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HIGHLIGHTS OF NUMERICAL SIMULATION RESULTS

F8a8a: BPB SLEW EXCITATION /Gooo L-f* ”54%,8‘0”//4 m%
FAB168: ACTIVE DAMPING AFTER EXCITATION S Agfoee pats fom

Fai16e6: ACTIVE STIFFENING DURING EXCITATION
Fz21006.: ACTIVE DAMPING & STIFFENING

DURING EXCITATION
F3100: SAME

Fa11a: ACTIVE DAMPING & STIFFENING
DURING AND AFTER EXCITATION

FZ11e@: SAME

F3118: SAME

F125: BB S7emy EXciTATION ;0,000 L§-ft om Shuttle

25 L& om &MM
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LINE-OF-SIGHT ERROR--GENERAL UECTOR EXPRESSION

—

O FR = RAY OF EMISSION = Rp -Rp

—

F’'R = REFLECTED RAY = LOS VECTOR = Rypgs

0 RF’ = FR +2RFR SINCE

FR +RF’ = FF FR +RR = FR ; FF’ = 2FR
0 RR* = (RF . Rq)Rn = -(FR . RyORp
0 IN UN-NORMALIZED FORM:

RLos = RF’= RR -Ry ~2[(RR -Rp) . Ra]Rg

0 TRANSFORMING TO INERTIAL FRAME,
FORMING CROSS-PRODUCT WITH TﬁRGET DIRECTION

| Dy x TiRLos] |

||°ﬁ||||T1“L08||'31“ °Los

[[Bros||-[sin e o]
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LINE-OF-SI1IGHT ERROR- -

GENERAL MATRIX EXPRESSION

Rax
Ra '
0 Rq =| Y IN REFLECTOR’S BODY AXES
RﬂzJ
[18. 75 3.75 15 ]
| -3z2.8 8 | -32.5
© RR -Rp = | " 00| - 8 © | -13e
Rﬁx~
T .. Ray
© C(RR -RF)" Ry = 15 -32.5 -13¢]
A RQZJ

= 15Rax —32.5R99 -1368Rq.,

15 Rax
-32.5 Ray
RlL.os - 130 - 2C15Rq, —32.5Rgg ~138Ra) Ra o
~2(15Rax -32.5Ry,, “138Raz)Ra, +15
~2(15Rax -32.5Rg,, ~138Ra, )R, -32.5
T | -2(15R4, ~32.5Ray -138Ra.)R4. -138
(2 |8 -1 @
, g | 1 8 @
©oobr o= [?Tﬂ “|lea 8 8
CTI1RLOS ) ~(T1RLOS)y
(T1RLog)y (T1RLOS) %
[T1RLos]= (T1RLOg), | By x 11RL03J= a

‘. 2 2
[ IDpx TiRLos|| = \/[(TI.RLOS)x] + [(T1RLos) )
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MORE ON LOS ERROR EXPRESSION --

INCLUSION OF MAST BENDING AND TORSION
T

Rp -Rp = Rt - T1 T‘l RB —RF
WHERE
" BENDx
BEND
RT = e
-Vv/1382 - BENDxZ -BENDyZ
18.75 3.75
-32.5 a
Rp = 8 R = 8
BENDx =ux(4) —ux(l) BENDy =ug(4) —uy(l)
LOSyx = -(T; Rpsgly = “TyeyRLoOS

- [ZT4HZT4XZ’ _1+2T492’ —2T492qu?J T1 [RT —Rﬁ]
+ T4r9 Rp
LOSy = (T3 Ryog)x = Ty, Rros
) [1“2T§xz’ —2T4sz4QZ' n2T4sz423] T1 [RT i Rh]

4y x
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DYNAMICS:

dz X d)(
atz 't D FE o+ Kx = ¢

FORCE CTORQUE) ACTUATORS AND VELOCITY SENSORS:
f = Bp u

- dx
L T

MORMAL MoODAL REPRESENTATI ON X =3 n

dz d
Lo .

