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FOREWORD

This final report is submitted in accordance with the require-
ments of NASA-GSFC, Contract No. NAS8-30889. The report includes:

Volume I - Evaluation of Alternate Telescope Pointing Schemes
Volume II - Suspended Pallet Pointing Performance Study

Volume ITI - Retention/Suspension Systems, Pallet Common Module
Configuration Study

Volume IV - Summary Volume
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1. INTROBUCTION

With the maturation of the space shuttle concept of a reusable
launch vehicle for earth orbiral missions, twoe divergent modes of
operation have been defined. One mode invelves the use ef the shut-
tle as a legistics vehicle placing free flying experiment packages
in orbit and replacing, repairing or servicing existing packages.

In addition it will perform a ecrucial role as a manned experiment
base, remaining in eartk orbit from 7 to 30 days performing varieus
experiments with equipment mounted in the payload bay.

Current assessments of the exi 2riments proposed for operation
in low earth erbit in cenjunction with a manned vehicle indicate
that nearly 45 percent of the pPayleads require poeinting acecuracy
greater than that afforded by the orbiter capability using the
Reactien Control System (RCS). It is therefore apparent that a
second level of control or alternately, an Instrument Pointing
System (IPS), is required to meet the precise peinting accuracies
required by a substantial percentage of experiments that can fly
on the orbiter.

There are presently three concepts that have been propesed
fer the Instrument Pointing System. They are the Inside-Out Gim-
bal (IOG) system proposed by the European Spacelab praject, the
Standard Experiment Pointing Base (SEPB), and the Floated Pallet.
The latter two concepts were developed by Marshall Space Flight
Center (MSFC) personnel. The purpese ef this portien of the study
is to evaluate the operatien of these three coneepts and teo deter—
mine the relative advantages and disadvantages of the three proposed
Instrument Peinting Systems. Of particular interest was the effect
ef structural flexibility on the performance of each of the proposed
concepts, The appreach taken in evaluating these effects was te
assure a rigid struecture for determining the contrel loop bandwidths
and ether system parameters (i.e., suspension characteristies, sen=
sor characteristics, etc.) required to meet a peinting stability
performance of +1 §et for all of the propesed systems in the pre-
sence of crew motion disturbances. Crew motien disturbances are
Projected to be the most severe disturbance presented to the IPS.
Once these parameters were identified, structural flexibility was
ifnserted and its effect on overall system stability and performance
was determined for each of the proposed concepts,

This volume (one of four) describes the results and the conclu-
sions cbtained during this pertion eof the study. The computer models
used are presented in great detall in order to make the reader aware
of the assumptions made and the implied limitatiens of the results
obtained and described in this volume.
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2. MODEL DESCRIPTION

Two medes of Instrument Pointing System operation were investi-—
gated from the standpoeint of stability and performance. These were
the peinting and slewing modes. TIn order to investipate these two
modes of system operation twe mathematical models were defined, one
for use in system peinting performance evaluatiens, the other to be
used to determine the slewing capability and performance of the IO(,

The mathematical medel employed for the determination of system
pointing performance is linear consisting of six bodies. These bodies
are distributed in the fellowing manner: one body represents the
orbiter; two bodies represent the pallet; one body represents a gim-
bal base or pedestal; one bedy represents the inner gimbal er inertial
gimbal of a preposed gimballing system; ene body represents the tele-
Scope or instrument to be peinted. Features of this model inelude
the follewing:

a. Six degree of freedem suspension dynamics between pallet
and orbiter.

b. Pallet flexibility.

¢. S8ix degree of freedom suspension dynamics between che
pallet and the gimbal pedestal. '

d. Gimbal and telescope interface flexdbility.
e. BSensox and actuater dynamics.
By proper initialization this model cam be made to represent

any of the three (i.e., I0OG, SEPB, or Floated Pallet) IPS evalu-
ated during the course of this study. A schematic representation

of the linear peinting performance model is shown in figure 2-1,

The slewing medel is nenlinear and consists of three bodies,
One body represents the orbiter and pallet, the secend represents
the gimbal pedestal, and the third represents the telescope inner
gimbal plus instrument, Features of this model ineclude the fol-
lowing:

a. TFull strapdown equatiens of motiem for the teleseope.
b. Nonlinear Euler terms due to telescepe motion.

€. 8ix degree of freedom suspension dynamics between pallet
and gimbal pedestal.

1o
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d. Quaternion type slew command logic.
€. GSensor and actuater dynamics,

A schematic representation of the slewing medel is shown in fipure
2-2,

In the paragraphs that follow the mathematical derivation of
both the pointing performance and slewing models will be outlined.

2.1 Linear Pointing Performance Model

2,11 Translational Equatiens of Motion =~ Referring to figure
2-3 the following translational equatiens of motion can be written
for the six bedies depicted,

Frete1amPy (1)
FZe_Fc12+Fc.23qn2ﬁ2 (2)
Py F et 347myB, (3)

F4e"Fc34+FH=m454 | (%)
F 5o Pyt =mD 5 (5)
Foe 1™ mgPy (6)

where:

F:e(j=l,...;6) = external forces applied te bodies 1 thru
4 6 respectively

o1z feay T, = gomitance fosces betveen bdies 1 and 2
FH = hinge force between bodies 4 and 5
FI = interface force between bodies 5 and 6
;mﬁ(j=l,...,6)-: mass . of bodies 1 thru 6

P.(j=1,...,6) = distance from origin of arbitrary inertial
] coordinate frame te center of mass of
bedies 1 thru 6




In addition the following equation applies

6
Yk, o, @
where: 6

M= Z m, (8)

and
po = distance from origin of arbitrary inertial coordinate
frame to the composite center of mass of the system shown

in figure 2-3.

Examination of figure 2-3 allows the following geometrical
relationship to be written for the six bodies depicted.

pj=po+Rj Jj=l,...,6 (9

where:

Rj = distance from composite center of mass to the center
of mass of bodies 1 thru 6 '

Additienally from geometric considerations

B,=R 4R, , b (10)

Ry=R R, obe) R, 5 be o - an

Ry R MRy 90%€ 10 Ry 301805 R 340 5, 2y
R5=R1+R12 0+512+R2 3 0+s:2 3+R3 4 0+e3 4+r1+r2 j(13)

R =R +R., +€. +R, . +E. +R, +€. +r.+r +r tr (14)

6 "1 7120 712772307 723340 34 1 T2 %3 Ty,

From the definition of the system composite CM the following
results

6

N ' m.R.=0 1
> s
o

S

I e,



where:
RlZO = inertially fixed vector directed from the CM of body
1 to body 2 when the system is in an unstressed state
R230 = inertially fixed vector directed from the CM of body
2 to the CM of body 3 when the system is 1in an un-
stressed state
R340 = inertially fixed vector directed from the CM of body
3 to the CH of body 4 when the system is in an un-
stressed state
612 = relative linear displacement between bodies 1 and 2
measured with respect to Rl20
E,, = relative linear displacement between bodies 2 and 3
23 -
measured with respect to I
230
€34 = relative linear displacement between bodies 3 and 4

measured with respect to R340

Substituting equations (10) thru (13) into equation (15)
keeping in mind the R120’ R230, and Rjéo,are inerrially fixed

vectors yields the following

w1 . . L
b= E“‘z*‘“a*’“zﬁ“‘s‘*‘me) Erat(mytmtmgdm OE,) ok (m +motm ) E,
+(m5+m6)(rl+r2)+m6(r3+r%ﬂ (16)

Substituting equations (10) thru (13) in conjunction with
equation (16) into equation (9) gives
6
e 1 . L1 L1] ..
P~ u ZF_'] e E““z*’“s*“‘a*ms*’“e) 1ot mgtm mgtme) €y s+ (myimoim E,
)
+(m5+m6) (r_.'_-i-r‘,’._,)+m6 (r3+r43} _ . ‘ Qa7

6
Po= ¥ ZFjemlﬁlz (mytm tmgimg )€, 3= (my tmgtm )~ (motmg ) (F+F,)
=1

“mg (‘1-53+1: B ' | (18)
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3 ey

6
. 1 . b
P3= i ZFJ' M1 €19+ (mytmy) €y 3= Cnytm

=1
-mg (r3+r4)

>

1
M J
j=1

=H
bl

1712

~m (5.:3+'1:4)

e

~m, (r3+r4)

6
w1 " .
Be= 5 ZFje-Hnlslz+(ml+mz) £, 5+ (nym
j=1

+(m1+1112-+m3+m4+n15) (r3+r4)

5+m6)£34- (m5+m6) (rl+r
F. mE +(ml+m2)é23+(ml+m

6
{ Fj eﬁnlE:lz-{-(ml'hnz) E23+(ml+m
3=1

2)

(19)

2TMg) €= (matme ) (£, +E,)

(20)

gty €yt (mytmy b dm, ) (F 45,)

(21)

2-!1n3)534+(m1+m +m +m.-)(rl+r2)

2 7374

(22)

Substitution of equation (22) into equation (6) yields

— 1 .
=% {(mf’“zmsma*’“s VP g (F) +F, +F; +F, +F 5g) "M MgE 5 =me (my+m

I {m,+m,+m )834—m6(m1-hnz+m +m, } (T

17273 37

Substitution of equations (21) and (23) into equation (5) results

in

= _1_ E - - - - - "
iy M{“‘lﬁ“z*“‘a*’%)(%ewee) (n5+mg) (F) ¥F ) o ¥F gy o) -y (mstm ) E,

= (mytmy) (gt ) & o= (myHmytmy ) (mg

“mg (mytmytmtm, ) (F,47, )}

2-5

+m

67 €34~ (mytmy

(24)

27523

1+E2)-m6(ml-hn2ﬁn341n4'*‘m5)(.334"1:4} (23)
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It now becomes necessary to specify the compliance forces that
act on the various bodies which will then result in the complete
specification of the linear equations of motlon of the six body
system shown in figure 2-3,

The compliance force between bodies 1 and 2 can be written

as
A CE ) LR R L RRE
+K12'r; 2+ Bgo Bgo) B53-F ;io] Y RSP [12+(B 420) (Bﬁ“sﬁoﬂ
D¢ E‘u“’éig Bﬁ]wu Lu*ﬁlz 1?*”12'[12*‘312 lﬂ
Dy r’;:12“33 B4 (25)
where:

Bti(k=l,-..,4) = distance from CM of body 1 to the k°! lumped
spring damper between bodies 1l and 2 on the

body 1 side of the k spring damper system.
This vector is fixed in body 1.

distance from CM of body 2 to the K" th lumped
spring damper between bodies 1 and 2 on the

2,
Bkz(k—l,...,ﬁ)

body 2 side of the k th spring damper system.
This vector is fixed in body 2.

Biio(k=l,-.-,4) = value of Bii when system is unstressed.
Broo (=1, . 0 ,4) = value of 832 4y tem is unstressed
k20T Ls ey vaiue oi Tp When system is unstressed,

K12 = spring constant between bodies 1 and 2,

D12 = damping constant of spring damper Detween
bodies 1 and 2.

The damping and spring constants are defined as diagonal
matrices in the following manner




Kyp=diag E{12x;K12y;K12J 27N
D, ,=diag E)IZx;Dl2y;Dl?.z] (28)

For small angular rotations of bodies 1 and 2 the following

relatiens apply

In additien

8

where:

E20

12,
e‘kzg(k—l, . ,4)

H

Equatien (25) can

12,12 12

Be™Ba0t 1P (29)
Bligfﬁllciowz"ﬁigo (36)
By, (1)
'ég:wzxgigo (32)
iio=R120+RE20*“i§-o (33)
12 12 . (38

B 20" Re201 %00

= inertial vector equal to the distance from CM

of body 2 to center of elasticity of spring
damper system between bodies 1 and 2 when the
system is unstressed

inertial vector equal to the distance from the -
center of elastiecity of the spring damper sys-
tem between bodies 1 and 2 te the kth spring
damper of that system .

alse be written as

4
Fe1s” Z Fe12i RS
k=l




where:

_ 12_12 . 12 .12 eoa12 s12
Fer™®12 Elz"’(ﬁkz"skzo)“(Bkl"sklozl *D10° S22 ékl] (36)

Substituting equations (29) thru (34) into equation (36) and
rearranging terms yields

12
FoioF1o E:12+(62‘91)XRE20’61"R120+(02“91)mkzoj

- | . 12 -
TN E12+(‘”z"’“‘1) XRpo gty wdxa o0 ‘”1"R120] (37)

Substituting equatien (37) into equation (35) and performing
the indicated summations yields .

4
- W06 0 ven _ = 12 )
Fe127¥pp E”ﬁz*‘“% 01937481 3R 55 +(8,=0, )x Z k20 |
| =1

4 -

PR P £ _ : o " 12 .

+D12 [}812+4‘w2 1)xREZO AwlxR12@+(w2 wl)x . akZOJ {(38)
k=1

However, by the definitien of center of elasticity

4

W 12 _
Z ok2 =0 (39)
k=1

Thereforea

VT 'Elz’r(ez"-el) "Razze‘el"Rlzo]

‘ -l':ll»’Dlz - .E-:lz-r}'-(wz-iu_)l)}{REZ@—wllez'ﬁJ (40)

_ Using the same procedure és cutlined above the compliance forces
between bedies 2 and 3 and 3. and 4 ean be written as ’

%
Fopy™ Z F .23k | (41)
k=1~
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Fo23Ks Ea23+(83-92> ¥Rp3070%Ry 37 (84-6,) "O‘katﬂ

23

: 23 -
*Dyq E23+'(“’3'“’2)XRE30+ (wy=uy) X“k3o‘“’2xR23fa (42)

Fog3™0K, 4 E‘zoﬂes‘ez)’m}zso‘ezﬂmcﬂ

+4D23- [923+(m3-w2_)xRE30-m2xR23§ (43)
4
Feas™ Z F 34k (44)
=1

L ) . o34 )
Fo34cKgy E34+(84 O3)3Rg 07033y, 0+ (8, 83)xak4tﬂ

- ) 3%

34 -E‘sf(“’a R TOMEALIVEC A ““‘3"%4@] (45)

Fo34™Kgy" Eg34+(84“93)xRE40*93"R34(ﬂ

+4D34'[%34+(w4—w3)XRE40_w3xR34§] : (46)
where: ' o '
K23 = gpring constant of spring damper system -
between bodies 2 and 3
D23 = damping constant of spring damper system
- between bodies 2 and 3
K34 = spring constant of spring damper system
' between bedies 3 and 4
-D34 = damping constant of spring damper system

23 ., _
akso(k—l, LI ] ,4)

- between bodies 3 and 4

[}

inertial vector equal to the distance from
the center of elasticity of the spring
damper gystem between bodies 2 and 3 to

the kth spring damper of that system

J
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aizo(k=l,...,4) = inertial vector equal to the distance from
the center of elasticity of the spring
damper system between bodies 3 and 4 to

the k?h spring damper of that system

K.23,K34,D23,D34 are defined as diagonal matrices in the
following manner

r -
Kyg=diag _KZ3x;K23y;K23fJ @7
r |
K347d188 | K3, 5K 30y 3Kay, (48)
i y
D,,=diag D23x;D23y;D23ﬂ (49)
D34=d1ag[?34x;n34y;D34a (30

The abeve equations coempletely define the tranzlational equa-
tions of motion of the six body system shown in figure 2-3,

It is lew necessary te derive the rotational equatiens of mo-~
tion for the six bedy system shown in figure 2~3. This is outlined
in what follows.

