X X =3
s lodusvenin lug O A
Q% Redusioa m Jg 3 ui}qmn.‘uuuul.. 5 - 2 g 3 N
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SUMMARY

Error sensors should be carefully selected

Colocated force transducers make good error sensors
Flanking paths may be important

Uncontrolled axes are flanking paths

Active isolation of oeriodic disturbances is ready for
widespread ':mFJewe-ntation:

Each application:
how many axes?
flanking paths?
actuators?
sensors?
plant dynamics?
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"EORECAST: (ACTIVE VIBRATION
ISOLATION

Active control of periodic noise (narrowband) is easy
and important

Active techniques will have major impact upon
narrowband fmukwg (solation when

- Design requirements prohibit soft mounts

- Performance demands justify cost and
maintenance

Broadband isolation will remain passive or quasi-
passive, particularly in presence of important plant
dynamics.

Clever  somser Jeactuador celehim  onables
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Let n(r,6,t)=f(r,0)+n4(r,6,t)

fis the function that describes the equilibrium free surface

For example the equilibrium fluid shape of Silicone Oil in a 3.1

cm cylindrical tank

Silicon Oik: 0-Gravity (Space)

Silicon Oil: 1-Gravity (Earth)
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Effect scales with the Bond number Bo

Space ‘Engineering Research Center
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MISMATCHED LQR DESIGN
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MISMATCHED LQR DESIGN
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RLQR DESIGN

0.02-

0.01+

AT W\N P

k=.875

0.02;

- 0.01
4»
> ONN\" [y
-0.01;‘

\

[

n:&.L

W |
J\MA\A}\/

~

10
Time

k=1.625

15

AP g

~

10

Time

15

220

-0.01%+
| |
-0.02¢ -0.02!
0 5 10 15 20 0 5
Time
0.02: k=1.23 0.02
0.01+ . 0.01F
A
> OF-L.«/ N\’\ w'\ \f"’\}‘ﬁ {\Vv—\.\ AW\] ~ 0
001+ 001
-0.02¢ 1 -0.02% .
0 5 10 15 20 0 5
Time
0.02. ka2
001~ 2

YA PPN '
~ 0 *w""\v," n,_ L -
o RS W“J\

-0.01+

;
i

-0.02¢
0

Time

10
Time

15



Magnitude

Magnitude

10!

100

7T Ty O SR R R A LLS
4
il

10 3
102k — Mismatched LQR B
E ¥ -— RLQR, gamma=| 3

-+ RLQR, gamma=.5 ]

10-3 ‘ .

O .
10! 10° 10!

=
-~

Frequency (rad/s)

10! ~ — " - ——r : — ——rg”
F 3

&

C # ]

L + 4
100 - - l‘ .

1

107! — Mismatched LQR
—- RLQR, gammax=]
<~ RLQR, gamma=.5

TV TT700T

—
1

10-2 N i N ca R
101 100 10! 102

Frequency (rad/s)



THREE-MASSES, TWO UNCERTAIN SPRINGS
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PERFORMANCE COMPARISONS:
RLQR (LEFT) VS MISMATCHED LQR (RIGHT)
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RLQR TRANSIENTS: 2-SPRING SYSTEM
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MISMATCHED LQR TRANSIENTS: 2-SPRING
SYSTEM
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