FTE: de Y & n = 5T B u

WHERE
? DInGEwi{] =3T k3
A =3T pg

CONTROL LawW FOR CONSTANT-GAIN
VELOCITY-OUTPUT FEEDBACK :

‘.l=‘l.19

FULL-ORDER CLOSED-Loop SYSTEM EQUATION:

A2 dy

atz * (A + 3T Bp g ¢, 3) ac t g =
~ ~" -~
A*
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MODAL-DASHPOT APPROACH

DESIGN TO ACHIEUE INDEPENDENT
DAMPING AUGMENTATION FOR EACH MODE IN A
REDUCED—ORDER HfODEL

LET &; BE DAMPING RATIO DESIRED OF MODELED MODE i

SET 3T Br G G, 3y = DIAG 28 juwi ]
v——'\/\/ \/\Sf*‘:
AH <

THEN SOLVE FOR FEEDBACK GAIN MATRIX @,

G = @MT Bpot DIﬁG[ZCiwi] (C, apt
| 5
USING THE PSEUDO-IMNUERSES ( )f DEFINED as FOLLOWS

@Ml Bp)t = (aqT Bp)T I_(QnT BF) (3pnT Bp)'l‘]-l

(G, 3ppt [o:cv :sn)’l‘ (C, Qn)]“ C, T

? NEVER DESTABILIZE LARGE FLEXIBLE SPACE STRUCTURES
WHEN THE ACTUATORS ARE CO-LOCATED WITH THE SENSORS

€@ WITHIN THE REDUCED-ORDER DESIGN MODEL, ANY AMOUNT
OF DAMPING DESIRED CAN BE ADDED TO ANY MODE EXACTLY
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NUMERICAL ANALYSIS OF UIBRATION MODES

1. LOS ERROR DUE TO UNIT INITIAL MODAL DISPLACEMENT

MODE 1 2 3 4 5 6 ? 8 9 14

PEAK .37 .53 .54 .93 1.3 .14 .51 .@82 .18 .@3
====> 5, 4, 3, 2, 7, 1, 9, 6, 18, 8

Z. MODAL DISPLACEMENT DUE TO RAPID POINTING SLEW
MODE 1 - 2 3 4 5
PEAK 21.6 683 41.2 13.7 8.49

WHICH MODES REALLY REQUIRE ACTIUE CONTROL?
NEED AN ALTERNATIUE AND MORE INDICATIVE MEASURE tt°?
2. LOS ERROR SOLELY DUE TO EACH MODE EXCITED
BY THE SLEW
MODE 1 2 3 4 5
PEAK 3.26 88.6(?) 9.57 6.53 8.33

====> 2, 3, 1, 4 (OR 4, 1), 5, 7, 6,
A SOUND MEASURE OF THE SIGNIFICANCE OF EACH MODE:

INPUT (SLEW EXCITATION) AND OUTPUT (LOS ERROR)
DULY COMBINED

274




5.37E-81 a ' )

’,§ /"‘fg -~

\ / \ Y

T ! {

% /
{
\

%/ W

A
W / f\
’ !
gg/f 3( YARY

\-’I \ P

7.45E-82 L& 1,.\_;// _ i

LOS ERROR (DEG) DUE SOLELY TO MODE 3  RuM TINE= 4.892 pf9az.6

\
\\
7A£;TZ::::=="‘""
“'*-\.
e
—
I~ -~ ———
“\\
———
e

LCOPY
1.29E+98 .
_ ﬁ ,.f

f,/!4 f L ’( }}f ;/ L\,x\ J.f/ JK\"
// / | ‘\[\ // j i"‘/ | \\/ yl \\V at{‘\

¢.B6E-83 !
LOS ERROR (DEG) DUE SOLELY TO MODE 5  RUN TINE: 4. 892 pfYz.6bna

Lroey




 5.1BE-81

/ /,f’/ ;f

qu,
6.35E-85 t°

;!