2.1.2 Rotational Equatiens of Motion

Body 1 - The rotational equativn of metion for body 1 can be
writter as

o 12 12_. 12 12_ . _d o
Ty etTy oty xF 1812 (F g9y )+B, %F p  +B S xF 1231 ¥ 15,)= gEWI e (5D

But upon subsiitution of equations (29), (33), and (37) inte Blzx(F )
. . . . 117 el21
and eliminating secend order terms the following results, :

12 _ f . _ _ 1
Blleelzl‘(Rlzo+REzo-)x{(12 E:12+(e2 B0 xRy 91"1‘12(1}

Dy, _612*'(““‘2““’1)x""Ezo"‘”l’“Rlza;]} |
F@Ry ) AR Yl .+ (0.8 yxal? J4p Aew - yxet? |
120 520"\ 12" (B0 % 50| 401, fwymudxe
12 : ‘
+"’“120"{‘1& Elz*(ez‘el)-"REz'o"el"RlzeB}
12 s . _..'. . ) _ ' o
+‘3‘120“@12 [512+(“2 ©1) %R0 wlﬂlz(ﬂ

12 Aeo 2a 127y
+""120"{‘12 EGZ" el)xamﬁﬂ}

JL2 [0 12- '
le-ox-élz .sz wl)xul?-_ﬂg} (52)
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Evaluating the other terms in equation (51) similarly and per-
forming the indicated summatien results in the following

i = g-_. '] - : L] - | d -
T1etTc R ¥ = qr(dyte)) 4(R120+RE20)K{<12 [512‘”(92 8)xRp, 5 e1"1‘1:4(]

gyt [;-‘312"~ (mz"wl)x%zo"wlﬂlzﬂ}

4 -~
= 12 12
- z akZOXE{lz (ez'el)mkzg

k=1
4 -
w2 [ 1
- z “kzm"E’lz (wy=wyIxars, (53)
k=1 <

Equation (53) can be rewritten as

4T . = -d— . L] — L —
T1e e R ¥F e Grldy w4y (W mw,)+hy o (8,-0,)
R0 R0 XE)lZ ) E‘*’l“‘”z ) ’“Rmo*ml"Rlzé]
*Kype Eel‘ez)’mmo*efmlzg}

“4 (R 50 RE )% []:’12 RSTRSTY Ela (54)

where:

o 12 2, .12 2 12 .2 12 .2
klZ_dlagéKlzz(aIZOy) 34K 9, (%70 ’4[1:{123;(-“12.0;{) RSTICIPY) ]} (55)

12

] i - _ 2_;
dyp=diag {*Dlzz (©150y) 34015,

and

Tie

=
|

le

e

1z 2
120x) 34

— 12 .2, 12 .7 __
E°12z(°‘120x) Dy 5 (@1 20y) ]} (56)

external torque applied to body 1

= control torque applied te body 1

R'l = distance from CM of bedy 1 to the external force appli-

cation en bedy 1

2-11



d53= dlag{ 23z ("‘13oy)

Body 2 - The rotational equation of motion for body 2 can be
written as

xF +B

12 12 B12 B12
cl24 12 c2ll

T et T oo Ry o,y =By 5 3F 1191 B0 %F 1297 B3oXF 1 5 5B, o

23 23
*F +B42xF

232 R32%F 1233 (57)

23 d
+B,puF 234" T2 Wy

Using the same approach as outlined for bedy 1 in conjunctien
with the following relationships

12_.12

By =Bl ?_kaz P = N (58)
12 o 12 -

B0 R E20T %20 k=1,...,4 (59)
82 623 0,xB2 k=1 4 (60)
k2~ K200 k20 (
23 23

Br2o~R230™Ry30 %30 K Ls e ertd (61)

results in

T2e +R22xF2e dt(J 2)+dlz-(m2~ml)+k12(62 81)
“’%20’“{312 ) Eu‘" (-‘”2'“’1)’%20"“’1"1‘120]
K E: +(8,=8, )Ry, -8, 12@}%23 (W, m3)
ky3t (8 83)“’(R230+R1:30)"{23 [ 93)3Rp 3540 % 23@
D3 E 2"‘"’3)"‘1‘&30*“’2"“233}
“’(Rza@ﬂma)xfiz-s'523”323";"23] | - (62)
where: - '

2 .
(30,0 4[23 (@ 30,0 “#D; 3, € 130y)]} (63)

kzs"diagf* 232130y ’4K232(0‘139x) ; [ 23y @130 31 30) ]} (64)
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and

T2e = external toerque applied to body 2
_ TZF = control terque applied to bedy 2
1] R22 = distance from CM of body 2 to the point of external

force applicatioen on body 2

Body 3 -~ The rotational equarion of motion For bedy 3 can be
written as

)5 T, +T_ 4R

23 23 .23 .23 34
3¢ 3e 33 30 B 33 g 5 ~BY 3XF o 3)=BIIXF o B 3xF 348 XF 5,0
| 34 34
| HBy3xF 34,183 gxF 343+B4BXFc344 dc(J "tg) (65)

‘ Using the same approach as outlined for bedy 1 in conjunctien
| with the fellowing relationships

23 .23

Bi3=Be30t0 5580, k=1,...,4 (66)
Bigo"'_”REmmigo “hieend 0 (67)
B30t g k=lyeesd - (68)
Be30™R R340t Rpsote kio =l,...04 | (69)

| gives
Ty tTy HR, xF, = gT(JB-m- g3 30y 1+ (9,-0,)
HARE 3% {23 [}23*(“’3 wz)XRnso"“’z"Rzatﬂ
tKy3 [523+(83 92)xRp 50~ 92’“"23(2]} -
4 * (w -w4)+k 34 (6 4)
R, 0" Re40) x{(34 : Ee 3704 =Ry 5t 3"%4@
D, .Fw3—m4)xRE ao03¥Rg 46]}

4Ry g Ry 0) "E‘sa "€347Dq,° E3-!J (70)
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where:

. 3% 2. % 2 34 .2 3% .3
d34‘d1ag{m34z(°‘140y) 40342 40y ’4E334y(“140x) +D34x(a140y)J} (71)

» 34 2 34 .2 3% 2 % 3
k34‘dla'g€K3az(°‘14oy) 39K 35 (0 05 ’4E(34y(ul40x) +K34x(a140y)]} (72)
and

T3e = external torque applied to body 3
T3e = control torque applied to body 3
R33 = distance from CM of body 3 to the point of external

force application on bedy 2
Body 4 - The rotational equatien of motion for body 4 can be
written as

4 34 34 34
T4e'T11+R44xF4e*rl"FH“‘314XFc341“324’°Fc34 27B34%F 343

- _p34 _d ... |
B30 F o 344™ e, 00,) (73)

Using the same appreach outlined for bedy 1 in conjunetion
with equation (24) and the following relationships

34_ .34 34 3
BraBraot0,2Br, 0 k=l,...,4 | (74)
34 _ 34 N
Bk4m“RE4.+°‘k4 k=l,...,4 (75)

yields

{m._+m,+m )3 {m_+m
_ : L 2 34" 4 44 576 4
Tﬁe?TH+R Xt I.lK(F5t=_>-i-FGe)"‘ M rlx(Fle.+F

44" be” M 29+F3e+F4e)

d . . - . - . : L) =) Y - . .
a4 H g, 0w )Heg, - (B 93)'+‘*RE-4-0"€’34 E3:4+(‘-”4 303 Ryg ‘”3"“340]

)\, MOstme) 4 @) (nm)
34 [%34+(94'03)"RE40‘83"R34(3}+ TH o TpXE T m ryxd,
N (ml+m2+'m3_) (m5_+"m6) CE . (-mlfmzm3+m4)_(m5+mﬁ) x4
M I e T RS RED
mg (m,+m, +m4m, ) | |
i i M WL b
e, 3 vh el T rlx(r3+_rj:) (76)
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where:

T4e = external torque applied to body 4

Tﬁr= hinge torque between bodies 4 and 5 written in bedy 4
coordinates

R44 = distance from CM of bedy 4 to the point of external

force application on body 4

r, = distance frem CM of body 4 te hinge point and is fixed

1 in bedy 4
rg = distance frem hinge point te CM of bedy 5 written in
body 4 coordinates
rg = distance from CM of body 5 to telescope interface
" point written in body 4 coordinates
rz = distance from telescope interface to CM of body 6

written in bedy 4 coordinates

Body 5 - The rotational equatioen of metien for bhedy 5 can be
written as .

R 5& 5 +-'I?H+r2xFH+r3xFI dt(J w5)+d 6 (m =tr) )+k 56 (@ 6) an
Substituting equatiens (23) and (24) into equation (77) results
in
(m +m, +m +m ) (me+m, )
, 4 AMgimg ) 5 05 05 .5
RSEXFS +T +TH+ M. rzx(Fse+F68)— M zx(rle+F2e+F3e+F4e)
(m +m +m.,m, +m.,. ) m
273745 . 6 T SN R T ST
+ u TyxFg ey T3yt T s )= g (g tws)
(ml+m2) .
gt (W5t (B5-0)+ MES g)TotmgT 3}‘5 T E‘“ g vytmg ;]"523 |
(m) +m, ) - (m +m,+m. +m,}
3 b ]. 2 3 4 IIS (1]
= [(rns-hnﬁ)r2 6r§ x€3_4+ —q - Ems--hnﬁ)r 6 3]:){(rl+r
L
* 5 [(mppm g T (i ms)r]x(r3+r4) (78)
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where!

TSe = external torque applied to body 5
R55 = distance from CM of body 5 to point of
external force applicatien on body 5

5 .5 F5 5

Fle’ 209 3e’F43 = external forces applied on bodies 1 thru

4, respectively, written in body 5 coor-
dinates

r, = distance frem CM of body 4 to hinge peint
written in bedy 5 coordinates

Body 6 - The rotatienal equation of motien for body & can he
written as

Fo= 30y . -
R, xF e+Tﬁe+r4XFI dt(JG tu6)+d56 (me—w5)+k56(86 85) (792

667 6

Substituting equatien (23) into equation (79) results in

+m, +m_) m
4 5 .. b P T
—— r4XF6e- M r4x(Fle+F

(my+m,+m,
v

6 6

6 .
2e1F3

_ 6 .
eyt Fs5el=

T +R__xF_ 4+
e e 4e

6 667 6

e X

d . . e f8 — 16 671 27
ar U ) Mgt (Wgmug )y 0 (6,-6)+ M T4¥Epot it T4XE9g

+ me(ml+m2+m3) r,xE., + mé(mlfm2+m3+@4) r x(§5+§ )
M 47734 M 4 172
m6 (mlﬁnz-irmfm 4+m5)
. —

rax(r3+r4) {(80)
where -

Tﬁe = external terque acting oen bedy 6
R. = distance from CM of body 6 to the point of external
66 1 .
force application on body 6

The assumptien made in the derivation of the above rotational
equations of metien is that coordinate frames fixed in bodies 1
thru 4 are co-aligned while the coordinate frames fixed in bodies
5 and 6 are co~aligned. Hence vectors fixed in bedies 1 thru 4
are expressed equally in any of the coordinate frames 1 thru 4.
Vectors fixed in bodies 5 and 6 are expressed equally in either
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body 5 or bedy 6 coordinates. The relationship between body 5 and
6 coordinates and the coordinates of bodies 1 thru 4 is given by
the direction cosine transformation 4T5 which describes the trans-

formation from body 5 coordinates to body 4 coordinates and is given
by

211 212 233
4Ts™ {351 a5y a2y, (81)
831 P32 233

in order to obtain a complete set of equations of motion for
the six body system being considered three linear equations of mo-
tion are required in addition to the six rotational equations of
motion derived above for each of the six bodies. These are needed
to enable the selution of the relative linear displacements 612’

523 and 534 between bedies 1 and 2, 2 and 3, and 3 and 4, respectively,
The three linear equations of motion chosen are equations ), (2),
and (3).

Substituting equations (17) and (40) into equation (1) yields

1 TN "
Fle™ TM(FoetFatF,  tFg HF, V== [: M(Mytngtmdm ot ) €,

(m,+mgtm, 4m tm, ) m
’ M

m
H4D, 50y, HAK E12] HE’“3+’“4+m5+m6) 823*(“‘zf”“:f"“‘e)*:34]

4 .4

1l T wd ¥ ; . .
- ~-—-(m5+m6)(rl+r2)+m6(r3+r4§]+lml2 (mlxR120)+4K12 (BIXRlZD)

. Ewl_wZ)xREZ(] +4-K12' [(Bl—ez)xREzla (82)

Substituting equations (18),.(40) and (43) into equation (2)
results in
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(m,+m_+m, +m_+m_) m m.m
1yt mstmg) o my b4 MM, g
M oo™ T 13t F 5ot )= 3 E),+4D €12
Fn (m_4m 4m_+m, ) m
2 3 4 5 6 . -' o - ‘_2 »
+iK, , 127 M EpgtaDyq e, gHAK, 4 523] wytmtm e,

m

) "4 wh b . r . -
~ Ems-hn6) (rl-i-rz) ~m, (r3+raﬂ +t'4D12 sz--ml)xR.Ez{J +4I\12 E@z el)XRE20]
- E‘Dlz' (0 XR,) o) H4K (BlXRl2oﬂ +AD, ¢ E‘“z’“’s) XRE3(£] +AK, 5 EGZ_GS))CREB(J

+iD, o (w )+4K (83)

2XRo30)T4K, 3 (B,xR, 50)

Substituting equations (19), (43) and (46) into equation (3)
gives

m.,+m,+m,+m, ‘-Hn m
172 576 3 - . 4
. (F1E+F2e+.F 4e+F 5

M F3em
m, {m,+m_+m )
: r3 45 U7 . .2
+4D23 823+4K23 E23--_l. m 5344-4,}334 534

my E_s_f_fz .

b . |
o)™ TH Ft T Eu3

+4K

34°F34
m

My A A . e o
M (m5+m6) (rl+r2)-m6 (r3+r49 +4D23 EMB—wz)xREBé] +4K23 EBS BZ)KREBCJ
- E‘Dzs' (WoAR, 30) H4K, ¢ wz"“zaoﬂ +4D g, Ews“%)"REaél*"K:m' Eﬂrs“ea)"“‘zao]

+Hiby, * (@ Y+4K (84)

3¥R3,g) H4Kg, " (O33R, )
Equations (54), (62), (70), (76), (78), (80), (82), (83) and
(84) form the complete set of equatiens of metion for the six bedy
system being considered. Linearizing these equations of motion -
and writing them in complete matrix format results in the follow-
ing

e T A Py E12_4 Ry 20" Rg20? *P15° (Rlzo""REzo:)] "y

+ [{"12'4 (R129*Rg00) Ky (Rlzo'*REzoE] “8,+ E(R120+RE20) D19 'REzo*dlg_ 0y

*‘-E (R120™ 520’ "K1p 'REzo"klg' 0 T4 Ry 5 Rg) D5 %€

4Ry 50" R0 K12712 83
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LyetRayFo E'Rmzo")lz ) (E120+EE20)“‘11:£] EOREIRN

+ EI12—4§E20'D12.§E20+‘:123-4 (R, 35*Rp30) *Dy 5" (E230+EE30§] "Wy
* Etha'ﬁEZO.KlZ.TiE20+k23-4 (Ry34+Rp30) "Ka3° (R
+E(E23O+EE3O) 'D23'RE30“"2%] '“’3+E‘ Ry 30*Rg30) .KZB.EE30_1(219 RE
“Tact E‘ilzzo'Klz' R, 5g*Rg30) “klz:] Oy R0 D15 €y AR g0 Ky 06

4 Ra30*Re30) "Pa3"E237 Ry zg*Rpgg) Ky €y (86)

sta“‘moﬂ "0,

T3etRygeF 3e=E'RE3o'D23 "(R230+RE30)"*233 “”2+'E'RE30"K23' <R230+RE30)"‘233 "%
I 3'“’3*623'4%30"1323'“1330*“34"’ (R340 Rg40) P34 (Rsao"REz.oa "y

+E‘23“’RE30'K23 "Re30™3474 (Rayg*Rp,q) Ky, (Rsz.o”‘moﬂ “037T3,

+ E‘ (R340*Re40° P34 'Raao'dsa Wt E‘ (RasotBeg0? K34 R}zao‘kaa *9,

FiRp 30 D03 €23 ARy Ky gty g h Ry, o+ Ry 132D, wE =4 (R340 Raa0) K34 gy (67

m1+m2+m3+m4\__ m5+m

m +m6__ _
: . {- » . -_ ————— . 7
T F, M 2T s (FogMgo)= —— 1y (F) 4F, +F, )

M
- — — __ — — % -
(ResoPss P340 Fpa0) 4] "5t (g Koy * Ry ¥R, 0)-Ies ) 8,143 00,

344554904, Rpyg) "y E‘34"4RE40"K34'RE@ ",

_[-(mlmz*‘“fm&) (mstmg) _ = Pglmptmytmatm, ) _ ],U-J
W 3"

Thet Ry

1 T174 s eyt Ty 4lseT

Mg (myvmytmotm, ) .. CMmgtmg) o Gngmy) ()
- 4] "% 4T5"1‘H+————-.——r et p £

M R A M T1°%23

L1}

M Tyt Tstr
+ H T T E34 A RE40 Py "By AR g0 Ky ey, (88)
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m., +m, +m,+m
1 1 2 L 273 74—
Tse— ME )r2-|1n6r3] [le+F2 +F +F ] E155+ r,

me r(m ) (m ’i'm(""ﬂi ) e
-2 13]-5' + TofF =

M SeL 2 M

(m 'an-HnB-i-m4) ”
(mg+m

M
T —1
6)1:2 ] 4 5 °T uu[‘-+-J5 u15+d56 w5—|IL5, 8

1 1.,
Tgg"Wgmds g g ksg 06Tyt ME mg)r img ] 4Ts °Eqq

(m, +m,)
,1_ 2 "l."
M E )”2““6""3] 4Ts *Eyq

(m +m +m ) -1 '

+— [ 5'|1n6)r :J 4 5 '834 | (89)
M6 — (mymytmgimtng) ]
Tﬁe_ T 4 5 {F +F2 +F3 +F )+F R66+ M ) te
u T,y Ts RIRAN T Wg=d g e kg 85+J6 gk Wetese Uy
m.m (m ) : m, (m,+m,+m_)

1 6 - . -l.l- 1 27 — . "l.u 6 1. 2 3 — . m "1."
TR T Rt T T T H T4 Ts TtEg,  (80)
(mytm 37m, tm +“‘ 6) ™ -

B F1e” T |T2e M3 T 4ety 5" (FgtPoe) <=0y, Ry, o)
—_— —_— — ml [— .
=Ky g (Rppg*Rypg) B AD; ) Ry 2w, #4K, ok, 20" 0t (mstmgdry v,

1111 —_ mlm6 m
A %Em*me)rz*merg st TR 4TsTTye, [ (mytmgtm, tmgtme )€y,

m
+4D € 124K 50 12] [ iyt )€

Tl g tg) 534] GD
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my gt mgtmg ™[ = =
M Fre™ Tu|F1e T30 Fyety Ts" (B tF ) =401 5t (RpyptRyng) *wy

6K 5 * (R 4R 50 E’Dlz'ano*"D'z:a'(RE30+R'2303 "0,y
“[E"Klz.REZOMKZB'(R230+RE30ﬂ "BythDy 3 Rygg Wy K, s Rpo 000,
- m m _ _ N m2m6 . .
(m +“‘6)r1 “4+4T5 ME 6)1’2“‘“6"3] e Ty 485 T, g

m ' m, (m,+m tm)
1 2 . . 2 3 ll 5 - [
P Byt R e [ F23%0a3 853ty “:23]‘

M 23 7723 "23

“ﬁ(ma*’-nsma) €34 B B 92

+m m ) .
_____ 5T i Y ]_h e
Fse" 'M-E1e+F2e+F4e+4T5 (Fse*’Fse_)J =4Dy3% Ry3q*Rpqp) tu,

4Ky3" (RyggHRya0) *6,- E‘szz "Rpgot4Pa,° ms:;o“ﬁzaoﬂ "“’3‘-§E‘K23 *‘Resp

N . R _ L B —3 ._._ L ] '-'_- [ ]
+iKy,, maw”‘moﬂ 83+ (M5 HmE) Ty o, 4D, R o O 484 Res0*?,,

m, [ - m_m m, m. n, (m.+m,)
3 s = e WPy mg(mptmy)
*4Ts "i?E 5Tmg)T)=mg J T TH 4Ts T et TR Bt T By

[I'n( tmgtm, )

H4Dy g€y yHAK, e, o= L TH '534“‘“’34 34+4K34"€31J o3

' The follew:mg definiﬂtions_ are used in equations (85) thru ('93)

*_ o, . .
J“-dlag E4X’J4Y’J4'Z]

2 2.

