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FOREWORD

This Final Report is submitted in accordance with the require-
ments of Contract No. NAS8-31629, "Analytical Study of Ingide~Out

Gimbal Dynamics."
This report consists of two volumes:

Volume T - Analytical Study of Inside-Out/
Coincident Gimbal Dynamics

Volume II - Appendix
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1. INTRODUCTION

Examination of candidate experiments projected for the joint
European/American Spacelab program indicates that a considerable
number of these require pointing stabilities of + 1 arc-second
or better which far exceeds the pointing stability capability of
the Shuttle Orbiter. In addition, a number of experiments require
accurate slewing, i.e., to within + 1 arc-second of a defined tra-
jectory, in order to track a point on Earth with great precision.
It is, therefore, clear that a pointing system is needed in order
to meet Spacelab experiment requirements. To this end, the Euro-
pean Space Agency (ESA) under the auspices of theilr ESTEC branch,
working in conjunction with Dornier Systems, is developing an In-
strument Pointing System (IPS) which is projected to meet Spacelab
experiment requirements, The IPS being developed is a three axis
gimballed system which mates with the back end of a prospective
payload resulting in a large mass offset (i.e., distance between
telescope C.M. and gimbal intersection point). The effects of the
large mass offset are counteracted by a suspension system which
isolates the IPS from disturbances such as man motion, RCS thruster
firings, etc., that arise in the orbiter, The Bendix Corpor-
ation, under contract to Marshall Spaceflight Center, has been
conducting studies on the IPS for the past year. The objective
of these studies is to determine the performance capabilities of
the IPS in order to aid NASA in their support of the ESA IPS design
by making the findings of the study available in a timely maunner.
Modifications that would result in overall improved IPS performance
could be then incorporated in the IPS design in a cost effective
manner resulting in an experiment pointing system that will meet
the broadest possible experiment requirements.

This report describes the study results obtained to date on
the performance capabilities and limitations of the IPS as present-
1y conceived by ESTEC and offers some suggestions of design modifi-
cations that if implemented will result in overall improved IPS
performance. Since the design and configuration of the IPS has
been modified over the period of time this study has been performed,
a portion of the study has been performed with the Inside-Cut Gim-
bal (IOG) configuration which was subsequently updated to the pre-
sent Coincident Gimbal System configuration. However, due to the
similarity of the two systems, the results obtained for the IO0G
also apply to the Coincident Gimbal System.

- 1-1
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This report consists of two volumes. The first, which is the
main body of the report, describes the analyses and simulations per-
formed during the course of the study and the conclusions and re-
commendations resulting from these investigations., The second
volume, which is an appendix to the main body of this report, pre-
sents all of the eigenvalue data obtained upon which the results
of the IPS system stability analysis presented in section 3.0 are
based, In addition, Goincident Gimbal earth point tracking time
histories that were not included in the main body of the report
are presented in the appendix.
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2. MODEL DESCRIPTION

Two mathematical models describing two types of Imstrument
Pointing System (IPS) configurations were developed in the course
of the study. The types of IPS for which mathematical models were
developed are the Inside~Out Gimbal (T0G) and the Offset Gimbal
System configurations. Only the I0G mcdel was computer Iimple-
mented since the Offset Gimbal System configuration was eliminated
from contention as being a viable system configuration.

The I0G model is a large angle nonlinear model consisting of
three bodies. One body represents the shuttle orbiter and pallet,
the second represents the I0G pedestal, and the third represents
the instrument plus the inmmer (i.e., inertial) gimbal upon which
the instrument mounts. Features of the model include:

a. Full strapdown equations of motion describing the relative
orientation between pedestal and instrument.

b. Nonlinear Euler terms due to telescope rotatiom.

c. Full six degree of freedom suspension dynamics between
pallet and Ceincident Gimbal pedestal.

d. Complete representation of gimbzl wire torques,

e. Small and large angle tracking capability.

£, Sensor and actuvator dynamics.

The Offset Gimbal math model is a large angle nonlinear model
consisting of eight bodies. One body represents the shuttle orbi-
ter and pallet, six bodies are used to represent the Offget Gimbal

System configuration, and one body represents the instrument.
Features of the mathematical formulation are:

a, Offset gimbal flexibility characterization including flexi~

ble interface between inertially stable gimbal and instrument.
b. Full strapdown equations of motion.
¢. Nonlinear Euler terms due to various body rotations.

£. Capability of mounting sensors on inertial gimbal or
or instrument. ' S . .

2-1

PR .




In addition, a linear stability model was developed for the
Coincident Gimbhal by formulating the system "A'" matrix and obtain-
ing the corresponding system eigenvalues. This model was used
extensively to determine the stability boundaries of the coincil-
dent gimbal system configuration to control system and geometric
parameier variations.