/

/ /\ \/\N,

\/

!
Al

WV,

/

. { |

|

|

|

Al

LA

ﬁ/ //

|
M

LOS ERROR ébEG) DUE SOLELY TO MODE 8  RUN TINE: 4.892 pf9az.6na

{
l
| |
i
ooV
f

LCOPY
1.88E-81

// //

|

|

|

|

/
|

f\

|

V

If\

|

Ai
1.98E-84 '\'\/l \V / 1\/\'\/ \L/\/ﬂ\f AV AVAVAV YV S

LOS ERROR (DEG) DUE SOLELY TO MODE 18 RUN TIME: 4.892 ¢f9az.6ma

 COPY

276




-5.98E+82

-1.23E+81

6.83E+82

ETA3 RUN TIME - 4.892 pf@668.6na

]
1
l ]
1
!
\
] “ ‘_/\. Pdin
"*{“t& .. A P — 4 .—c\
- - W) W -
'\Jl

ETAS RUN TIME - 4.892 pfBBAB.6na

277



wn— T —_— e
lﬂ..ﬂrl.”all‘l\l AL o A\W ...\I —_— —
- R Te— Nl
- = " o
e \GMU T~ -—T l\.“.\v
e 2 < Tt~ T
e —e— R, . ~— hm”l
.. T e
-<Z 3 q Aul
[ mv o~ !wl{lv
0 W P s
% .nuullllw.ﬂllln,l
3 | ——
[ —amay > "I S H.’”}.{ll.ll(“lr
———r> ——=%
[ L = - P ——— —1
— K
by, (m—— -
e W...v M .|-|\IIN||I ——
foly pm - o Iﬂ(/lJ-/
= : SR
S N— B =
= =
| x [ g v
& IS a. tlﬂ”\lll“
d ———
2 o o
Il?“ (='=] .
- N L T
;lll,r,., - \MlVIlll!lﬂlollf
7> Ie—— . " |\n\l||\.ﬂ|}.
o ﬁ{'fVlV
S ] T m— <> ]
= R = ~—
s — — -zllllﬂﬂlllf.’l
— I S E——
p
.ll/llllllll : lhllllllll — \.\ !!lfllcl.
- o ———— =3 lljl ————
< ——
—_ ~
e Illflfll'!lnll [= = w D
>— (9% ] (9% ]
s 3 &
(45 ] (4% ] €23
w D= =} (]
O ml N (= <]
- 2] o -
1 - i

278

ETR1B RUN TIME - 4.892 ,£860.6na




B.86E+B1

3.55E-85

LOS ERROR (DEG) DUE SOLELY TU HUBE' 3

LCOPY
6.53E+88

A

y
|
-
||
-
F
o

l

|

|

{

RUN TINE- 4 892 pfB888. 6na

355805 L M v %Qrégéuﬁ;i__é_“
LOS ERROR (DEG) DUE SOLELY T0 MODE 5  RUN TINE- 4.8 ofa8E8 6o
LCOPY

277



T.67E-82 |

%

2. 76E-85 Lase

L0
LCOPY
4.36E-83
f |
f .’! i
,! /z
JiLTE—
PV o
/ | \/ \/\M 1 /\/ \
C-FOE-B) uAas T Ann n RI]FJT-[LEV:;;;#;BBBB.Eina

LOS ERROR (DEG) DUE SOLELY TO MODE 18

280

feone




ActuaTor/Sensor INFLUENCE on FirsT 10 Mopes

Moe Act.1-3 Mope AcT. 4-6  Mope Act, 7 -8 Moo Act,9-12
2 0.30019%1E-02 5 0,3648718%-01 2 0.14311218£+01 2 0,107114026+00
4 0.412203086-03 4 025172627601 1 0.14061384E+0] 1 0.10338868+00
1 0.40146321E-03 3 0,1599946%-01 3 0,81986851E+00 3 0.10171293‘6@
3 0.1918436%-03 2 0,155958006-01 4 0.39743480E+00 4 0,69439910F-01
5 0.111864746-03 7 0,1471143€-01 7 0.30395976E+00 9 0,683737626-01
6 0.6988178%-04 1 0,1303716%-01 9 0.25503686E+00 8 0,67025743-01
7 0.36829457E-04 9 0,57048u16602 6 0.218527422+00 5 0,631915186-01
8 0.2626153%2-04 6 03413947102 8 0.14623879%+00 10 0,46103600E-01
9 0.15072107E-04 8 0,12352261F-02 10 0.1080153%+0 6 0,39935/7%-01
10 0.13497747E-04 10 0.6363701%-03 & 0.743995906-01 7 -0,322639126-01
Moe Sen. 1 -3  Mope Sen. 4 -6 Moo Sen, 7 - 8 Mobe Sen, 9 - 12
2 0,28690067E-03 5 0.34890966E-02 2 0,1346685%6E+00 2 0,10711402E+00
4 0.39390128-04 3 0,3238774&-02 1 0.127369456+00 1 0.10338368+00
1 0.39113598&'-04 4 0,2405507%-02 3 0.1240785X+00 3 0.1017129%+00
3 0.1894078%—04 2 0.1534685%-02 4 0,38158901E-01 4 0,634399106-01
5 0.1068984%E-04 7 0,1487914&-02 7 0.3679359%-01 9 0.68373762E?01
o 0.06/79044E-05 1 0.13553135%X-02 9 0.30879460E-01 8 0.67025743-01 - -
7 0.35194691E-05 9 0,679112806-03 6 0.2083207%E-01 5 0,63191518-01
8 0.25095521E-05 6 0.3262409%-03 8 0,14005536E-0] 10  0.46103600E-01
9 0.1440293%-05 8 0,11804001E-03 10 0.10299906E-01 6 0.39935779%-01
10 0.12898448F-05 0.60812166E-04 5 0.907372126-02