(ry +r. & : - .
(m m +m o, )(m 6) (rly_ rlz) rlxrly T 1n
M i _rlxrly (rlx lz) ‘-rl rl_z {IELY
. . 2
1"l quyrlz (r]_ ]_ )
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[ ep—
L

5 1
PPN

* > . - - N
JS—dlag[%Sx’JSy’JS%]
- 2 . 2

(r, ¥r, } =~r,. T -X, T
(m, +m,+m_+m, ) (@ 4m ) 2y 2z 2x" 2y 2x 2z
-t 23 457 - (rz +r2) o
M 2x 2y 2x "2z 2y 2z
2
TTaxT2z TTayTan (X tT,)
2 2
: (ro+r; ) =r. r ~r.. T
m, (m,+m_+m_+m +m_) 3y 3= ’3x3y 3x 3z
+ 8172 3 45 . (2412 ) o g
M 3% 3y 3% T3z 3y 3z
2 2
“FaxT3, “T3y3z (r3x+r3y)
f¢ ) )
T, f, +r, r ~r, T -r, T
me(ml'}mzﬂﬁ;{hnl.) | 2y"3y “2z 3z 2% 3y . 2x 3z
= M CTayTax (g Tgtr),Ta) “ToyTag
ek T2z 3y oxT3x oyt 3y)
. -
{r, r, +r, r. ) ~-r,. T ~F,. T
m, (m. +m, +m_+m, ) 2y 3y "2z 3z 2y 3x 2z 3%
+ 61 2 3 4 =r. r (r,. r, +r_r. ) ~Y, T (95)
M , 2x" 3y 2x"3x "2z 3z 227 3y
| F2x"32 “FayT3z (rzxr3x+”2yr3yh
J*"di J 3 J
6 128 Yexi 6y T6,
- 2 2
. (r, +r; ) =r, r -r, r,
m_ (m, Hn, +m_4m, +m_) 4y T4z 4% b4y 4X 4z
+ 6 1 23 4 —— | —x r (r2 +r2 ) -r, ¥ (96)
M 4% 4y 4x T4z 4y~ 4z -
=r ~r, r, (r +r’ )
FhxT 4z TayTan  Fax Ty
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foaons B .

[romma

- ) -
. ‘(rzyr4_y+r22.r42) -rZyrl;x “r22r4x
i ___g, + - - —
J56_ i (mlm2+m3~hn4) =T, T by (r22r4z+r_2xr4x) LI by
“FoxThz -r2yréz (]"'23-:]:4::'*-]:2yr‘!ryz'J
(r3yr4-y+r3zr42) FayTax 327 4x
*+(mytmytm b ) T34y (v, 45 3Tt T3 4y o7
“E3xT4z T3yT4y (r3xr4'x+13yr4y)
e -t
[Er r, ¥r, r, ) -r, T -r, r
mGlem_z*__mBmZ‘) 2y &y 2274z 4y 2x bz 2x
T65~ M “TixT2y 4P ox T4 5 20) “T4yToy
“T4xT 2z iyt 2z (r!;xr2x+réyr2y
(rAyr3y+r4zr3z “TayT3x _r4zr3x.
m, (m_ +m_+m_+m,+m_) ' Y :
+6.1‘2'345' ~r, r (e, r, +r, r_ ) -r, T
) M 4x 3y 4x3x T4z 3z 4z 3y .
L Tax" 3z —r4yr32 (r4x43x+r4yr3y) (98)
- -
0 120z Bizoy
R1207 | Ri2og 0 “Ri20x |- (99)
| 120y . Pa2ox o
- -
I'a -
0 “Rysez  Rosoy
R2307 | Rosoz 0 Ryspy (100)
R230y  Razex 0
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340

Reao™

Rigg™

Roso™

al
n
=

“R4402
0

R340x

+RE202

0

REZOx

“Ry302

0

Ry30x

“Resoz

0

RE40X

-rlz

-y
2z

2x
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-

R34Oy

“R3s0x

0]
v

Re2oy

“RE20x

0

-

Re30y

“Resox
0
-

RE4d§q
—RE40x

0]

1y

—rlx

(161)

(162)

(103)

(104)

(105%

(106)




12~

23"

_rBZ

ix

o 4

4z

-r

3y

3x

j:=l’.o-,6
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(108),

(109)

(110)

(111)

(112)
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Fw.
JX
= lw, 7 =1,...,6 113
wJ Sy 1 > » ( 13)
w,
jz
B
jex .
Py Fley 1=1,...,6 o (114)
ez
— —
T,
jex
Tyo™ Ty i=1,...,6 _ (115)
L jng
0] =R, . R.,
jiz iy
R,.= | r.. 0 -R.. i=1,...,6 (116
157 | Rijz BhES S ARRTL (116)
-R. . R, . 0
53y Jix
11 31 83
-1 . _
4¥5 =57, 812 2 2y, (117)
1215 a.23 a

33

- Equations (85) thru (93) form the complete set of linear aqua-
tions of motion for the six body ‘system being considered. The one
additienal thing required to specify the complete mathematical model
of the six body system is the definition of all the possible control
terque equations that can act on the system, For the three IPS op-

“tions (i.e., IOG, SEPB, and Floated Pallet) being considered in this

study the contrel on body 1 (i.e., Tle) whiech represents the orbiter

is zero for the following reason.

2-26




When considering the operation ef the IOG or SEPB the erbiter
vernier RCS is contrelling the orbiter vehicle which operates essen-—
tially independently from the SEPB or the IOG. The disturbances
applied to the system due te RCS firings are negligible when com-
pared to the manned motien disturbance and hence can be neglected.
When censidering the Floated Pallet, the orbiter vernier RCS is
inhibited and the complete system including the orbiter is con-
trelled via a cluster of pallet mounted double gimbal control mo-
ment gyros.

The centrel terque structure is assumed to be in all casges
a linear combination of rate, positien, and the integral of posi-
tion. Throughout it is assumed that system rate is measured by a
set of rate gyros whose output is integrated twice to obtain system
pesition and the integral of pesitien thus enabling the formation
. of the command contrel torque vector, The control terque Tz‘2 can

be foermed by information derived from a set of rate gyros mounted
either on body 2 or 3. Assuming the gyros to be mounted on body 2
the contrel terque command vector can be expressed as

. | “om “om :
Tz%om;- KRplwzm-FKPp- s oyt —;2—] (118}

where:

me = measured rate ef body 2

KRp = floated pallet rate gain

KPp = floated pallet pesition gain

KIp = floated pallet integral gain
and

KRp=diag}fRPx;KpriKRpé] (119)
KPp=diagFprx;Kpr;KPpé] _ (120)
Kpp™dia8(KypysKppy ;-KIP.Z-J (121)

The relationship between the actual and measured system rate
assuming second order sensor dynamics can be written as
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| I—

2

w
ns

w = : ——|w (122)

m2 6207 0 stws | 2
S N§  ns

where:
wns = gyro natural frequency
by = gyfo damping ratio

The relationship between the cemmand terque vector and the
actual torque vector applied te the vehicle assuming second eorder
control moment gyro dynamies is given by

s
T, =}— T (123)
2e 52+2g w s+m2 chomm
a4 na na
where:
wna = actuator (CMG) natural frequency
Za-= actuator (CMG) damping ratio

Substituting equation (122) into equation (118) and in turn
substituting the results inte equation (123) gives

- 2 -
LUna
e |g 42T W sk’
L an na |
- 9 -~ .
W e,
_...__1s 5 KR “w,+K,, -‘92+KI . —-12- (124)
s 420w s P P P o
L s n DS__J

If the réﬁe gyros were mounted on bedy 3 the centrel terque
is given by
2 . 2 . ,
“ha ‘]3 “ns 3 ' e3
T =={- e | BT . K sw # 8 +K_ +—= (125)
2e .52+2_.C W s+m2-}'sz+2; " s+w2 ‘th 3 KPp 3 7Ip s
ana na g ns

ns.
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Using the same a

3 can be written as

-

w

2

. Ita

iy

Ppreach as above the control torques on bhody

3¢

B

2
sTH20 w sﬂnzd
a na na

3c

Using the same approach as abeve for determination of the
torques TH realizing rhat the hinge cannot be meved hence

hinge

it always applies torques to bodies 4 and 5 but that the rate

R

KRp.w2+KPp'82+KIp._E

-

%

>

=
ﬂ
9,

f

gyros can be mounted on boedy 5 or 6 the follewing results

(126)

(127)

- 2 - -
“aT F “ns 66
T, == [—= — - o S HK o0 4K o2 (128)
S I T B I T -
s JU & ns “?J s
W w )
| _nT [ ns [’ . . -
v P [ TR TR S (129)
nTfis +2C5mnss+wns
where:
éﬁ—-= gimbal torquer time constant
nT
KP6 = telescope rate gain
KP6 = telesGQPE'position=gain
KI6 = telescope integral gain
Additionally
KR6=dia-g_E(R6_x;KR6y;KR6a (130)
KP.6=diagE<?6x;KPﬁy;F?6g (131)
KIG-:d.iég'E(IGX;Kiﬁy;' IIG:J (132)
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In the derivation of the hinge torques it is assumed that the
gimbal torquer has first order dynamics. It should be noted that
at no time can more than ohe of the control torques defined in
equations (124), (125), (126), (127), (128) and (129} be acting
on the six body system.

Equatiens (85) thru (93) in conjunction with equations (124)
thru (129) constitute the lineai mathematical model of the IPS,
This model was programmed on a digital computer and used in the
evaluation of the three IPS options, the I0G, SEPB and Fleated
Pallet. Each of these systems can be obtained from the IPS model
defined above by proper initialization in the following mauner.
To obtain the I0G, the suspension parameters between bedies 1
and 2, i,e., dlZ’ k12’ D12 and K12 are set to reflect a struc-

tural interface while the suspension parameters between bodies
3 and 4, i.e., d34, k34, D34 and K.34 are set to reflect the IOG
suspension characteristics. The control torques T2c and T3C
identically set to zero. To obtain the SEPB the suspension para-
meters between bodies 1 and 2 and 3 and 4 are set to reflect a

struetural interface while the contrel torques T2c and T3c are

set identically to zere. In addition r2+r3+r4<<l which means

that the gimbal suspensien is cleose to the telescope center of
mass. Te ebtain the Floated Pallet d34, k34, D34, K34 and EH

are identically set to zere while the suspension parametérs be-~
tween bodies 1 and 2 are set to reflect the floated pallet sus-
pension characteristics.

are

2.1.3 Parameters for IPS Pointing Performance Evaluation -
Tables 2-1, 2-2 and 2-3 1list the nominal parameters that were
used to evaluate the poimting performance of the I0G, SEPB and
Floated Pallet, respectively, Table 2-4 lists a set of general
control gain functions frem which the pgains for any loop band=
width fer arbitrary inertia can be computed assuming a contrel
law structure of rate, positien, plus integral of position.

2.2 Slewing Model - The sections that fellow will outline
the derivation of the mathematical model employed for slewing,

2.2.1 Translational Equations of Motien — Referring to figure
2-4 and using the same nemenclature as defined above the following
translational equations of motien can be written for the system
depicted.
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FletFe12™™Py (133)
Foe oot Fym,0, (134)
FBe-FH=m3p3 {135)
3
Z By otB 3 Me (i) (136)
=1

-Additionally from the geometry shown in figure 2-4 we have

Dl=po+Rl (137)
P,=P R, (138)
93=p0+R3 (139)

From the definition of the compoesite system center of mass

m1R1+m2R2+m3R3=0 (140}

Also from geometrical considerations

R,=R,+R

278 2971 (141)

R3=R1+R120+El2+rl+r2 (142)

Substituting equations (141) and (142) into equation (140) and
solving for Rl yields

R =- ﬁl; Emz'hnS) (R120+6:12)-hn3 (r1+rzﬂ | (143)

Substituting equations (139), (143) and (136) inte equation
(135) and solving for the hinge force yields :

af | o demom )}
Fo™ u E’“l"'mz)FBe‘f-“s (F1etFpe) Mgy y=my (i ¥, ) (rl'+r2§] (144)

2-31




et

[ —

L

The compliance force between bodies 1 and 2 of the kth iso-
lator can be written as

. . a2 g12 - 12 12 (212 217
Fo1ok™™®2 810508 1K, Egkz B20 (Bkl"Bkmﬂwlz Eﬂkz B | (145

Substituting equations (29) thru (34) into equation (144)
results in

. 6 ven o yanl2
Fera®n [‘512+(82 01" R507813R 1268y Gl)x“kzo:]

. | 12
*Dy, [*:12+(‘”z'“’1)XRE20+(“’2'“1)}‘“1:20"“1"1‘120] (146)
However
4
Fasr Z Foiok (147)
=1

which vields

o174 5" E12+(82_81) *Rps 0*61XR12(J +4D; 5 Elz‘”(”z"‘-’l) "Rmzo’ml"Rqu (148)

12° This

equation is obtained by substituting equations (148), (143) and (137)
inte equation (133) which results in :

A force equation will be required in order to selve for E

m2+m3 m

M Fle” TuFpetF3e)= Ij\mmz*ms) €1oFAD €y TRy 812]

D [(“’1"”2) 7T M & 12;‘| K [(61'92 )*Rp26*0 1le2;,

m.m
- -2 e8) . (149)

2.2.2 Rotatienal Equations of Motion — The following para-
graphs will develop the rotational equations of motion of the
system depicted in figure 2-4, In this develepment it will be
assumed that the coordinate frames of bodies 1 and 2 are aligned.
However, the coordinate frame of body 3 can be at an arbitrary
orientation with respect to beodies 1 and 2.
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Body 1 ~ The rotational equation of motion for body 1 can be
written as

SRy | XF +Z B XF_ = dt (3 wy) (150)

Substituting equations (22), (33) and (246) into equation (150)
and doing the indicated summation eliminating second order terms
yields

Tl +R.le1e t(Jl-wl)+d (w w2)+k -(8 ~B )

(R 59+ REHg) X{’u ) E‘*’f""z) "RE20+“’1"“120]

+K12'Eel"az)’mnzo*el’mlzt;]}"’(R120+RE20)XE’12'“12+K12"'1:J (151)

Bedy 2 - The rotational equation of moetion for body 2 can be
written as

T, —T24R. xF Z B +r ¥F, = t(Jz-w (152)

2e "H 7227 2e 12k 1 2>

Substituting equations (30), (34), (144) and (146) into equa-
tion (152) and eliminating second order terms gives

{m +m2) m

T, +R, xF, + ~———=_ ¢+ xF —-—i T x(Fle+F

d
26 TRy ¥y v 1% 3™ Ty T1 )= Gr Iy rwy)Hd

2e 12" (@y=w))

190 (B8 )R, x {12 [‘”2 Wy ) xR ‘”1XR120]+K12 [e =6 )k, - leRIZEJ}

mym, (' m, (m 1tmy) 2, 2
TR TR R gx Dy 50 o ve b (e A53)
where;
Fgé = external ferce aeting on body 3 written in body 2 ceor-
' dinates
Tﬁ = hinge torque acting on bodies 2 and 3 written in bedy 2

coordinates
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rg = distance from hinge peint to CM of body 3 written in
body 2 coordinates

Body 3 - The rotational equation of motion for body 3 can be
exprer ‘ed as

d
TH+T3e+R3BXF3&+r2xFH— EE(JB m3) {154)
Substituting equaticn (144) into equation (154) yields
(m_+m_) m
1 2 - 03 3 = ii_ .
T3e+R33XF3e+ T rszae— m rzx\rle+F2e) dt(JB w3)
fit, m m, (m.+m,)
l 3 "3 3 l 2 n.3 o
—TH+ n r2x812+--— " rzx(rl+r2) {155)
where:
Fi ,Fgé = external force acting on bodies 1 and 2, respectively,
€ written in body 3 ceerdinates
ri = distance from CM of bedy 2 ie hinge point, written

in body 3 coeordinates

Rewriting equations (149), (151), {153) and (155) in matrix
form yields

T, +R. . *F. =T s +d -(wl~w2)+k12-(el-e

1o Ry Ty e=Ty 2)

“4(Ry R, ) '@12 "[Rﬂzo' (@) -w,)+ 120'“’1_;]

RPN [REZO T(8176,04, " BJ}

"Ry 20" Rp2g) * EDIZ 'Elz*Klz'Elz:] (156)

2=34




- ml+m2 _ - my
T2t Fyet o 1103 Fgpm =5 Ty (Fy 3F

2" (85=81)~4Ry4¢ {12 [REZE) (=g )Ry pq° ]+K12 [REZO 0,8, )_R120.6];]}

) J

2e 2 12" (W,ymiy)

“‘1“‘3 m3(m —
Mof1 12+4RF.20 [12 512”(12‘5-‘19] 575 [:;_ w -Hu3'(r2°m3§]}
s
m"+.m '
12— M3 — A G
T3etRag Taet i Ty Faem iy Tyt pTy (4, )=0) W3ty [‘Ts ‘*’SJ
m.m, r m,, (m_+m,) '
1M3 — 1. 3 — = )
T, !_21*3 elg--——-—-—-—m T, [;1.3 r, J T, (158)
mz:-l-ins m y
T Pl et 273 F3e) ™| Ry tmg By yHAD) o8 HAK, 0 12_]

= i L
“4‘D.1'2 ?[RE20 (W ~t0))+Ry 0 ° 1] ST EEZO (81-0,)4R; 54" 91] TR

{2 3 [rz gHiye (Tyw ]} (159)

where-

.2 .2 n
(rly+Rlz) _rlxrly —rlxrlz

Sieatagly, 5 5 e 3002 (r? +r? 160
A i M Tix"ly  TaxtRyp) _rlyrlz (160)

~-r_ T -r. T (r 2 )
1x 1z TlyTlz lx 1

z 2 42 ) = = 1
m.. (m ) r2y 2z 'r2xr2y r2xr22
*—- . - Fo—_— ‘ - . 2 — .
J3 diag[%3x,J3y,J3é]+ 5 rzxr2y (r2 r ) r2yr22' (1.61)

2
[ Tex2z TTayTaz (Tatrayl|

-
~w32 w3y;
@ = 0 Wa _ (162)
wBX 0]

2=35
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and ,T, is the transformatien from body 3 te body 2 coordinates and

273
is equal to

1 %12 213
237 |31 3y a4
431 232 233f
21 %3
82 23
323 ?33]

(163)

(164)

An assumption inherent in equations (156) thru (159) is that
the nonlinear Euler, centrifugal and Ceriolis terms are negligible
for bodies 1 and 2. Equations (156) thru (159) form the complete

set of equations of motien of the system shown in figure 2-4,

It new becomes necessary to define the control terques TH

and

the computation scheme for updating 2T3. The control tcrques.are

given by
w ‘] m2 B*
1 _"nT ns ' * ® 3
T, =a} ——= — e LI R S L=
i s+wn?J ot o ord KR3 @qtRp3 84+~
s ns” ns||
and
*
W= (Wg=wg )
9%=(0_-8
37(03763)
t
83e=_f Wy dt
0]
where:

KR3=diag[%R3x;KR3y;KR3%]
K93=diag[%93x‘K33y‘K?3é]
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(166)

167

(1.68)

(169;

(170)



KI3=d'iag E{IBx;KIBy;:KIBz] ('171)7
+
i) = rate command vector

3c
§

3¢ = angular position command

The cemputational scheme for updating 2T3 is given by the fol-
lowing equation
2T3=2T3-m3 (172)
Equatiens (156) thru (159), (163) and (172) form the slewing
model used to evaluate I0G slewing performance.