2.1 TI0G Mathematical Model — The sections that follow will
outline the derivation of the mathematical model used to deter-
mine I0G pointing and slewing performance.

2.1.1 Translational Equations of Motion ~ Referring to figure
2-1, the following translatiomal equations of motion can be written
for the system depicted.

- -

Fle+FClz=mliil (2-1)
Fre Fe1atF u=m252. (2-2)
Fae Fy Py (2-3)

3
N Fje=mi50; M= (m, ., ) (2-4)

(AN
1l
p—

where:

Fio(i=1,2,3)

Fch

]

mj(j=l,2,3)

.(3=1,2,
P50 2. 3)

]

external forces applied to bodies 1 thru
6 respectively

compliance force between bodies 1 and 2,

hinge force befween bodies 2 and 3

mass of bodies 1 thru 3

distance from origin of arbitrafy Inertial
coordinate frame to center of mass of
bodies 1 thru 3
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P, = distance from origin of arbitrary inertial coordinate
frame to the composite center of mass of the system shown

in figure 2«1,

Additionally, from the geometry shoyn in figure 2~1 we have
p]-=p0+R1 (2_5)
Pz=po+R2 (2-6)
93=po+R3 (2-7)
where:
R. (j=1,2,3) = distance from composite center of mass to the
J center of mass of bodies 1 thru 3
From the definition of the composite system center of mass
mlRi+m2R2+m3R3=0 {2-8)
Also from geometrical considerations
R, =R, R, 55E1 5 (2-9)
Rg=R 1R, , H€, e e, (2-10)
where:
Rl20 = inertially fixed vector directed from the CM of body
1 to body 2 when the system is in an unstressed state
€ = relative linear displacement between bodies 1 and 2
12
measured with respect to R
120
r, = distance from CM of body 2 to gimbal hinge point
r, = distance from gimbal hinge point to CM of body 3
Substituting equations (2-9) and (2-10) into equation (2-8)
and solving for Rl yields
{(2-11)

1], |
B i E‘“z"’ms') (3120+812)+“'3(r1+r2ﬂ




Substituting egquations (2-7), (2-11), and (2-4) into equation
(2-3) and solving for the hinge force yields

o1 . ' _ . o L er _
FH— Eml-m2)r3& mB(Ple+F2e) m]‘m?’sl2 mg(ml+m2) (rl—i-rzﬂ (2-12)

The compliance force between bodies 1 and 2 of the kth 150~
lator can be written as

s . 12 a2 12 12 [a12 212 ;
F1ok™®12° 6127012 %1270 Eskz Bra0?~ By Bkmil"mlz Eakz Bkl] (2-13)

where

distance from CM of body 1 to the kth lumped

Bez(k=l,u.0,4)
spring damper between bodies 1 and 2 on the

body 1 side of the kth spring damper aystem.
This vector is fixed in beody 1.

Btg(k;l,...,4) = distance from CM of body 2 to the kth lumped
spring damper between bodies 1 and 2 on the

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

]

(k=Ll,...,4) value of Bii when system is unstressed.

12
BklO

iz , 1z . . . . s
Bkzo(k‘l""’4) value of 8k2 when system is unstressed,

K12 = spring constant between bodies 1 and 2,

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

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

Kyp=diag Eﬁ 233 K12y 38y zJ | (2-14)

L

=

I

L

J

{

S
A —

=

I

.

LS

—

2

Py pdiag E)Hx;nlzy;ul:l?] (2-15)
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For small angular rotations of bodies 1 and 2 the following
relations apply

12

12
Kl B (2-16)

12
+0,x8, 70

B BraotV1®

B

12 .12 12 _
Br2oBiag05%By a0 (2-17)

212 12 _

s12 12 _
Brer=9%8 50 (2-19)

In addition

12 12 _
Be10"R120 R e20 %20 (2-20)

12 12 _
B207Re20" %20 (2-21)

0 = angular rotation of body 1
8 = angular rotation of body 2
w = angular rate of body 1
® = angular rate of bedy 2

REZO = jpertial 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 unsivessed

aigo(k=l,...,4) = inertial vector egqual to the distance from the

center of elasticity of the spring damper sys—
tem between bodies 1 and 2 to the k'R spring
damper of that system.