10

7 0.3226391%-01
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MODAL-DASHPOT HMD.1

PART 1: LINEAR UVELOCITY FEEDBACK GAIN GLUR

2 FORCE ACTUATOR ON REFLECTORS
—=> U7z (X AXIS): Ug (¥ AXIS)
¢ LINEAR VELOCITY SENSORS AT REFLECTOR END
“=> Y15 (X AXIS): ¥Y4g (Y AXIS)
2 "MODELED MODES' FOR DAMPING AUGMENTATION
MODE 1: 87 = 2 X 68 u wy = 2.8964
-=> TIME CONSTANT= 8.95 SEC
MODE 2: &5 = 2X 67 wy = 2.6389

-—> TIME CONSTANT= 8. 76 SEC

PéRT Z: ANGULAR UELOCITY FEEDBACK GAIN GAUR

3 TORQUE ACTUATORS ON REFLECTOR
-=2> Ug (X AXIS): Ug (Y AXIS): Ueg (Z AXIS)
3 ANGULAR VELOCITY SENSORS AT REFLECTOR END
-T2 Y19 (X AXIS): Y11 (Y AXIS): Y12 (Z aAXISs)
3 "HQDELED MODES' FOR DAMPING AUGMENTATION
MODE 3: 63 = 2 X 3 2 w3 = 8.3865

-—2> TIME CONSTANT:= 6.53 SEC
= 2Z2X 3z‘w4 = 8.44708

»
4
> TIME CONSTANT= 4.47 SEC
5§ = 2X 3% wg = @.7742

-—2> TIME CONSTANT= 2.58 SEC
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» dzx dl + K -— P
DYNAMICS: M3tz * D 33 x =

FORCE (TORQUE) ACTUATORS AND DISPLACEMENT SENSORS:

dx
dt

f = BfF u Yy = Cp

CONTROL LAW FOR DISPLHCEHENT—OUTPUT FEEDBACK:
w = - Gp y
FULL-ORDER CLOSED-LOOP SYSTEM EQUATION:

42 y dny T A
dtz *t A at ¥ ¥+ 3" Bp @ Cp 83) vy = 8

MODAL-SPRING APPROACH

DESIGN ToO AUGMENT STIFFNESS To EACH MODE
OF A REDUCED-ORDER MODEL

LET WiNEw BE DESIRED FREQUENCY FOR MODELED MODE i

c o T _ 2 2

SET 84 BF G Co oM = DIAGE”iNEN wi]
= DI f-‘tG[cri]

THEN SOLUE FOR FEEDRACK GAIN MATRIX @,

G = (3,7 Bp)T DInG[ai] (Cp pt
USING THE PSEUDO-INUERSES ¢ »t DEFINED AS FOLLOWS

(§,’.‘; Bpot = (g} BpT [(5;'1’ BF) (3.} BF')T]_‘
(Cp appT = [(CD spOT (g oFS QN)]“ «Ccp én)T

283
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PRE-DESIGN ANALYSES -- MODAL SPRINGS

PLACEMENT OF 2-AXIS PROOF-MASS ACTUATORS

1 AT REFLECTOR END
' -— PEAK OF MODES 1, 2, 3

1 AT 92FT FROM SHUTTLE (78.77v LENGTH)
-—- PEAK OF HMODE 4

FFT ANMALYSIS OF BPB SLEW PISTURBANCE
==> SHFIT MODES 2 & 3 UP AND AWAY t*t¢
AVOID CONTROL SPILLOUVER TO MODE 1 ¢
IGNORE MODE 4
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MODAL-SPRING MS.1

LINEAR DISPLACEMENT FEEDBACK GAILN GLDM

2

=
Qe J

<2-AXIS PROOF-MASS ACTUATORS ON MAST:

1 AT REFLECTOR END

=2 Ug (X AXIS); Ugg (Y axIS)