Table 2-5 lists the parameters that were used in the I0C slew-
ing simulation.
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Figure 2-3,

Schematic Diagram for Six Body Linear Medel
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Table 2-1. 106G System Parameters

m =72,496 kg

m,=5,398 kg

2

m3=2,699 kg

m4=195 kg

m5¢293 kg
m6=2.39x103 kg
M=8.35x104 kg

3, =1.00x10° kg-m?
le=7.44x106 kg-m>
le=7.65x106'kg~m2
3, =7.25x10° kg-n®
J2y=8.58x104 kg~m2
7,,~8.86x10" kg-n?
J3x=3.63x103 .kg--m2
J3Y=4.29x104 kg-m2
J3z=4.42x104 kg-—m2
J,,=50.21 kg-n’

2
JAyFSO.Zl kg—m

J,,=50.21 kg-m’
J5x=74.63 kg—m'2
15,7100.4 kg-m®
J,=74.63 kg-n’
T ~2.26x10° kg-m®
y=l.98x103 kg--m2
J;,=2.53%10° kgen®

Ts

k)
Rll=—15.24 lx m

- La)
R120=—l.87 lx +0f439 1z m

Ry3070
R340—0 375 lz m
Rig=0
Rp30™0
RE40=_0'375 lz m
rl=0.375 lz m
~

r,=0.375 1 m

2 Z
r3=0.375 1z m
r4%l.1 1z i
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Table 2-1. T0G System Parameters (Continued)

2.54x10% £ =254 n-sec/rad (nominal)

2( 0l) _
P12x P12y 7P15,” (mytma) 2ME 4 op=2. 127

K12 Koy K2~

m2+m3 4 4
A4 12T) ~7 99x10 f 19T =7.99x10" n-sec/rad (nominal)

d

3

12x=2(.01)(J2x+J33)2ﬂf =1.367x10° £ =1.367§103 (n—m—sec)/rad (nominal)

anRx nl2Rx

d1-2y

— . _; . Z - ; ; -. ——
_2('91)(J2y+g3y)2ﬂfn12Ry 1.617x10 fn12Ry_l'617XIO (n-m-sec)/rad (nominal)

d1-_22

=l.666x104 £ . _'—-1.6663:1-0q (n-m-sec)/rad (neminal)

=z(.01)(J22+J3Z)2ﬂfn12Rz | nl2Rz

k 2x=(J2x+J3x)(2Hf

)2=4.295x105 f2 =4.295x105 n~m/rad (nominal)

nl2Rx nl2Rx

EICAEEA )(2vf 12R_)2=5.081x106 le =5.081x106 n-m/rad (nominal)

(J22+J3 )(2Wf ) —5 255x10 f =5.23‘5x106 n-m/rad (nominal)

nl2Rz 12

D235 P23y~D 23z= &

2”.01)

m3(2ﬂf )=B4.8 £ =84.8B n-sec/rad (nominal)

n23T n23T

= —%(an 23,_1,) =2, 66x104 f 23,1,—2..66}:104 ﬁ/?ad (pumiﬁal)

Kz3x=K23yfgzaz

d

23x

=2(.01)J. 27f =4.562x10° £
3x

. 2 —
n23Rx n23Rx ‘4'562310 (n-m-sec)/rad (nominal)

d23y

— — —3
—2('01)J3y2ﬂfn23R__5‘3QXI0 f n23 y—5 39x10 (n,m sec)/rad (nominal)

d232

=2(.Ol)J322ﬂf 23 n23R

=5. 554x10 £ z=5.554x103 (n-m=sec)/rad (nominal)

k23x

(27E y2=1, 433x105 £2

Ix n23Rx :=l.433x105 n-m/xrad (nomigal)

23Rx

kz:ay-=

6 2

CE — - —
ByCZanZBR ) =1, 694x10 £ 123 y—l.694x10 n-m/rad (nom}ﬁa})

k23'z

=J32(2Hf =l.745xl@6 fr2123Rz=l.745x106 n~m/rad (nominal)

n23Rz)

K34x

- . — 3 :
—K34y~K342—2.5x10 n/m (nominal)

D34X=D

=2.6.8x102 n-sec/m (neminal) This value of damping yields a
damping ratio of 0.1 when the
mass considered is m!+m +m

34y=D34z
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Table 2-1, 110G System Paramaters (Concluded)

d 2=66.9 {n-m-sec)/rad (nominal)

34 P34, @140y

dy, =4D34z(aizox)2=66.9 (n-n-sec)/rad (nominal)

.d34 34y(a140x) +4D34x(a140 ) =133.8 (n—m—sec)/rad (nominal)
k34x=_"342(a140y) 2625 n-n/rad (nominal)
k., =4K (é34 )2=625-ﬁ~m/rad (noﬁinal)
34y " 342 "140x
) 3 - .
k34 34y(al40x) +4K 34% (a140 ) 1.25x;p n-m/rad (gcmlna})

34 _ 34 _ 34
140x %40y~ 140z_°_25 n

dgg =2(.01)3, 2mE =2, 84107 £

56x

n56Rx n56Rx

d =2(.01)J6y2Wf | =2.488x10° £

56y n56Ry n56Ry

d =2(.01)J 2TE

=3.179x10° £
n

56 n56Rz 56Rz

2_ 4 2
ke =0 (2Wf )%=8.922x10" £2, |

56x n>6Rx

7.817x10" £2

K56y~ (2an56Ry) = ' n36Ry

56y ~ 6y

_ . 2_ 4
56276z F"nsgry) =9+ 988K10" £ gep,
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Table 2-2, Parameters for SEPB

Mg

R11=-15.24 1x m (=50 lx ft)

Fa) el - ~
R120=-1.87 lx +.429 1z m (-6.125 lx +1.408 lz fe)

m1=72,496 kg

: m2=5,081 kg

m3=2,541 kg
m4=675 kg
m5=287 kg

2,390 kg
7,,=1.00x10° kg-n?
le=7.44x106 k—g-—m2
le=7,65x106 kg~m?
J2x=7.237x103 Kg~m®
32y=8.576x104 kgm?
Jzz'=8.838£1o6 kg-m®
3, =3.618x10° kg-n’
J3y=4-288x104 kg-n”

_ 4 2
J32—4.419x10 kg=m

J, =2,402x10
4x

3, =2,102x10°
4y

J, =2,603x10
4z

J_o =4,437x10
5x

J.. =1,224%10

5y

J. =1.541x10
. 5z

J, =2,265x%10
bx

J6y=1.981x10

J,. =2.532x10
6z

Ry3070

Rag

rl=2 lz m
r2=0

r3=0

r4?0

N

3

3

2

3

3

3

3

3

RE440=—2 1z m

Ri220"RE330”

0

kg-—m2
kg~m2
kg-mz

kg—m2
kg—m2
kg—m2

kg-m2

kg.—m2

kg-—m2

O=.9332 lz m
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Table 2-2,

Parameters for SEPB (Continued)

2(. 01) 2

D125 P19y7P0,"

_ = 2 - *
+m )(ZN)fanT—2.395x10 fanT—2.395x10 n-sec/m (nominal)

Klax K10y ™Ky p, = (mytm

§2W) 4

—7 523x10 f —7.523x104 n/m (nominal)

4)

2

D235 P93, Py3,=

[ 01)
4

m3(2ﬂ)f =79.83 £ =79.83 n-sec/m (nominai)

n23T n23T

K935 K23y,

m

-3
= 4(

omy? £2. =2.508x10”% £2

- it )
a23T"2" n23T~2.508“10 n/m (nomi?al)

Pa4x P34y D347

-1
_.4(2

=l.053x102 £ =l.053x102

)(.Dl)(m4+m 134T

570 CMHE 3

=3.308x10" £?

; - 4
£n34r . n34r"3+308x16" n/m (nominal)

2
+m) (21)

dle

= =1
F34x 34y R4, 0,0

=2(.01)(J2x+J3

o (2mE

1.364x10° £ =1.364x10° (n-m-sec)/rad (nominal)

nl2Rx nl2Rx

d12y

=2(.01)(J2 +33

=1. 6l7x104 f

4
n12Ry nlZR el.617x10 (n~m-sec)/rad (nominal)

y(2m) £

—2( 01)(J +J

=1. 666x104 £

)(ZW)E 12R 12R2=l.§66xio4 (n—m—sgc)/rad {nominal)

Tl P N )(ZW)

2 5 .2

£, Rx=4.285x10 £ ppy=4+285x10° n-m/rad (nominal)

k 2y=(32y+J3y)(2W)

fz_ =5.079x10° £2

: 6
nl2Ry nl2Ry_5'07QXIO

n-m/rad (nominal)

k.. =(J

2
122 4,0 (2m)

2z

2 =5 234x106 f2

6
fanRz' « 23411 anRZ-5.234x10

n-m/rad (nominal)

=2(.01)J (2ﬂ)f

=4 547x102 £ =4.547x102 {n-m=sec)/rad (neminal)

n23Rx ' n23Rx

2( 01)J3 (Zﬂ)f

=5.388x103 £ =5,388x10°

n23Ry (D"m-SEC)/réd (nominal)

d23

,=2(.01)J3 (2mf

n23Rz , n23Rz

3

=5,553x10" £ =5.553x103 (p-m-sec) /frad (nominal)

2 2
Ky 3T 35 (2T

n23Rx

=1.428x10° £, =1.428x10°

n23Rx n-m/rad (nominal)

2
k23y 3y(2“)

n23Ry

=l.693x106 f2

- 6 ’
n23Ry"l'693le ﬂ‘m/rad.(neminal)

- —
Kgg,™93,(2M)

f 23Rz

=1.7£|5x106 f§23R2=l.745x106 n-m/rad (nominal)
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Table 2-2. Parameters for SEPH (Concluded)

2 —_— =
d fn34T_26'33 fn34T-26'33 (n~m-sec)/rad (nominal)

_ 3
34x_4D34z(al40y)

d =4 (a ) £ 34T=26'33 fn34T=26'33 (n-m-sec) /rad (nominal)

34y 140x

_ 2 34 2_ _ .
d342—4D342(a140x) +4D34 (al40 Y°=52.65 £ 347°22-65 (n-m~sec)/rad (nominal)

= 3 ;2
k —4 (a140y) =4(3. 308x10 Y(. 25) 34 —8 27x10" f

34x

- 3 _
34T—8.27x10 n~m/rad (nominal)

_ 34 2_ eyl 22 3 2 3
k34y-4 (a140 ) —4(3.308x10 3(.25) £n34T—8.27x10 fn34T 8.27x107 n-m/vad (neminal)

=4 4 £2
k,, =4 (a140 ) +4K Y (“140 ) =1,654x%10

342 34T=1.654x104 n-m/rad (nominal)

2 |
d 6x—2(.01)(2W)J6xfn56Rx—2.84bxlO fn56Rx (n—m—secljrad

2

= = - ,—'—'
d56y 2(.01)(211’).]'6yfn56Ry 2.489%10 fnSﬁRy {n—-m sec)/raé

_ _ 2 _
d56z—2(.01)(2W)J62fn56Rz—3.182x10 fn56Rz (n-m-sec) /rad
K 2m? €2 -8.942x10% £2_  pom/rad
56x 6x n56Rx ) n56Rx

2 4 2

56y 6y(27r) n56Ry—7.821xlO fnSGRy n-m/rad

=7 (om2 §2 . 4 .2 .
k56z—J62(2n) fn56R2—9.996x10 fnSﬁRz n=m/rad
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Table 2-3. Parameters for Floated Pallet

m =72,496 kg
m2=7,338 kg

m,=3,662 kg

J;,=1.00x10% kg2
le=7.47x106 kg-m2
le=7.67x106 kg-m*
J2x=14,247 kg—m2
T5y=92,881 kg-m?
J,,=90,610 kg-n?
J,,=7,123 kg-n?
J3y=46,441 kg-m?

J,4,~45,305 kg-m

My™ms 2
K12x= % (Zﬁfnlsz) =719 n/m (nominal)

mytmy 2
K,, = 7 (2an12Ty) =719 n/m (neminal)

myHn,

12z &

2. .
(2wfn12Tz) =404 n/m (nominal)

b,, = =2 2(.1)(2ﬂfn12Tx)=229 n-sec/m (neminal)

D ='—~Z—— 2(.1)(annl2Ty)=A29 n-sec/m (nominal)

D =

124 4 ' 2(.1)(2ﬂfn12Tz)=129 n-sec/m (nomina})

- 12 12 1 oL ,
klzx—4Kl2z<a120y) =8, 401 n~-m/rad (nominal)
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Table 2-3.

Parameters for Floated Pallet (Continued)

k12y™4Ky,, (@75

'k12z=”[ 12y (“1

240, ) @

d39y=4Dq 5, (@75

_4[123; (“1

lzox)2=21,650 n-m/rad (nominal)

2 _ 4 '
20x) kle(alz0 :l—5.340x10 n-m/rad (nominal)

120y)2-12,682 (n-m-sec)/rad (nominal)

120x)2=6’912 (n~m-sec)/rad (nominal)

2017{) +D12x(a120 ):|=l7 030 (n-m~sec)/rad (nominal)

K237 T 3 (27£

k23y 3y(2'rrf

k3,793, (27f

d23k%2('01)J3x
dz, =2(.01)J

d 2( OI)J3

n23Rx)

n23Rz).

2

) 2
n23Ry

2

L PP

(2ﬂf 23Ry)

(2nf n23Rz )

K3 K34y7Ksy,

=k

=d

'K23ng23y:K2322

D535 D33y Dy 3,=

m__ )
-15(2uf

.m3
—7?(2)(.01)(2Wf

2
n23T)

n23T)

-0
D34x?034y=m34zgo
34K g4y ke, =0

| d34x%d34y' 3470

T e e e b A b
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Table 2-3. Parameters for Floated Pallet (Cencluded)

%120y

"R

12 ‘
a120x~3.66 m

12 528 m

120=—l.87 lx +.528 lz m

Ry30%0

RE22070

3E330=0
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Table 2-4, Generalized Control Gains

where

13

]

KRj=4.736 ijHVCn-m—sec)/rad
=8.41 J,£2 4= /rad
K_Pj « L j.l.n m/ra

K. .=6.64 J.f3 n-m/see
Tj i n

inertia of the jth vehicle axis (kg—mz)

loop bandwidth defined as the =3 db point of the eutput
tordque to command torque transfer funetion (Hz)
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Table 2-5,

IOG Parameters for Slewing

m1=8.0593x104 kg

m2=l.95x102 kg

m3=2.683x103 kg
_—_— 6 2
Jlx—l.Ollxlo kg-m

_ 6 2
le~7.569x10 kg-m
I, =7.783x10% ke-n2
Ty, =7+783x1 g=m
3, =50.21 kg-m2
2% .
J,. =50,21 kg—m2
2y :
- J, =50.21 kg;m2

2z = -

: . 3 2
J,.#2.335x107; 591.8 kg—m
3x
3 i 2

J3y=2.08x10 3 617.6 kg-m
J,,~2.605%10°; 1.794x10% kg-n2

_ " -2 .
R11~-l5.05 1x -4.411x1.0 lz m
RE20=—0.375 lz m
r1=0.375-1z bul

L)

r,=1.85 1 31,0391 p
2 z z

Rlzm?—i.68 l'x +.7699 lz m

D12X=D12y=0122=59.93 n-sec/m
K12X=K12y=K122=125 n/m

d12x=14.96 (n-m~sec)/rad

dlzy=l4.96 (n~m~sec) /rad
dlzz=29;92 (n-m=-sec) frad
klzx?Bl.ZS n-m/rad
k12y=31.25 n~m/rad
k122=62.5 n-m/ rad
_ 4
KRB-_1'97ZXlO
7y
4
_ 4 L4 .
K?By—7.00x10 5 1.306x%10" n-m/rad
o e 4
KPB =8.764x10
3z
K, =1.24x10°; 2.061x10% n-m/sec
13x L-24x ; 2. X m