Substituting equations (2-16) thru (2-21) into equation (2-13)
and rearranging terms yields

. .[ ) _ _ 12
Fo12k7¥12 E‘u*(”z 01)xRgog701 ¥R, 55+ (0, 91)"%2(}]
4D, e +(w, -, )X, (W, ~w )xu12 -w. xR (2-22
12" [E127 W0yt JxRgy 47 Wy =y I XAy 55791 % 120 -22)
However

4
Fo1o® Z F 1ok (2-23)

k=1

Substituting equation (2-22) into equation (2-23) and performing
the indicated summations yields

4 -
12
P 7K, E,alz+4(6zﬂel)xREzo—AﬁlxR120+(02—8l)x Z %0 (2-24)
k=1 ~
: 12 R
+D12-[E512+4(mz—wl)xRE20-4wlxR120+(m2~ml)x U9 {(2-25)
k=1 =

However, by the definition of center of elasticity

4
12 _
Ce90=0

=1

(2~26)

Therefore

Fl1274Ky0" E12+(62_91)XRE20-0}.XR12(.)]

HAD, 5 Elz’b(‘“z"wl)““nzo"“f‘“lztﬂ
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A force equation will be required in order to solve for €1pe This

equation is obtained by substituting equations (2-26), (2-11) and
(2-5) into equation {2-1) which results in

m7+m3 ml

e} - . .
T Flem HF2etT3e)” E“M(m2m3)612+4n AP ’312]

Mt [(“’1'“2)"“1320“1"“12(;] +"K12'[‘81'92)"1‘1320*91"1‘12(;

m,m
- _l.ﬁé(gl.,.;;z) (2-27)

2.1.2 Rotational Equations of Motion - The following para-
graphs will develop the rotational equations of motion of the
system depicted in figure 2-1. In this development 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 bodies 1 and 2.

Body 1 - The rotational equation of motion for body 1 can be
written as

4
| 12 4
T ™12 et Z Br1*Fe1o™ qeI19)
k=1

Substituting equations (2-16), {2~20) and (2~22) into equation (2-28)
and doing the indicated summation eliminating second order terms
yields
- d—- * L] -
T1e+Rllele- dt(J1 w1)+dl2 (wl—m2)+klﬂ (61-02)
+ + . -
4(Ry 59 20)xﬁ)12 E“’l ‘”z)xRﬂzoml"Rlzn:]

Thypt Eefez) xRE20+elxR12(;J} ~4 Ry 50"z’ “EJ12'612+K12'51;} (2-29)




|

where

2. 12,2

ey pmdiag {0 50 254K 5, (04200561 (050,034, (0750 0%1)
2. 12 .2, 12 2

d),=diaglen, (0‘120y) 340195 (%905 341K19, %1204 +D12x(°‘120y) gl

Tje(j=1’2’3)= External torque acting on jth body

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

2
Turt Toe T+R Z Bkz c12i 51 ¥y g (J w,) (2-30)

Substituting equations (2-12), (2-17), (2-21), and {(2~22} into
equation (2-30) and eliminating second order terms gives

2 3 = o (w -
TWT+T2 +R sz + r xF3 it x(F +F ) (J w2)+d12 (u2 ml)
BETELPRTARE PT {12 [“’.4 R RE T "RuJ K12° [ (0p=8 Dkt - 01"“12(3}
M, m (m +m,, ) .
173 - . 1 72 w w202
.y . PO +'I' -

T Y% MRpag® E’lz f120 EJ.:J* W 1)ty (2-31)
where;

Fge = external force acting on body 3 written in body 2 coor-

dinates
Tﬁ = hinge torque acting on bodies 2 and 3 written in body 2

coordinates

T§T= wire torques applied to body 2 written in body 2 coordinates

2 .
¥, = aistance from hinge point to CM of body 3 written in body
2 coordinates

[kl




Body 3 - The rotational equation of motion for body 3 can be
expressed as

3 +T +T. +R xP +r xP =

~Tar 3e™R33 7" dt(J w,) (2-32)

Substituting equation (144} into equation (154) yields

(m_-m,) m
3 172 3 3 d
“TortTae ™33 et T %23 i T R (E) Hp )= rligeny)
m,m m,, (m,+m,)
- i3 o3 3 1 2_ -!3 v (2—-33)
TI~I+ 5 r2x€12+ — -t x( 2)
where:?
TsT = wire torques applied to bedy 3 written in body 3
coordinates
Fie,Fg = external force acting on bodies 1 and 2, respectively,
€  written in body 3 coordinates
w3 = angular rate of body 3
ry = distance from CM of body 2 to hinge point, written

in body 3 coordinates

Rewriting equations (2-27), (2-29), (2-31), and (2-33) in matrix
form yields

Tle+Rll r‘l J1 ml-!-dlz (ml——m2)+k.12 (6

1785)
~4(Ry 90" 20)'%12'[%20 (W) =00 )+R ) 5w -‘

+K12'[%E20'(el"ez)+R120'e£I}

-4(R120+RE20)'[?12'312+K12'E1é] (2-34)