1 AT 92 FT FROM SHUTTLE (7?8.77x LENGTH)

=2 Ugg (X AXIS); Uy (Y AXIS)

LINEAR DISPLACEMENT SENSORS ON MAST:

-—-> Y13,

Y14,

""MODELED

MODE 1: *

MODE 2: oX*

MODE 3: 8%

o1

Lo

CO-LOCATED WITH PROOF-MASS ACTUATORS
Y17 (X AXIS):

Y18 (Y aAaXISs)

MODES' FOR STIFFNESS AUGMENTATI ON

a

(2w X B8.7)2 -(2n X 8.3136)2
15. 4627
(Z2n X 8.85)2 -(2n X B8.812)>2

2.4290
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-

MODAL-DASHPOT m™MbD.2

LINEAR VELOCITY FEEDBACK GAIN GLumM
2 2-AX1IS PROOF-MASS ACTUATORS ON MAST:
1 AT REFLECTOR END
~=2 Ug (X axXIS); Ugg (¥ aAXIS) |
1 AT 92 FT FROM SHUTTLE (78.77 LENGTH)
-=2> Ug1q (X AXIS): Uiz (Y AXIS)
4 LiNEﬁR UVELOCITY SENSORS ON MAST:
CO-LOCATED WITH PROOF-MASS ACTUATORS
=2 ¥15, Y19 (X AXIS):
Y16, Y28 (Y AXIS)
2 '"MODELED MODES' FOR DAMPING AUGMENTATION
MODE 1: 6? = 2 X 2.7 © wy = 8.8943

MODE 2: 63

ZX 2.77 w2(NEW) = 8.2375

MODE 3: s = 2 X 2.7 ©~ w3z = 0.2758

Wk
|

MODAL-DASHPOT HMD.3

PART 1: LINEAR UELOCITY FEEDBACK GAIN GLUM
PART 2: ANGULAR VELOCITY FEEDBACK GAIN GAUR
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CONCLUSIONS

GENERAL: |
@ MODAL-DASHPOT aND MODAL-SPRING CONTROLLERS

PROVIDE QUICK AND EFFECTIVE UIBRATION CONTROL
-— EUVEN EXCITED BY MOST VUIOLENT, BANG-BANG TYPE

® HIGH-GAIN PROBLEMS CAﬂ BE AUOIDED BRY
PROPER SELECTION OF ‘'MODELED MODES'' aND
PROPER LEVEL OF AUGMENTATION _

@ MODAL DASHPOTS AND MODAL SPRINGS MOST EFFECTIVE
DUDRING THE INITIAL PERIOD OF LARGE UIBRATIONS
-— HNEED LQG/LTR HIGH-PERFORMANCE CONTROLLERS FOR
PRECISION POINTING/STABILIZATION LATER '

® LOS ERROR DUE SOLELY TO EACH MODE EXCITED BY THE
DISTURBANCE PROUIDES na SOUND MEASURE OF IMPORTANCE
OF INDIVIDUAL MODES

-- CORRECT'SELECTION OF MODES TO CONTROL
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(Fea1e vus Fooagm

-— MAY REQUIRE LARGE CONTROL FORCES AND MOMENTS
AND NOT BE UERY PRECISE

-~ BUT ARE FAST AND EFFECTIVE

USING MODAL SPRINGS DURING EXCITATION PREVENTED
EXCESSIVE LoS JITTER AND MAST BENDING
(FB8188 US Fregea)

APPROPRIATE USE OF MODAL DASHPOTS AND SPRINGS
BOTH DURING aND AFTER EXCITATION SUPPRESSED
LOS JITTER AND MAST BENDING
EFFECTIVELY AND QUICKLY
(FB118, F2118 & F3118 US Fasea)

MORE ACTIVE DAMPING SURING EXCITATION
MAY NOT BE BETTER, HOWEUER
(F3118 vus Fz21109)
-~ MAY REQUIRE MORE CONTROL FORCES AND MOMENTS,
SUPPRESS LESS LOS JITTER, LESS MAST BENDING
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ISSUES MEEDED TO BE ADDRESSED:

COUPLING OF RIGID-BODY DYNAMICS

INTEGRATED DESIGN WITH LAG/LTR FOR HIGH PRECISION
- MODAL DASHPOTS AND SPRINGS AS INNER Loop

TOTAL TIME FOR THE REQUIRED ACCURACY
[N LOS POINTING AND STABILIZATION

EULUATION ON THE LABORATORY APPARATUS
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