- J. 4ol .
KI3y~l.105x10 3 2.061x10° n-m/sec

KI3Z=1.384x105; 9.131}(104 n=m/sec

KP3X=7.856K10 H 1.306x104 n-m/rad

B 5.7843:104 n~-m/rad

. 4, 4%10° (e
LRBX—2.214xlO 1 3.674x10 (n-m~sec) /rad
: 3.674xl@3 (n-m-gec) /rad

KR32=2.47x104; 1.628x];.04 (n-m-sec)/rad
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3. . DESCRIPTION AND OVERALL OPERATING CHARACTERISTICS OF THE IPS

This sectien describes the manner of operation and the op-~
eratioenal characteristics of the I0G, SEPB, and the Floated Pni-
let, The contrel loop bandwidths and suspension frequencies where
applicable will be defined in order to achieve +1 sec peak point—-
ing stability in the presence of crew motion disturbances,

3.1 Inside—Qut Gimbal System (I0G) - The IOG system is unique
in that it is configured feor exclusive eperation in a zere gravity
envirenment. Examination of figure 2-1 indicates that a rather
large moment arm (approximately 1.85 meters) exists between the
telescope €M and the gimbal intersection/suspensieon peoints. This

would give rise to moments in the area of 4x103 n-m for the class
of telescopes being censidered in order to maintain telescope orien-
tatien in a 1 "g" environment. In a zero "g" field this is net felt
and the large telescope CM offset will cause considerable torque
coupling inte the telescope as the T0G gimbal pedestal is linearly
accelerated. (Tt should be noked that the primary coupling into
the telescope is due to translatien. Rotational coupling is small
by cemparisen.) In order to overcome the effects of this large CM
offset the IOG base (pedestal) is iselated froem pallet motien
thr@ugh a six degree of freedom suspension. This suspension must
be seft enough such that the disturbances intryoduced into the tele-
seepe will net result in peinting errer in excess of +1 S8t peak
for both realistic peinting loop bandwidths and contrel torque
levels. The suspension must ultimately provide torques equal and
opposite te the applied telescope control torques in order to keep
the IOG pedestal from reotating and hence acts as a momentum de-
saturater for the I0G base. The TOC system can therefore be
grossly viewed as a momentum exchange system where the momentum
exchange device is the I0G base or pedestal. The suspensien sys-—
tem then desaturates the I0G base and prevents it from continucus
rotation. Therefore the suspension eharacteristics have "litrle"
effect on the bandwidth and dam~ing that can be achieved by the
telescope pointing contrel leep. Control torque as In the case

of a reaction wheel system is quickly available (the only delay
being the gimbal torquer -time constant) via the gimbal torquers
resulting in a subsequent acceleratien and mementum transfer of

the TI0G base which is in turn desaturated by the suspension 5ys=
tem. However, the above description only partially describes TOG
operation as will be shown in the paragraphs that follow. '

3.1.1 Determination of 106 Loop Bandwidth - In eorder to deter-
mine the I0G pointing contrel loop required to meet 1 588 pointing

stability in the presence of ¢rew fiotlen disturbances, the telescdpe

optical axis was poeinted straight up out of the orbiter cargo bay



and the crew motion disturbances were applied aleong the erbiter vy
; axis. Nominal IOC suspensioen parameters were initially used and
I are tabulated in table 2-1. The crew motion disturbance profile
- used for this evaluation is shown in figure 3-1. The profile
shewn in figure 3-1 was used in the performance evaluatien of
the SEPB and Floated Pallet as well,

For the conditiens described above the I0G pointing control
P loop bandwidth required te maintain peinting stability within
b +1 52 peak was 2 Hz. It was initially thought that the loep
. bandwidth required to meet 1 Ges pointing stability performance
would be independent of telescope loek angle, i.e., angle of tele-
{ scope optiecal axis with the orbiter z axis. The only requirement
necessary to make the zero and 90 degree telescope look angles
equivalent was te apply the crew motion disturbance along the y
| and z orbiter axes, respectively. However, further investigation
- showed this notion te be fallacious and the curve shewn in figure
' 3=2 was obtained as the telescope look angle was varied for a
2 Hz T0G centrel loop bandwidth for the suspensien parameters
| listed in table 2-1. From the curve shown in figure 3-2 it is
5 ¢learly apparent that I0G system operation is grossly different
at zero look angle regardless of direction of crew motion force
applicatien than at a 90 degree look angle. In faet the pointing
error incurred is a strong functien of loogk angle as figure 3-2
indicates. Upon reevaluating the manner in which the IOG operates
the following became apparent. Whern the telescope is either in
the zere or 90 degree look angle positions and the crew motion
force is applied aleng the orbiter y and z axes respectively,
the suspension does not iselate the telescope from this distur-
bance very effectively, The reason for this is the following.
Since the primary coupling inte the telescope is rranslatioenal
in nature via the translation of the hinge point, the initial
equivalent suspension tranglational natural frequency is impor-
tant in order to determine the ameunt of hinge motien. Since
the hinge is completely frictionless the telescope is free to
3 rotate initially about its center of mass in order te track the
i transiational meotion of the hinge peint. Hence the dinitial
translatienal natural frequency of the suspension is approxi-
mated by
1 [#q4)272 |
‘—"fj @

:Ti]maxé EEi,m4

Substitution of the values glven in table 2-1 inte equatien (1)
results in

31/2 '
o 1 l4¢2.5x10%) - ‘
£1= 2w[ i ] 1,14 Hz (2)

U ——— . .



The suspension natural frequency caleculated above is the highest
e value that it can possibly have. This would be the initial trang-
i lational suspensien natural frequency if the telescope pointing
i contrel leep bandwidth were zero or the telescope were uncontrolled,
It is clearly seen that as the telescope control loop bandwidth in-
creases the equivalent mass that the suspension interacts with in-
creases hence the inftial suspension natural frequency decreases,
In the limit for an infinite pointing control leop bandwidth the
mass that the suspension interacts with is the sum of Mo mg, and

U mg. Using the values given in table 2-1 results in a suspension

translational natural frequency of

Ergloin™ 5 m—H—-—é_,_m's;mfe_ =0.2967 Hz @)

Hence the translatienal suspensien natural frequency initially or

for that matter at any time is bracketed between 1.14 and 0.3 Hz

for the nominal suspension parameters. The Fourier transform of
- the disturbauce profile shown in figure 3~1 is given by

Saad e
F(jw)=j{f f(_t)sinwtd[}=j{f 7 (t+2a)sinwtdt

2a ;
+ [-B+ %(t—a)] sinmtdt} (4
a g .

where:
a = time interval of ene of the applied triangular force
disturbance
B = maximum amplitude of the force disturbance

Evaluatien of the imtegrals shown in equation (4) yields

F(jm)=j{%§§{sinZaw—sinaw]- %E-CGSZaé} (5)
A

A plot of equation (5) is shown in figure 3~3 for a=0,8 seconds.

Examination eof figure 3-3 shows that the spectrum of the
~ disturbance signal peaks at approximately 0.16 Hz which is nearly
a facteor of twe below the lowest possible suspension translational



o

natural frequency. Hence it i1s apparent that the suspension with
the nominal parameters given does not isolate the telescope from
this disturbance very effectively.

The reason for the sensitivity of pointing error with respect
to look angle can be explained in the following manner. When the
telescope look angle is zero and a disturbance is applied aleng the
orbiter y axis, or for that matter in the xy plane, the control
torques applied to the telescope in order to maintain peinting
also translates the I0G base and hinge points. This translation
1s due to rotational translational coupling in the IOG base due
to distances between the IOE center of mass and the telescepe
hinge point (rl) and the center of elasticity (RE40) of the I0G

suspensien. It can be shown that the hinge point translation sub=-
tracts from the translation due teo the crew motien disturbance,
hence greatly reducing the translatienal coupling into the tele-
scope. This action can be viewed as a juggling phenomenen where
the hinge point temnds to remain directly under the telescope center
of mass when the telescope loock angle is zero, However, when the
telescope has a look angle of 90 degrees and the crew motion disg~
turbance is applied along the orbiter z axis, no hinge translatien
can take place that would reduce the translatienal coupling into
the telescope. This is apparent since the translatienal coupling
into the telescope occurs along the z axis and, for the given geo-~
metrical arrangement, initial hinge point tronslation due to tele~
Scope contrel torque aleong the z axis is not possible.

If the explanation given above were valid then it would di-
rectly follew that nearly eguivalent operation as that exhibited
when the telescope look angle is 90 degrees would be achieved
with a zere telescope leok angle when the distances between the
IOG center of mass, the hinge peint, and the suspensien center
of elasticity are zero. This was done and the results are shown
in figure 3-4., Examination of this figure indicates that essen-~
tially equivalent peinting performance was obtained for zere look
angle as that achieved feor a 90 degree look angle once the hinge
point, center of elasticity of the IOE suspension, and the pedestal
center of mass coincide. This result substantiates the explanation
given abeve.

To even further substantiate the explanation of I0G eperation
given above, the tramslational stiffness of the I0GC suspension was
incteased by an order of magnitude without inereasing the suspen=
sien retatienal stiffness. (This is pessible mathematically, how-
ever, it is net pessible physically without changing the distance
between the iselators,) If the above contentleons were true, then
the peinting errers Iincurred for zere rtelescope look angle should

3-4



be independent of this variatien. This was verified on the com~
puter simulation thus supporting the above contentions.

It is therefore apparent that in choosing an 10G loep band~—
width the telescope should be positioned at the werst possible
leok angle censistent with its operational range. For the orbiter/
I0G/telescope system being considered the telescope maximum look
angle is +65 degrees. Examination of figure 3-2 indicates that a
pointing error of approximately 9 8@ results at a telescope look
angle of 65 degrees for a 2 Hz control loop bandwidth in the pre-
sence of a erew motion disturbance. Increasing the loep bandwidth
much beyond 2 Hz is not desirable from structural and noise (i.e.,
sensor and actuator) viewpoints, Henece the enly way te achieve
the desired pointing stability of 41 Fet peak is to soften the
suspension as described in the next paragraph.

3.1.2 Selectlion of IOG Suspension Stiffness - Figure 3-4
shoews peinting error as a function of suspension stiffness for
various telescepe lock angles for a 2 Hz pointing control leep
bandwidth. Examination of the curve for a 65 degree telescope
lock angle (the maximum loek angle projected for I0G eperation)
shews that a reductiom in suspension stiffness by approximately
a factor of 20 would result in a peak peinting error of 0.5 Sec
for a Z Hz control leop bandwidth. This then is the recommended
reduction in suspension stiffness in eorder to meet the pointing
performance of 1 5e¢ peak without increasing the peinting contrel
loop bandwidth beyond 2 Hz.

3.1.3 IQG Pointing Performance as a Function of ioment Arm
and Contrel Loop Bandwidth - Figure 3-5 shows I0G pointing pere—
formance as a functiom of distance from the hinge point te the
telescope center of mass (i.e., moement arm) for several pointing
contrel loop bandwidths for 1/20 noeminal suspengion stiffness
and a telescope look angle of 65 degrees. Examination of this
figure shows that pointing errer increases as the telescope
moment arm increases. However, it 1s apparent that the pointing
error is appreaching a maximum value as the telescope moment arm
is increacing. In fact if the moment arm were to keep on in-
creasing, the telescope incurred peinting errer would begin to
decrease., The reason for this phenomenon is that the telescope
rotation about its center of mass requilred to track the transla-
tién of the hinge peint due te crew motien disturbances, decreasasg
as rthe moment arm is inereased. This is apparent since the linear
translation of the hinge peint must be equal to "r0", where "' is
the telescope moment arm and 0 is the telescape angular rotation.,
Figure 3-6 shows telescope pointing error as a functien of pointe
ing contrel loop bandwidth for varieous values of telescope mement

3=5



arm, for 1/20 nominal suspension stiffness, and a telescope look
angle of 65 degrees. As expected, telescope peinting error de-
creases as the pointing control loop bandwidth increases.

3.1.4 Observed I0G System Instability -~ In the course of
investigating TOG pointing performance, an instability was ob-
served at a telescope look angle of 90 degrees for nominal sus-
pensien stiffness parameters. The roots associated wilth the in-
stability had small positive real parts making their presence
felt only after 10 to 15 seconds. In order to verify that the
observed instability was real and net a computer simulatioen prob-
lem, a two body model of the TOG system was defined and the equa-
tions of motien for this model developed, The characteristic
equation of this two body system was derived and a Routh stability
array was run. In the paragraphs that fellow the. two body model
will be defined, the equations of motion derived, and the results
of the stability analysis performed are presented.

3.1.4.1 Equatiens of Motion For the Two Body Stability Model -
Figure 3-7 is a schematic representatlon of the fwo body medel used
for the investigation and the substantiation of the I0G instability
observed on the six body cemputer simulatien. As figure 3-7 indi-
cates the two body stability medel assumes that the IOC pedestal
is suspended from an inertial base which represents the erbiter/
pallet combination. This should approximate the actual system
with respect to stability characteristics because of the large
difference in mass and inertia characteristics between the orbitex/
pallet and the IOG/telescope ceombinations.

Using the same techniques described in section 2, the linear
equations of metion of the svstem shown in figure 3-7 are given
by

Fre Tty e (6)
“FyTmyPy &
p2=€+rl+r2 (8)
Substituting equation (8) inte equatien (7) gives
—FH-'-‘=m2 E+-'m2 (rl*l‘-‘rz) (2
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where:

€ = distance from origin of inertial cooerdinate frame to
I0G pedestal CM (body 1)

g, = distance from origin of inertial coordinate frame to
CM of telescope plus inertial gimbal of I0G (body 2)

F. = hinge force

H
m, = mass of body 1
m, = mass of bedy 2

r, = distance from CM of bedy 1 te hinge point
T, = distance from hinge peint te CM of bedy 2
F. = external force on bedy 1

F = T0& suspension compliance force

The compliance force Fc can be written as

F_=4D*E+4Ke 44D (w0 ¥Ry )+4Ke (B3R 1) (10)
where:
wl = inertial rate of bedy 1
@l = inertial angular position of body 1

REl = distance from CM of body 1 te center of elasticity of
the I0G suspension

D = viscous damping of IOG mount
K= s@ring constant of IOG suspension
D=diag[Dx;Dy;Dz]

(11)
K;diag[Kx;Ky;Kz]



Substituting equation (10) and (9) into equation (6) results
in

Fle=(m1+m2)é+4D°E+4K°E+4D°(wlxREl)+4K°(elxREl)+m2(rl+r2) {(12)

The rotational equations of motion for bodies 1 and 2 can be
written as

TC—TH+R11xFle+rleH= gE(Jl'wl) (13)
Tty o0, mu)) (14)
where:
Tc = suspension cempliance torque
TH = hinge control torque
Jl = inertia of body 1
J2 = inertia of body 2

R.; = distanece from CM of body 1 te point of external force
application on body 1

and

Jl=diag[Jlx;le;le] (15)

J2=diag[J2x;J (16)

Zy;JZZJ

The suspension compliance torques can be written as (see sec—
tion 2)

TG.=— {1 -wl+k . Ol-l-l,pRElx [: . (wlx-REl)] +4:RElx E(' (elXREla +4R_Elx (D)

+¢RE1x(K-?{} . . (17)

where:

d = suspension rotational dampin~ matrix

fl

k suspension rotational spring cofistant matrix



and

d=diag{dx;dy;dz] (18)

k=diag[kx;ky;kz] {19)
The hinge control toerque TH can be written as
(. %

Ty= 'E_R-UJZ-H(P *0 oKy — (20)

where:

rate gain matrix

It

S

position gain matrix

~
]

Integral gain matrix

and

K18 Ky 3y 3K, | =
KP=diag[KPx;KPy;KPZ} (22)
KI=diag[KIx;KIy;KIz] (23)

Substituting equation (20), (17}, and (9) into equations (13)
and (14) results in

! = El_... T = > L] - * ) : L] )
Rllele— it (7 1 tul)-f-d w1+k e l+4RE1xE) (mlxREla +4RElx.E( ] lxREl)]

: 0
2

[%R-m2+KP'82+KI° _é]. (24)

ra

G=

— .; - _._- ~j!j_. ‘ — N
t(J2 w2)+KR w2+K? 62+KI s +r2x(m2€)+m2r2x(rl+12) 23)

[oF

.Equétions (12), (24), and (25) form a complete set of equations
of motien for the two body stability medel defined.

Assuming that the telescepe look angle is 90 degrees, aquations
(12), (24), and (25) can be linearized and written in component form
in the fellowing manner




e e e e pep st e

- 2. 2
RllXFlelx_(Jlx+m2rlz)mlx+(dx+4DyRElz)wlx+(kx+4KyRElz)slx

6
2x . 3 -
- ——— -— 2
E&b&bx+KPx62x+KIx s:] m2rlzr2xw22 (m2rlzEy+4RElszEy+4RElzKyEy) (26)

. 2 .- 2 2
RIIXFlely"(J1y+m2rlz)w1y+(dy+4DxRElz)wly+(ky+4KxRElz)ely

8
~f x| 8o 5 4
E(Ryw2y+KPy62y+KIy 8 ]+m2rlzEx+4RElszEx+4RElszEx (27)

8
e =7 & : . _2z
Rllx}le,z_lemlz+dzuﬁz+kzelzq[%Rzm22+KP2622+kIz S‘] (28)

6
_ . 2x
OHJZx 2x+KRxm2x+ x82x+KIx S (29)
25 . Gzz
0=(J2y+m2r2x)w2y+KRyw2y+pr02y+Kiy = —mzrszz (30
6?_z

_ 2 . . L
0‘(Jzz+m2r2x)mzz+KRz“2z+szezz+KIz s 2T laT2xixMaloyE, (3D

Fle[x=(ml+m2)ex+4Dx€x+4Kx€X+4D R +4K R, B +4m

X Elzwly x BElz 1y Zrlzwly (32)

W, +m,.r

Fle]y=(m1+m2)ey+4nyey+4xyey-4n R —4K R 1Ty Tp Wy (33)

y E1z%1x Ry, 00 Moy,

Fle]z=(m1+m2)Ez+4Dz€2+4KzEz-m2r2w2y (34)

Examination of equations (26) through (33) reveals that Ehey-break
into three distinct sets. Set 1 is formed by equatiens 27), (30), (32),
and (34) corresponding te degrees of freadom Oly’ 62y’ Ex’ and Ez' Set 2

is formed by equations (26), (29), (31), and (33) eorresponding to de-
grees of freedom le, er’ 822’ and Ey. Set 3 is formed by equatien (28)

which concerns the degree of freedom Olz'

The characteristic equation feor set 1 can be written as

Al=(a1a7—33a6)(a4a9—asa8) - {35)
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where:

| 2. 2 2 2
| = a. " :
't a; (le-rmzrlz)s +(dy+4DxRElz)s+(ky+4KxRElz) (36)
2 4 _
a3=m2rlzs +4RElszs+4RElsz (37)
2 2 KIX
- a4=(J2y+m2r2x}s +KRys+KPy+ S : (38)
.
as=—m2r2xs (39)
; | 9 B
-~ Ag™M,T; S +4DxREle*4KﬁRElz (40)
' —f 2, o
! a7—(m1+m2)s +4st+4Kx (41)
. ) ) | |
| TgT My T xS (42)
) . 2
ag=(m,+m,)s D s HK (43)

The values for the parameters shown in equations (36) thru {(43)
are derived from table 2-1 for nominal suspensien parameters and are
given in rable 3+1,

Using the values given in table 3-1 and substituting them into
equation (35) results in

4 6

| A= 2.18x10°5%+1. 894x10 83-!-1.774x1075'2+1.338x1065+6.25::{106]'

, , 9
| | [7 .77x10%%+6. 8825107 s 343, 35251085 245 .902x10%548. 185x105+ *—l-g—sl@—] (44)

Running a Reuth stability array on the two bracketed expressions
glven in equation (44) shows that the first bracket is stable and the
second bracket is unstable. The roots associated with the first bracket
are gilven by '

51’2?“f0189iﬁi596 (45)
Sq ;= 4.325+37,874 (46)
3,4 -

The reots associéted with the secen& bracket are given by

5,=0 (47)
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s,==~2 : (48)

2
Sq 4=O.0184jj1.621 {unstable root) (49)
Se =3.452+i3.893 (50)

It is seen that the instability is associated with telescope
rotational metion abeut the y axis and translatienal motion of the
I0G pedestal along the z axis, In addition the pesitive real part
of the unstable root is small whieh substantiates the fact that
the computer simulation had to run 10 to 15 seconds before the
effect of the instability was noticed.

In order te further verify that the stability medel used to
determine the unstable root shown above was valld, and that the
root shown was indeed the only unstable roet in the system, Routh
stability arrays on the open loop system given by set 1 and the
closed leop system given by set 2 were performed. Both were shown
toe be stable. In addition the open loop poles assoeiated with
equation set 1 are given by

51,270 ; (51)
s, ,==,0189+j,596 (52)
3,4 -
S, .==4.325+j7.874 (53)
5,6 =
S, o=—.7768%j3.728 (54)
7,8 -

In erder te better understand the reason for the instability,
the IOG suspension Parameters were parameterized im the two body
stability model described above., It was found that with a slight
decrease in suspensien stiffness from the nominal values the sys-—
tem was stable, However, the suspemsion stiffness had to be in-
creased by approximately a factor of 15 before IOG system stability
was reestablished. For these parameterizations, I0G damping ratie
was held con.cant. Additienally a slight increase in suspension
damping by approximately a2 facter of 1.5 gave stable system roots.

The values of RElz and r were parameterized and were shown

_ iz
to have little effect on the system instability. HeWever, when
the centrol law integral gain was set te zere all roots were
stable regardless of IOG suspension stiffness.
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Most of the results described above have been verified on the
six bedy pointing performance model for a telescope look angle of
S50 degrees. The one exception was that increasing shockmount damp-
ing did not stabilize the six bedy I0G cemputer simulation as it
did the two body stability medel. The result of this investiga—
tion indicates that more effort is required in order to understand
the overall stability characteristics of the IOG and the intexrre-
lationships between the various System parameter (i.e., control law

Structure and suspensien parameters) and their effect on I0G stability,

3.2 Standard Experiment Pointing Base (SEPB) - The SEPB is a
conventional gimballing system in which the telescope center of mass
is located in the vieinity of the gimbal intersection point, The
base of the SEPB is hard mounted to the pallet. Iselation from crew
motion is achieved by maintaining the telescope CM close to the gim=-
bal interseectien points in erder to keep translational coupling into
the telescope small without the use of a suspension, It is clearly
seen that if the telescope CM were located exactly at the gimbal
intersection peint and in the absence of gimbal friction telescope
iselation from crew motion would be achieved without the need for
a peinting contrel loop. Bowever, it is nmot possible to keep the
telescope CM precisely at the gimbal intersection points, hence a
pointing centrel leop is required to centrol the disturbances that
couple into the telescope due teo crew metions. The required point-
ing centrel loop bandwidth is a direct functien of the telescepe €M
offset from the gimbal intersectien or hinge point. This dependence
is shewm in figure 3-8 for a 1 and 2 Hz pointing control loop band-
width.

Examination of figure 3-8 shows that a telescope CM offset of
3.2 and 8.9 centimeters (1.26 and 3.5 inehes) for contrel loap
bandwidths of 1 and 2 Hz, respectively, will result in peak point-
ing errors of +1 %ed in the presence eof crew motiom disturbances.,
Both of these allowable mass offsets require telescope mass balancing.
Since it is net anticipated that balancing the telesceps to 3 centi=
meters is no more difficult thanm balancing it to 9 centimeters, the
smaller telescope mass offset ig recommended, thus allowing the use
of a 1 Hz pointing contrel loop for the SEPB. This would result in
advantages when considering the effects of structural flexibility
and system neise over a ? Hz peinting centrel leop bandwidth.

3.3 Floated Pallet ~ In the floated pallet concept for the
spacelab; the tetal pallet is isolated with respect te the orbiter
through a passive spring damper suspension. (Details of the design
and characteristics of thisg suspenston are given in velume III of
this report.) Four Skylab double gimbal CMGs are mounted on the
pallet in erder to control the tetal pallet to +1 S&¢ peak pointing
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error in the presence of crew motion disturbances. The isolation
system not only acts te iselate the pallet from crew motion dis—
turbances but alse allows the gress attitude contrel of the orbiter
through the pallet suspension system via the control moment gyros
mounted on the pallet. Hence the orbiter reaction control system
is not required to maintain orbiter attitude and are ineperative.
Therefore the floated pallet concept eliminates the contaminants
from the erbiter hypergoelic RCS that are present in beth the I0¢
and SEPB concepts,

The recommended suspension design sets the suspension natural
frequency both in rotation and cranslation in the vieinity of 0.1
Hz with a damping ratio of approximately 0.1, This is accomplished
by the use of gas filled bellows springs which have appropriate
linear stiffness and damping‘coefficients, and which are placed
apprepriately to achieve the desired rotatienal characteristics,
This 1is explained fully in volume TII of this report. It was
anticipated and subsequently verified that a suspensien natural
frequency in the area of 6.1 Hz both in rotation and translation
not only yields satisfactory iselation from crew motien distur-
bances, but will also allew the maintenance of orbiter attitude
threugh the suspension system witheut large elongations of the
pallet suspension system. Figure 3-9 shows a plet of peak point-
ing error as a function of floated pallet control loop bandwidth
for the recommended suspensien configuration in the presence of
crew motion disturbances. From this figure it is seen that a
pallet control loep bandwidth of approximately 1 Hz will limit
the peak peinting error due to crew motien disturbance within

+1 Sec.

Figure 3-10 shows a plot of pallet pointing error vs suspension
damping for neminal suspension stiffness and a 1 Hz pallet pointing
contrel loep bandwidth., As the plot sheows, pallet peinting error
is enly affected slightly as the damping ratie is varied by an
order of magnitude. In fact, poirting error increases slightly
as the damping ratie is increased from its neminal value of 0.1,
Therefore suspension damping, the most uncertain quantity ef the
suspension parameters, dees not require precise comntrel in order
te meet satisfactery pallet peinting stability performance.

Figure 3~11 shows a plet of pointing etrrer vs pallet suspensien
natural frequency for a constant damping ratio of 0.1 for a 1 Hz
pointing centrel loep bandwidth. As expected, the pointing ervor
incurred is a fairly seusitive function of suspensien natural fre-—
quency increasing appreciably as the suspension natwurcal frequency

is inéreased,
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Table 3-1. Parameters For Two Body Stability Model

=50.21 kg-n>

I1x

i co 2
le—50.21 kg-m
J, =50,21 kg~ 2
Az T g=m
g ' 3,2
J2x—2.605x10 kg-m
=7 08%x103 Lo 2
Jzy-2.08x10 kg—m
3, =2.335x10° Kkg-m?
2z °*
2
ml=l.95x10 kg
2
m2=2.683xl0 kg

D =D =p =2.68x102 n=sec/m
Xy z

1 o 3
KxeKyuKz—Z.leo n/m

d_=d =66.9 n-m-sec
X ¥y

k =k =625 n-nm
X Yy

RE12=—.375 m

rlz=.375 m
r2x=1,85 m

4
KRX=2.47X10 n=m-sec

KRy=l.472x104 n=m-sec

K =2.214x104 n-m-gec
Rz

KPX=8.7-6};):J_O4 n-m

I(Py=7xlO4 n-m

Kp,=7.856x10" n-m

. 5 o
KIK—1.384x10 n=m/sec
5
K_ =1.105x10" n-~m/sec
1y

K_ =l.24x105 n-m/sec
Iz
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4. EFFECTS OF FLEXIBILITY ON POINTING CONTROL LOOP

The following sectioen presents a general discussion of

the effects of flexibility on the peinting control leep which
applies to all of the IPS options being considered in this study,
Data on the effeects of flexibility will then be presented Ffor

the three (i.e., IOG, SEPB, and Floated Pallet) IPS eptions being
investigated, Finally analytical verification of an instability
first observed on the linear pointing performance simulatien

for nominal LOG suspensien parameters will be presented.

4.1 General Discussion on the Effects of Flexibility on
Pointing Contrel Loop - The preblem of flexibility can be divided
into two broad classes:

a. Flexibility between sensors and actuators as exemplified
by the classical booster preblem.

b. Sensors and actuators mounted on a relatively rigid
structural pertion which is in turn connected threough a
fiexible interface to the remaining structure. Skylab was
an example of this type of problem,

Both of these effects cause stebility problems, however, they are
different in nature. When flexibility exists between sensors and
actuators the flexibility acts as a lag in the contrel system which
can be grossly viewed as the equivalent of having low bandwidth
actuatoers thus causing instability. When sensors and actuaters
are mounted on a relatively rigid portion of structure which is
connected through a flexible interface to the remaining structure,
the effeet of the flexibility is to cause an apparent decrease in
the centrollable vehicle inertia when the natural frequency of the
flexible interface is exceeded. This decrease in inertia canm be
viewed as an increase in loep gain which can cause instability if
the inertia reduction is appreciable, and the stiffness of the
interface does not yield a sufficiently high structural natural
frequency. Both of these effects can be illustrated by the simpli-
fied single axis system shown in figures 4-1 and 4-~2.

The transfer functiem for the vehicle dynamics assuming that
sensors and actuaters are meunted on hoedy 1 can be derived from
the following set of equations:

(TD-TC)-D(wlwwz)AK(Bl—Bz)=J1wl (L

D(ml-m2)+K(el—ez)=sz:2- . (@



Rearranging terms and taking the Laplace transform gives;
oy 2, '
(TD-IC)—(Jls +Ds+K)81—(Ds+K)62 (3)
0=-(Ds+K)8 1+ (J252+D5+K) 3] 5 4)
Solving equations (3) and (4) for Bl and 82 gives

2
_ (:D-TC)(JES +Ds+K

i) — = —= o (5)
15 37 3
s ETlJZs +(IHT) (Ds-!-Ka

} (TD~TC)(D5+K)

G2 2 2 ! (6)
s EIlst +(I,47,) (Ds+l{a
Rewriting equatien s (53) and (6) using w=sf
fJ
(T -T) ,——2- 2 2 g
1 (I35 )s} I J -
12 ‘j;ié+r—— 52+ E-s+1
K(T,+,) K 5T
. 'g
wo D% | E M | @)
) GAs| T . —
172 172 2,D ..
' K(I+3,) ST

Examination of equation (7) shows that at low frequencies
the vehicle inertia is represented by (J1+J2), however, at high

frequerncies the vehicle inertia is just equal to Jl. With the

use of equation (7) and the expressions shown in figure 4=1 the
loop gain of the simplified single axis system can be written
as
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STRUCTURAL SENSOR VEHICLE ACTUATOR

DYNAMICS DYNAMICS CONTROL LAW DYNAMICS
J
2 2.D .
- 8 + > s+l [- K
HG(s)= ——h K__ K =1 | L L .I.<.Ii+-_1_
(J,+T )s| J. T : s .2, 2 : S 2]
172 12 _ 82+ B s+l (EJ——) + o st+1 s
K(3,+7,) K 1L "%s s

Since the total body (i.e., body 1 plus body 2) is te be controlled,
the vehicle centrol gains are normally chosen to give satisfactory sta-
bility and system performance assuming an inertia of J1+J2. However,
if the natural frequency of the flexible interface is not suffieiently
high, particularly in the case where J2>>Jl, examinatioen of equation (9)
shews that a large increase in loop gain u.curs once the natural fre-
quency of the flexible interface fi.e., w>6§—9t/2] is exceeded, This

2 7,
increase in loop gain, approximately equal to 63=), causes an actuator

or senser pole to cross inte the right half plane causing an instability,

Examination of equation (8) indicates that the vehiecle dynamics

K(J1+J2) K
acts as a second order lag for radian frequencies-jfff~+-<w< E—and
. ) 12

then aects as a first order lag fer w>-5 Writing the leep gain for the

D
simplified single axis system shown in figure 4-1 using equatien (8) as
the repregentation of vehicle dynamies results in

STRUCTURAL SENSOR VEHICLE ACTUATOR
DYNAMICS DYNAMICS CONTROL LAW DYNAMICS
D
2 g+l
- 1 K5 _ ,,1 _
HG(s)= (jl+J2}3‘ JlJé. ZH.D - _G§;92+‘2£—S+1: KR+ -
itjlijgj-s + E—s+1 W ms _

Examination of eguation (1.0) shows that if the interface stiffness
is not sufficient to keep the second order lag brea. frequency
K(J1+J2) 1/2
[i.e., wB=” T ] appreciably greater than the desired pointing
| B v, ; - .
contrel leoep bandwidth excessive lags will oeceur causing an instability

where a vehicle pole crosses over inte the right half plane, Addition=-
ally it is seen that as Jl decreagses with respect to J2 the second order
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lag break frequency w, increases thus improving system stability

B
exactly the reverse of the effect observed when the sensors and
actuators are mounted on body 1. The increase in stability as
Jl decreases with respect to J2 can be argued f£rom a physical

standpeint, Since the torque applied to body 2 must be applied
through the flexible interface between bodies 1 and 2, the faster
body 1 can be deflected the faster the control torques are applied
to bedy 2. Hence as the inertia of bedy 1 decreases it can be
deflected more rapidly by the torque applied by the actuators on
bedy 1 thus reducing the overall system lag and increasing over=
all system stability margins.

The instabilities caused by flexure in beoth classes of the
problem can be cempensated for by twe general techniques:

a. Design the bandwidth ef the contrel loep below the natural
frequencies of the vehicle flexibilities (i.e., gain stabiliza-
tien). This type of design results in a low control loop band-
width and hence pointing performance will net be et under the
influence of disturbances, particularly those due to crew
motien,

b. Use phase stabilizatien techniques which would yield ade-~
quate control leop bandwidth thus enabling high accuracy sys-
tem peointing perfermance. However, this technique requires
the accurate knowledge of the vehicle bending characteristcics
which are net readily available and can necessitate on-board
measurement of wehicle flexibility characteristics.

Therefere, the appreach taken im this study is te evaluate the
loop bandwidth that is required to meet 1 Se¢ system pointing per=
formance assuming a rigid structure as described in section 3.
Flexibility is then inserted and the structural stiffness (i.e.,
structural natural frequencies) required to yield satisfactoery Sys=
tem stability and performance determined without the use of bending
mode filters. This determinatien was conducted for beth classes of
the flexibility problem outlined above,

The model that was used for these determinations was the linear
pointing performance model as outlined in section 2,1 of this report.

4.2 Effects of Flexibility eon the I0G Pointing Control Locp =
Using an I0G loop bandwidth of 2 Hz determined in seetion 3.1.1 with
sensors and actuators mounted en bedy 5, the inmertial gimbal of
the IOG, the flexible interface between bodies 5 and 6 was varied
in order to determine the interface frequency required for system
stability. The result of this investigcotion showed that an interface
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frequency of approximately 8 lz corresponding to an interface stiff-

ness of 1.291x107 n-m/rad was required to achieve neutral stability,
The interface frequency is defined by the following relationship

_ 2 2 :
kI—(Jcmﬁmr )(ZﬂfI) {11)

where:

.
Il

oM~ inertia of the telescope about pPrincipal axes

m = mass of telescope

distance from flexible interface to telescope center
of mass

-
I

When the sensors are mounted on the telescope the interface
frequency required for system neutral stability was approximately

2.8 Hz corresponding to an interface stiffness of 1.647x106 n-m/rad.
This is approximately a factor of 2.8 less than the interface fre-
quency required when sensors and actuaters are mounted on boedy 5,
the I0G intertial gimbal. These results support the general dis-
cussion given in section 4.1. Figure 4-3 shows the interface fre-
quency required for neutral stability as a function of lecp band-
width for sensors mounted on the telescope (i.e., body 6).

Variatiens in the flexibility characteristics of the pallet
{i.e., bodies 2 and 3) and the interface between pallet and erbiter
(i.e., bodies 1 and 2) over wide ranges had little effect on overall
10G system stability and perfermance.

In summary the conclusiens that are drawn frem the investiga-
tion mf_the effects of flexibility on the ILOG system pecformance
and configuratien are the following:

a., In order to minimize the interface and telescope frequency
and stiffness reguired for stability sensers should be mounted
on the telescope rather than the inertial gimbal of the TOG.
This would necessitate both a2 mechanical and electrical inter-
face with the various telescopes that are to be mounted ou

the TOG. '

b. The interface frequency and corresponding stiffness required

for neutral stability is approximately 2.8 liz and l.647x106
n-m/rad, respectively. It should be noted that these values

are required for neutral stability. 1In order re achieve ade~
guate stability margins the interface frequency should be in-
creased between a facter of 1.5 te 2 corresponding te an increase




in stiffness of 2.25 to 4. It should be noted that the inter~
face stiffness represents the gimbal stiffness, telescope mount-

ing interface stiffness, and the stiffness of the telescope support

module as a lumped parameter. The reason for this is that the
sensors will be mounted en the optical bench in order te con-
trol the telescope line of sight while the attach peint to the
I0G will be on the back end of the telescope. Therefore, the
I0G gimbal compliance, interface compliance, and telescope sup-
port module compliance can be roughly viewed as springs in
series. Hence it is seen that severe stiffness requirements
will be placed en the telescope support medule in order to
achieve system stability which traditionally has ne such re-
quirement thus complicating its structural design. If bending
moede filters are te be employed te alleviate the telescope
stiffness requirements accurate knowledge of system bending
medes would be required and each telescope would require its
own bending meode filter design making the I0G very payload
sensitive.

4.3 Effects of Flexibility on the SEPB - Using the 1 Hz point-
ing centrol loop as outlined im section 3.2 the interface fre-
quency and stiffness requirements were determined when sensers
were mounted on the inertial gimbal of the SEPB and when they were
mounted on the telescope. '

When the seunsors (i.e,, rate gyres) were mounted on the inertial
gimbal of the SEPB (i.e., body 5) the interface frequency and stiff-

ness required for neutral stability was 0.5 and 2.5x104 n-m/vad,
respectively. When the gemsors were mounited on the telescope the
interface frequency and stiffness required for meutral stability

was 6 Hz and 3.6x106 n-m/rad, respectively, For the SEPB the re-
lationship between interface frequency and stiffness is given by

- : 2
kI JCM(21TfI) (12)

These results ate the reverse of those obtained fer the I0G
and further points up the effects of structural flexibility discussed
in section 4.1, Examination of the inertias of the SEPB inner gim-
bal and the telescope {table 2-2) indicate that they are of the
same order for the ¥ and z axes and differ by a facter of 5 for the
x axis. This is much smaller than the factors of 34 or 70 encountered
for the T0G depending on whether telescope inertia about the prinecipal
axes or a coordinate frame centered at the telescope to IOG gimbal
attach peint is employed. Hence when sensors are mounted on the in-
ertial gimbal of the SEPB an apparent loep gain increase of a factor




of 5 occurs for the x axis and only requires a structural inter—
face frequency of 0.5 Hz to achieve neutral stability. In fact
the x axis is the only axis for which a minimum interface stiff-
ness is required for stability. TFor the y and z axes there is
no interface stiffness required for absolute stability about
these axes. However, if pointing stability is to be malntained
to within +1 §&¢ peak the interface frequency and stiffness re-

quired is 3 Hz and 9.0x105 n—m/rad, respectively. However, it
should be noted that this interface frequency and stiffness re—
quirement is enly required to meet peinting performance but not
for stability. Hence it ig net required that margins of 1.5 or
2 be applied teo these numbers in order to assure satilsfactory
system performance which would be the case as pointed out above
when structural interface frequency and stiffness requirements
2% . necessary from a stability viewpeint,

When the sensors are mounted on the telescope {bedy 6) the
interface frequency and stiffness requirement for neutral stabilitcy

is 6 Hz and 3.6x106 n-m/rad, respectively. Again this result sup=
ports the discussion given in section 3.1. Since the inertias
about the y and z axes for the SEPB inertial gimbal and the tele~
scope differ by only a factor of 1.6 a large systen lag results

as indicated by equatien (18); therefore, the interfaca frequency
and stiffness has to be relatively high in order to set the second
order break frequency high eneugh with respect to the control loap
bandwidth in order to achieve stability. In fact the axes which
govern the interface frequency and stiffness requirements are the
y and z axes. The value of interface frequency and stiffness re-~
quired for the x axis is appreciably below that which is required
for the y and 2 axes.

In summary the follewing are the conclusions that are drawm
from the investigations performed on the effecis of Flexibility
en SEPB pointing centrol loop perfeormance:

&. Sensors should be mounted on the SEPB inertial gimbal in
order te minimize the structural frequency and interface re-
guirements for stability. The interface frequeney and stiff-

ness required for stability is 0.5 Mz and 2.5x104 n~m/rad and

is governed by the x axis.

b. The interface frequency and stiffness required to maiﬁtaln
+1 Sec peak peinting stability in the presence of crew metion

disturbances is 3 Hz and 9.0x105 n=m/rad, respectively., This
value of interface stiffpness is appreximately 0,5 that requited




for the IOC thus alleviating the structural requirements for
the telescope., In addition it should be noted that the SEPBR
would attach to the telescope metering truss wiilch is tra-
ditionally quite stiff due ro thermal and dimensional stability
requirements., Hence a 3 Hz interface frequency with its cor-
responding interface stiffness should be easier to achieve

than a similar interface stiffness Ffor the I10G.

c. The interface frequency and stiffness required for neutral
stability if sensors are mounted on the telescope 1a 6 Hz and

3.6x106 n-m/rad, respectively., This is an increase of a factor
of 2 in interface frequeancy and a factor of 4 in interface
stiffness over that which is required when sensors are mounted
on the inertial giwbal of the SEPB.

4.4 Effects of Flexibility on the Floated Pallet - Using the
1 Hz control loop bandwidth established in section 3.3, the in-
terface frequency and stiffness requirements for stability and
peinting performance were determined for the following cases:

1. Sensers and actuators mounted on body 3 which corresponds
te one-third of the pallet inertia.

2. Actuators mounted on bedy 2 and sensors mounted on body 3.
3. Sensors and actuators mounted on body 2.

For case 1 where sensors and actuators were mounted on hody 3
there was no interface frequency or stiffness requirement betwean
bedies 2 and 3 from an absolute stability viewpoint. However, if
+1 Sec peak pointing stability is to be met in the presence of
crew motien disturbances over the total pallet structure the rota-
tienal and translational interface frequency, rotational stiffness,

ahd translatienal stiffness had teo be 4 Hz, 2.93x107 n-m/rad, and

5.78x105 n/m, respectively.

For case 2 where sensors were mounted on bedy 3 amd actuatoers
on bedy 2 the rotational and translational interface frequency,
rotational stiffness, and translaticnal stiffness had to be 8 Hz,

1.44x108 n-m/rad, and 2.313x106 n/m, te achieve neutral stability.
1t should be neted that the same results would be obtained if the
actuators were mounted on body 3 and the sensors were mounted on
body 2 since the system is reciprocal and the system characteristic
equation does not change,
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For case 3 where both sensors and actuators were mounted on
body 2 there was no interface frequency or stiffness requirement
between bodies 2 and 3 required from the standpoint of absolute
stability. However, approximately a 0.5 Hz interface frequency

corresponding te linear interface stiffness of 3.6x104 n/m and

a rotational stiffness of 4.58x105 n/m was required in order to
meet +1 Sec pointing stability over the total pallet, The sig-
nificance of this result is that it gives an estimate as to the
interface frequency and stiffness required by instruments chat

are mounted to the pallet., Since body 3 gets perturbed only
through the flexible iaterface between bodies 2 and 3, body 3

can be considered as an experiment bolted to the pallet which

can be considered as body 2. It is therefore seen that the inter-
face frequency between experiments and pallet which is being
stabilized te +1 fe¢ peak is only required te be in the vicinity
of 0.5 Hz. Therefore, the floated pallet places the least restric-
tion on telescope and positioning gimballing structural design,

It should also be noted that the pallet pointing control system

is least sensitive to payload characteristics and hence truly

acts as an experiment base which can accommodate a wide variety

of payleads requiring precise pointing accuracies.

In summary the following are the conclusions derived from
the investigations on the effect of flexibility on the floated
pallet:

a. In order to minimize the floated pallet stiffness require-
ments sensors and actuators should be mounted on a relatively
stiff section of pallet corresponding Lo approximately 30 per-~
cent of the total pallel inertia having a first significant
bending mede in excess of 8 Hz. The Interface Frequency be-
tween this section and the rest of the pallet should be 4 Hz
if 1 Se¢ pointing stability is to be maintained over the

total pallet,

b. The interface structural frequency between instruments
meunted on a pallet stabilized to *l S8¢ in order te meet

+1 Sec pointing stability on the Instrument is approximately
0.5 Hz. This poses the least restriction on telescope struc-—
tural design of any of the Systems investigated amnd can casily
be met. This makes the pallet quite insensitive to payload
characteristics and hence truly aets as an experfment base
capable of accommeodating a large variety of instruments re-
quiring precise pointing.

Table 4-1 summarizes the results obtained for the LOG, SEPB,

and Fleoated Pallet with respect to the effects of structural Flex—
ibility. '
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The vehicle dynamics shown in figure 4~1 are schematically rep-
resented in figure 4-2,
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Figure 4=2. Vehicle Dynamics
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Table 4-1.

Effects of Structural Flexibility fo

© the IPS

SYSTEM

INTERFACE STTFFNESS FOR

STABILITY WITH FLEXTBLE |

INTERFACE BETWEEN
SENSORS AND ACTUATORS

INTERFACE STIFFNESS FOR

STABILITY WITH SENSORS

AND ACTUATORS MOUNTED
ON RIGID STRUCTURE

INTERFACE STIFFNESS
TO MEET POINTING
STABILITY REQUIREMENT
OF +1 SEC PEAK

Inside-Dut Gimbal
System (I0G)
2 Hz Gentrol Loap

' 2.5%10° kgm?

Instrument

lst Cantilever Mode

£ =2_846 Hz
2 6
k=1.647%x10 n-m/rad

Should at least be in-
Creased by a factor of
2 (5.692 Hz) to achieve
adequate system
response

lst Cantilever Mode

f =7.967 Hz
n 7
k=1,291x10" n-m/rad

Not applicable

Standard Experiment

Pointing Basge (SEPB)
: 1 Hz Contrel Loop

2.5x10% kg-n?

1 Instrument

£ =6 Hz
a 6
k=3,599x1p n-m/rad

£ =0.5 Hz
n 4
k=2,499x10" n-m/rad

f =3 Hz
a 5
k=8.996x10" n-m/rad

Floated Pallar

1 1 Hz Centrol Loop

l

f =8 Hz

n 8
k=1.73x10" n-m/rad
K=2.313x10° n/m

None required as long as
rigid (i.e., 8 Hz) section
corresponds to approximately
30 percent of the total
pallet inertia

£f =4 Hz

o 7
k=2.93x10
K=5.784x105 n/m

o-m/rad




5, SLEWING PERFGRMANCE OF THE INSIDE-OUT GIMBAL (I0G) SYSTEM

This section describes the performance of the IOC during
telescope slewing. Two slew profiles were used in this evalua-
tion. One profile represents the rate required to track an
earth fixed peint. The other profile was chosen to give 50
percent higher rates than that required for earth tracking.

Both of these slewing profiles were supplied by NASA. Two tele—
scopes were also used in the I08 slewing evaluation. One of the
telescopes is the same as that used in the T0G pointing perfor-
mance evaluations described in the preceding sectiens, the para-
meters of which are listed in table 2-5. The second telescope
evaluated was considerably lighter than that used in the peinting
performance studies., The geometric cenfiguration and mass charac-
teristies for this telescope are shewn fn figure 5-1 and listed
in table 5-1, respectively. In all of the slewing studies the
the suspension stiffness was set a 1/20 nominal as shown in sec—
tien 3. Tor convenience, the telescope used above in the I0C
pointing performance evaluatioms will bz referred te as the
"baseline telescope" while the second telescepe will be called
the "slewing telescope."

The twe slew profiles that were used are given in the equa-
tions below.

Slew Profile 1 (earth tracking)

372+t
65

0(L)=1,136 tanh (1)
w(t)=-1.748x10"7 sech’ [&’%E] )

Slew Profile 2 (50 percent higher rates than earth tracking)

0 (£)=1.136 tanh [2“2? | 3
w(t)=~2.642x10—2 sechzf[?ﬂggf] “

Both of the slew profiles described in equations (1) thru
(4) were applied to the baseline and slewing telesceopes. The
telescopes were slewed about the -y axis for both profiles. In
additien, beth telescopes were slewed using prefile 1 about an
axis in the xy plane making an angle of /4 (45 degrees) with
both the -x and -y telesecope axes, which results in maximum
coupling between the x and y telescope axes and I0G pedestal axes.
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A satisfacteory slew about this axis would imply satisfactoery slew-
ing about any axis located in the X~y plane. Examination of the
slew profiles defined above implies that at time equal te zero

the telescope is rotated 1,136 rad (65 degrees) negatively with
respect to the axis about which the telescope is to be slewed.

The telescope maneuvers between *1.136 rad about the slew axis

in 744 and 492 secends for slew profiles 1 and 2, respectively,
Due to the computer running times invelved 1t was not feasible to
Tun a cemplete slew profile for either of the profiles defined.

In order to achieve realistic computer running times, 100 seconds
0f the slew profiles described were run. The system was initialized
preoperly for +50 seconds about the point at which maximum rate
occurs which is 372 and 246 seconds for profiles 1 and 2, respec—
tively. This initialization runs threugh the maximum telescope
rates and accelerations represented by both slewing profiles thus
resulting in maximum telescope tracking errors, I0G pedestal ro-
tatiens and translations, and IOC iselater elongations. Table 5-2
summarizes the results of the 10Q slewing studies,

Exanination of table 5-2 indiecates that the 106G is capable of
satisfacterily slewing the "slewing telescope threugh beth slew
profiles about any axis in the xy plane. The maximum resulting
pedestal rotation and isolator elongation is approximately

9.12xl@_2 rad (5 degrees) and 2.651!:-10-'2 m (1.04 inches), respectively.,
These values especially for the isolater elongation are within
state~ef~-the-art isolator design. 1In addition, the maximum tontrel
torque required was 1.69 n-m when using profile 2 which is well
within the capability of direct drive BC torquers of feasibie

size and velume. Direct drive DC torquers are desirable [rom a
peinting contrel viewpeint since they eliminate the nenlinearitiesg
that usually accompany geared torquers. The largest tracking
error incurred was 1,474 Se¢ when using slew profile 2. However,
it is antiecipated that this error could be reduced to less than an
arc second by a slight increase in telescope control loop gains,

Examination of table 5-2 shows that slewing the baseline tele-
scope evenly threugh slew profile 1 results in relatively large
rotations and translations of the I0G pedestal accempanied by sub-
stantial eleongations of the I0G iselators. The I0G pedestal ro-
tated ,176 rad (10 degrees) and 0.179 rad (10.3 degrees) about the
x and y axes, respectively, and was accompanied by an iseolater

elongation of 9.16lx10_2 m (3.61 inches) when the telescepe was
slewed about an axis in the Xy plane making an angle of T/4 rad
(45 degrees) with respect te the telescope —x and -y axes. It is
difficult te design a suspension that will give satlsfactory per—
formance and have uniform characteristics for elongatiens in the
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order of 10.16 cm (4 inches). When attempting to slew the bage-
line telescope through slew profile 2, pedestal rotations and
iselator elongations are appreciably more severe than those in—
curred using slew prefile 1, as table 5-2 indicates. It should
be noted that when using slew prefile 2, the rotations of the
I0G pedestal are so severe that the assumptions of small angular
rotation of the I0G pedestal, made in the derivation of the eyua-
tions of motion for the slewing model, are no longer valid,

The results of the I0GC slewing studies further indicare the
sensitivity of I0G performance to paylead characteristies. It
is doubtful that the I0G will be able to satisfacterily track a
point on earth with a telescope whose inertia is in excess of

103 kg-m2 within acceptable pedestal rotations and translations,
and isolater elongatiens. This sensitivity ef I0G performance
to payload characteristics, also shewn in seetion 4, is the most
significant shortcoming of the TOG system.



Figure 5~1, Slewing Telescepe Geomelric Conliguration



Table 5~1. Slewing Telescope Mass Properties

M=932 kg
Jx=388‘kg~m2

2
J =388 kge-m
y &g

J,=1,719 kg-n?




Table 5-2,

I0G Slewing Performance

TELESCUPE

SLEW TRACKING I0C PEDESTAL [0C PEDESTAHL ISOLATOR CONTROL
PRO‘FILE SLEW ERRQR ROTATTON CM TRANSLATION ELONGATION TORQUE
AXIS {rad) {rad} (mecers) (metersy) {n=m)
g "0 8 =0 € ~1.88x1070 | i, 588x107> | T -p
(7402 {u) ¢.0625 L) ox
1 -y axis 8, ,~.89x107% | 6 wi.mon10? | ¢ wg y=0 T _=0.836
(1.008 se2) (2,63 deg) y ey
8_g=0 8,0 £, ~1.26x107> | z-1,1mm0072 | ¢ =0
(-05 i{n) (4632 1n) ¢
B =0 8 =0 e b 72x107 | geaa0™? T, =0
Slewing (L.465 1in) (118 fn)
f;;;’:”;” 2 ¥ axis 0 p=7.15x1078 | 0 w9.12x1072 | ¢ -0 o T, =1.69
& Y5 1.474 Gery (5.225 deg} | 7 y
8 0 8 =0 € 2611077 | ze3,20x1072 T_ =0
z (.103 tn) (.902 in)
—6 -2 —3 -3
B g=h.30x10 " 0_=5.27x10 €_=2,18x10 ¥* L. 85x10 T, =0.949
In xy plane | *° (.934 5ed) (3,02 deg) ¢.858 in) (.073 1n) x
1 /4 rad with 6 2 2 -
- Tespect to | 6 .x4.50x10 | 8 =5.32x10 € =2.17x10 y~1.938x10 T _=0,963
telescope ~x | ¥% (9464 sa2) | ¥ (3.048 deg) | Y (.854 in} (.076 in) e
and -y axes -3 2
a E:ﬂ 8 =0 E_»2, 04x10 z=2.653x1) Tc =0
z = Z (.08 1in) (1.044 in) #
8, .0 8 =0 € =2.92x1072 | x=5.725x1073 | 7 "0
x ¥ (3.906 1n) (.2254 {n) ©
1 =y axis 8 E-a.nxmiﬁ 8 =0,249 £ =0 y*0 T, =5.32
¥® (0.86 7ed) ¥ 014,27 deg) | ¥ Y
8__=0 B =0 £,=4.39x107" | ze6.592x1072 10
= z (. 1728 Ln) (2.595 in}
6,0 0 =0 &,0.270 xmb, 72821072 T, "0
(10.6° Ln) (.679 in)
Bageline
Telescope 2 oaxls lp =8.050078 | g 0,674 € =0 y=0 T o1
(2.39x10% kg) * (1.66 Fed) (38.6 deg) ¥ ) 4
8_.=0 6,=0 £ =B.62x107° | ze0.1726 T, "0
= _ (.339 In) (6.795 1n)
0, ,=2.09x20"" 0,-0.176 € ~7.15x107% | x=4.375x107% | ¥ .89
In xy plane { - (,43L Sed) (10.08 deg) { ™ (2,815 Ln) (172 In) &
1 %w/h rad wich -6 -2 -3
regpect to ] E=2..26le 0 =u.179 | e =6.71x10 y23.975x10 Tc =3.45
telescope —x| Y= (.466 Sac) ¥ (10.26 dep) | ¥ (2.642 1n) (.157 in) ¥
and -y axes -3 -2
1] E‘:--.'.i'J 0 =0 E_=3.93x10 2ad, L0 T =0
z = 2 {155 in) (3.6 Ln) e




6. COMPARISON OF THE I0G, SEPB, AND FLOATED PALLET SYSTEMS

In this section the I0G, SEPB, and Floated Pallet are compared
relative to each other. The format for this comparison is a tabular
listing giving the advantages and disadvantages of each of the sys—
tems investigated. Comparison between system weight and the pallet/
telescope interface stiffness requirements is alsc presented. How~
ever, before presenting the comparlson tables some general comments
on the systems investipgated are in order.

The one main disadvantage of the I0C system is its extreme
sensitivity to payload characteristics, Yhis rayload sensitivity
manifests itself in three ways:

a. BSevere stiffness requirements are placed upon the telescope
Structural design. These stiffness requirements apply to the
toetal telescope structure including the instrument and subsys-—
tem compartment behind the actual telescope (i.e., optical
berch), which traditionally does not require a stiff struc-
tural design. Hence telescope structural design will be driven
te a great degree by I0G stability and performance needs rather
than the requirements primarily placed upon its design from the
scientific mission it is to perform. Compensation for telescope
flexibility can be designed in order to alleviate the require—
ments for structural rigidity. However, 1if this approach is
adopted, a phase stabilization technique would be roquired in
order to maintain the 2 Hz control loup bandwidth required to
meet pointing performance. This would necessitate accurate
knowledge of telescope and interface {lexibility characteristics,
which can peossibly require on-board measurement, and the capa—
bility of varying compensatoer characteristics as a funcrion of
these measurements.

b. Sensors required for I0G control should be mounted oa the
telescope in order te minimize the interface and telescope
structural stiffness required for system stability. This de-—
tracts frem the I0G as a genmeral purpese experiment accommodator
and requires a mechanical and an additional electrical interface,

c. Pedestal rotatioens, translatiens, and iseolator elongation as
a function of telescepe mass, inertia characteristics, and slew
prefiles. This sensitivity Probably will not allew the slewing

2 .
of telescopes larger than 1,000 kg-m”, even for earth point
tracking, in order teo maintain pedestal motieon and isolator
elengations within tolerable Limits,

The advantage of the 100 system is that it dpes net require
paylead mass halancing, thus making it ameanable to changing
telescope instrument packages as desired without telescope re-—
balancing. In addition, the TOC is the lowest weight system of
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options investigatad. The IOG will also be the minimum cost option
of the Instrument Pointing Systems considered, however, in liglt
of the payload sensitivity described above it 1s not apparent that
minimum overall program cost would result.

The SEPB does not exhibit the degree of payload sensitivity
as the 110G, however, it does place relatively severe gimbal to
telescope interface stiffness requirements in order to meet tele—
5Cope peinting stability performance. However, there is one sipg~
nificant difference between the SEPB and I0C. Since the SHPE is
a center of mass mount (i.e., telescope CM must be constrained to
a "small" radius sphere with respect to the gimbal intersection
point), it can conveniently be attached to the telescope oplical
bench, The optical bench is normally made ¢quite stiff due to
thermal and dimensional stability considerations. Thus the stiff-
ness required to meet pointing stability will probably not drive
telesceope structural design, In addition, the stiffness require—
ments for the SEPB is to meet pointing performance and is not re-
quired for absolute system stability. This means that the inter-
face stiffness does not have to be designed with any safety margins,
Also frem structural consideiations the stiffness requirements across
the interface are minimized if the sensors are mounted on the SEPR
inner or inertial gimbal. This eliminates a mechanical and elec~
Erical interface and makes the SEPB a piece of general experiment
accommodation equipment,

The SEPB exhibits the best slewing capability of the three
systems investigated. There is no restriction on the size of
telescope used or the slew profile that could be performed from
a dynamic viewpoint. The only restriection is that the gimbal
terquer has sufficient torque Lo execute a desired slew profile
for a particular telescope being considered.

There are twe primary disadvantages to the SEPR systems.
These are:

a. The need for telescope mass balancing in order to achieve
satisfactory pointing performance, This would complicate the
logistics of changing telescope experiment packages thus de-
Lracting frem its role as an overall experiment accommodator,

b. It is projected to be the heaviest of the systems con~
sidered particularly when censidering multiple telescope

operatioens.

There are two principal disadvantages to the Fleated Pallet
system:

a. The Fleated Pullet requires a control moment gYTro systenm,



b. It would not be feasible to maneuver the total orbiter in
order to perform telescope slewing due to control moment gyro
system size and torque considerations. Hence a separate gim-
balling system weould be required in order to perform accurate
telescope slewing. Tf there are slew requirements for many
of the projected Spacelab experiments, this would require the
use of essentially redundant Instrument Pointing Systems,

The chree prime advantages of the Floated Pallet concept are:

a. The total pallet is stabilized to 11 Sec thus making it
an ideal experiment carrier or base for all types of experi-
ments requiring precise pointing accuracy.

b, The Floated Pallel is not sensitive to payload character—
istics making it an ideal piece of experiment accommodat Lon
equipment. There are virteally no requirements on telegscope
structural integrity that would probably not be met by standard
structural design. 1In addition, all control gear would be
meunted on the pallet thus eliminating mechanical and elec—
trical interfaces with the various pallet mounted experiments.

¢. Use of the Floated Pallet system will eliminate the con-
taminants due te maintaining the erbiter attitude with the
presently defined hypergolic reaction control system. It
should be noted that if contamination considerations require
the use of CMGs in order to eliminate the contamination ef-
fects of the orbiter RCS, one of the prime objections to

the Tleated Pallet concept, both from a cost and comploxity
viewpoint, is removed., The additional effort required to
float the pallet does not appear to be appreciably, hence

it would be a real contender for the Spacelab Instrument
Pointing System. Even if separate gimballing systems would

be required teo perform accurate telescope sléwing, the FPloated
Pallet should still be considered for developnent once CMUs
become a necessity from a contamination viewpoint., This would
eliminate the interface and telescape structural stiffnoss
requirements that would etherwise be present in gimballing
concepts, thus yielding payload insensitive performance
characteristics,

‘ Table 6-1 shows the weight comparisen between the IOG, SEPB,
and Fleated Pallet comcepts. Table 6-2 shows the comparison be-
tween the structural interface stiffness requirements for the
systems considered., Tables 6-3, 6-4, and 6-5 summarize the over-—
all advantages and disadvantages of the Spacelab nstrument Point-
ing Systems, ‘ :
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Table 6-1. Instrument Pointing System Weight Summary

Inside-Out Gimbal System (T0G)

Weight of Gimbal and Pedestal = 488 kg (1,076 1b)

Standard Experiment Pointing Base {SEPRB)

Weight of SEPB = 962 kg (2,121 1b)

Floated Pallet

Suspension Weight
Retention System Weight
CHG Mounting Rack

CMG Weight

CHG Electronics

[11 kg/corner (24.25 1b)]
[4 kg/mechanism (8,818 1b)]
(Four CMGs)

[190 kg/CMG (418.9 1b)]

[9.07 kg/box (20 1b)]

Total Floated Pallet Weight

44 kg (97 1b)

20 kg (44.09 1b)
90 kg (198.4 1b)
760 kg (1,676 1b)

18.14 kg (40 1b)

932.1 kg (2,055 1b)
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Table 6-2.

Effects of Flexibility on Instrument Pointing System

SYSTEM

INTERFACE STIFFNESS FOR
STABILITY WITH FLEXIBLE
INTERFACE BETWEEN

SENSORS AND ACTUATORS

INTERFACE STIFFNESS FOR

STABILITY WITH SENSORS
AND ACTUATORS MOUNTED
ON RIGID STRUCTURE

INTERFACE STIFFNESS
TO MEET POINTING
STABILITY REQUIREMENT
OF +1 SEC PEAK

Inside-Out Gimbal
System (I0G)

2 Hz Contrel Loop
2.5x103 kg-m2
Instrument

lst Cantilever Mode

f =2.846 Hz
n 6
k=1.647x10" n-m/rad

Should at least be in-
creased by a factor

of 2 (5.692 Hz) to
achieve adequate
system response

lst Cantilever Mode

£ =7,987 Hz

2 7
k=1.291x10" n-m/rad

o

Not Applicable

Standard Experiment
Pointing Base (SEPB)
1 Hz Control Loop
2.5x10° kgem?
Instrument

f =6 Hz
n 6
k=3.599%10" n-m/rad

£ =0.5 Rz
1 4
k=2.499%10" n-m/rad

fn=3 Hz
k=8.996x10" n-m/rad

Floated Pallet
1 Hz Control Loop

£ =8 l=z

n 8
k=1.73x10" n-m/rad
K=2.313x106 n/m

None required as long as
rigid (i.e., 8 Hz) saction
corresponds to approximately
30 percent of the total
pallet inertia

£ =4 U=

n 7
k=2,93x10" n-m/rad
K;5.784x105 n/m
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Table 6-3. Inside—Qut Gimbal System (TOG)

ADVANTAGES

DISADVANTAGES

?rojected to be the minimum weight option.
Does not require payload mass balance.
Projected to be minimum cost option. However,
it is not at all apparent that the TOG would
result in overall minimum program cost.

Does not require a stiff pallet,

Does not require pallet suspension.

Shuttle attitude can be maintained by RCS.
Does not require accurate roll {(i.e., about

telescope line-of-sight) stabilization if
consistant with experiment requirements.

Sensors should be mounted on telescope in order to minimize
the telescope and gimbal/interface stiffness requirements

for stability. This would force an IPS/experiment mechanical

and electrical interface detracting from the I0G utility as
a piece of experiment accommodation equipment.

Severe stiffness requirements on the total telescope strue-
ture and telescope gimbal interface result, even if sensors
are mounted on the telescope.

High gimbal/pallet and telescope stiffness required for
stability. Hence, nust be designed with proper margins.

If flexible body compensation is to be employed in order

to achieve stability while alleviating telescope and gimbal
stiffness requirements, the resulting design would have to
be performed for each payload individually, thus making the
I0G extremely payload sensitive.

Since loop bandwidths of 2 Hz or better are required for
meeting system performance, phase stabilization techniques
would be needed for flexible body compensation. This re-
quires an accurate knowledge of flexible bedy characteris—
ties which can possibly necessitate an on-board measuring
system.

Slewing payloads in excess of 103 kg-m2 to perform earth
point tracking is not feasible if predestal motions and
isolaror elongations are to be kept within tolerable
limits,

Since the I0G mounts to the back end of the telescope,
large volumes are swept out as the telescope is positioned,
making the mounting of multiple telescopes difficult.
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Table 6~3,

Inside—~Qut Gimbal System (I6G) (Concluded)

ADVANTAGES

DISADVANTAGES

* Acquisition star trackers would be required for each tele-

scepe since acecurate location of one telescope with respect
to the other would be difficult in light of the I0G shock-
mount. This is aggravated as the sheckmount is made
softer, as is presently indicated (i.e., the shockmount
stiffness should ke reduced by a factor of 20 to 30 from

the present neminal stiffmess value of 104 n/m).

- Separate servos and retention/rele&simg mechanism would be

required for each IOG.

Shuttle attitude would be maintainped by a hypergolic RCS,
thus maximizing the possibility of experiment contamination.

A5 mission time inecreases, an increasing RCS weight penalty
results,




Table 6-4. Standaxd Experiment Peinting Base {SEPB)

ABVANTAGES

DISADVANTAGHS

Dees not reguire stiff pallet,
Does not require pallet suspensioen.
Shuttle attitude can be maintaimed by RCS,

Sensors and actuators cam be and should be
mounted on the SEPE inner gimbal, thus elim-
inating an electrical/mechanical interface
present fer the IOG.

Although a 3 Hz interface stiffness is re-
quired for the gimbal and the gimbal-te—
telescope interface, the attach peint to
the telescope is at the em. It is there-
fere relatively simple to attach to the
telescope truss structure which is

usmally very stiff from optical, thermal,
and dimensional stability consideration.

Would not require separate acquisition star
trackers,

Telescope slewing easily achieved for a
large variety of payloads and slew profiles.

Sweeps out minimum volume when pesitioning
telescope,.

System not as payload sensitive as 106G,
Does mot require accurate roll (i.e., about

the telescope line-of-sight) 1if consistant
with experiment requirements.,

Requires experiment mass balance,

Projected to be heaviest of the systems considered, particu-—
larly when considering multiple telescaopes,

Each telescope requires a separate SEPB., This will only
allow the mounting of two telescopes without exceeding
the pallet weight capability.

Shuttle attitude would be maintained by hypergolic RS,
maximizing the pessibility of experiment contamination,

As mission time is extended, an increasing -RCS fuyel weight
penalty is paid.




Table 6~5. Floated Pallet

ADVANTAGES _ DISADVANTAGES

- 6-9

Stabilizes total pallet te 1 gec aceuracy, "+ Requires CMGBs for pallet/shuttle stabilization.

thus making tetal pallet a stable experiment

carrier, ' * Requires stiff pallet (4 Hz first significant bending mode).
Requires only-positioﬁing gimbals for the . * Requires pallet suspension/retention systen.

various telescopes mounted on the pallet,

Gimbals do not have to be actively servoed. * Requires separate servoed gimballing system to perform

This only applies to experiments that re- experiment slewing and tracking.

quire peointing and net thoese that require :

slewing. ~ * Requires accurate (i.e., <41 §ed) three axis stabilization.

Does net require separate acquisitien star
trackers for each telescope.

Will result in minimum gimbal/telescope inter-
face stiffrness requirements (i.e., between
0.5 and 1 Hz).

Minimizes experiment contamination prebability
since shuttle attitude is maintained via CMGs,

As mission duration is increased, the weight
peénalty due to the addition of CMGs decreases, '

Experiment mass balancing is not required.

System is essentially payload insensitive and
is adaptable to a wide variety of pavleads.




7.  RECOMMENDED FUTURE EFFORT

The follewing tasks are recommended to continue and extend
the investigations performed in this study to better evaluate,
specify, and compare the I0G, SEPB, and Floated Pallet systems,

2. Determine the stability of the I0C system as a function
of the following system parameters:

1) Suspension characteristics (i.e., stiffness and damp—
ing).

2) Telescope lack angle,

3) Telescope mass and inertia characteristics.
4) Variation in telescope em location,

5) Sensor and actuaior characteristics.

6) Interface stiffnessy.

7) Controel law structure.

The interrelationship between these parameters and their effect
on I0G stability should be determined,

b. Determine the adaptability of the T0G in accommodating
various projected payload perfermance requirements. Estah~
lish whether one suspension design would be adequate Lo meet
the requirements Ffor the projected payvleads or multiple
suspension designs would be vequired.

€. Establish the effects of gimbal friction, wirce Lorques,
and other pertinent gimbal nonlinearitics on IOC and SEPH
peinting and slewing performance.

d. Determine the effect of wire torgues om the pointing por-
formance of the Floated Pallet,

e, Determine the effects of senseor and acluator neise on the
Peointing performance of the LOG, SEPB, and Floared Pallet.
Establish the allowable levels of these noise sources cone

X . - — P \
Slstent with meeting +1 Sed polnting stabilicy,




f. Determine the effects of sampling and quantization on
the pointing performance of the I0G, SEPB, and Floated Pal-
let. Establish the required sampling rate and quantization
levels that would yield satisfactory system perfermance.

g. Define in detail the hardware complement regquired for
the I0G, SEPB, and Floated Pallet concepts. Particular
emphasis should be given to determining the hardware needed
for multiple telescope operation. In additien, the medi-
fications te the pallel structure required to yield the
needed stiffpness for satisfactory Floated Pallet stability
and peinting performance be defined in enough detail te make
an accurate evaluation ef the level of effort invelved, -

h., Perform a detailed cost analysis of the 10C, SEPB, and
Floated Pallet systems in order to cnable the eptimum cheice
or possible choices of Instrument Pointing Systems.
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