2-9



T. 4R

2e

22

m,-+m

SRS Wi

set TH F172T3°F3e”

m %

3 - P = o. . -]
i Ty (FpatFoe)=dy twytdy ot (wy-uy)

M

ey (8,780 "‘%20'{312' [ano' (“’2""‘1)'“120""1] +KJ.z'[RE?.o' wz“’l’"“mo'":ﬂ}

. m

1

+,T

*T

2°3 "H

3 — . — . * . . — - — —
W T1812"Rea0 E)lZ E12+K12'Elgj” Ty ‘-'1'{2%'["'2'“’3'“"3'

g (m,+m,) _

(2-35)

T, +R,

3e

m
+

33

m

13—
M

m,-+m m
12 =
F, + r2 FBE—

_3
3e M M

st ) D) o
2123 12 M 2

-1 I B ®
2°2T3 T (Fyathpe)=isteghes [33 “’:;]
)

N .-l.--—- o. -
[2'13 ry (ug 'I‘H

(2-36)

My

+m

3

M

m

m |

1 -

1 — = il .g .
P 12t 3 Fae)™ [:M(“‘zma) € oAl 5 ey MK L12_“

m.m
— —_— l 3 —_— .
~4Dy [REZO (Wy=0,y) 4Ry 5 ““‘1] ~AKyy E‘mo (81=05)4R, 54 91]* TR

mlm3 - . — _
W 2%'[”2""3““3' (“2'“’32]} (2-37)
where:
(r1y+Rlz) _rlxrly “Tixt1z
J*—d' J o J = J o+ M - ( 2 +R2 2 8
278188 1oy 3oy iV, M Fafiy  (FiRep) igTrg | (2738)
2 .2
| Tl TRyl (rytriy)
(2,2 B
(r2y+r22) _errZy “Fax"2y
S 5 ), Pty 2, 2 )
Jy=diagid g 3d403d5, o Ty Tay  (F3ydTa)  Trpgrsy, | (2-39)
2 . 2
L_HrzerZ —rZyrZZ (r2x+r2y)
D b
UJ3z w3y
o= - 2-40
w3 w3Z 0 w3x ( )
—w3y w3x 0
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and is the transformation from body 3 to body 2 coordinates and

23
is equal to

11 12 13
273" |21 %22 P23 (2-41)
831 %32 %33
11 %21 %m
-1
2Tz =372° |32 323 33 (2-42)
813 %23 P33
An assumption inherent in equations (2-34) thru (2-37) is that
the nonlinear Fuler, centrifugal and Corlolis terms are negligible
for bodies 1 and 2. Equations (2-34) thru (2-37) form the complete
set of equations of motion of the system shown in figure 2-1,
It now becomes necessary to define the control torques '1‘H and
the computation scheme for updating 2T3. The control torques are
given by
wz 6*
w
T-] ns * * 3
T =} WK, 0. K. > (2~43)
H smnqil oot o srl Kp rwgthp "Oqty g
s ns  ns
and
e 244,
8r=(6,- 2-45
37857650 - » (2-45)
t
0.~ wy dt (2-46)
0 : : .
where:

“r =diag[“ax Kpy anJ B : (2~47)
K, =diagE<Px K, ;sz] ' (2-48)

2-11




K.I =diag E(Ix ;Kly ;KIZ]

where

= gystem rate gain —ar—
Y ¥ ' & rad/sec

- ‘s . n-m
KP system position gain Tad

=, : P n-m
KI system integral gain Tec
w3c = rate command vector
63c = angular position command
~ 1 . .
i gimbal torquer time constant
nT
wné = rate gyro natural frequency
Qs = rate gyro damping ratio

2.1,3 Computational Scheme for Updating 3T2 - In order to

complete the equations of motion given in equations (2-34) thru
(2-37), a method for computationally updating the transformation
from body 3 to body 2 coordinates must be specified. Since the
effects of gimbal wire torques is to be evaluated in the course
of the study it will be convenient to express 3T2 in terms of modi-

fied Euler angles and update the transformation by integration of
Euler rate equatious. In this manner, the Buler angles and rates
will always be known, which will be convenient for computing wire
torques and gimbal friction which depend functionally on Euler
angles and rates. In addition, none of the gimbal angles approach
w/2 rad (90 degrees) which eliminates the singularity problem
encountered when Euler angles are used as the strapdown computation
dlgorithm, :

In order to properly compute the transformaticn between
bodies 2 and 3 coordinates the rotation sequence between the bodies
must be specified. For the IPS that rotation sequence is z, y, x
when going from body 2 to body 3. In addition, since bodies 2 and
3 rotate independently of each other relative Buler angles and rates

2-12
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which are a function of these rotations must be computed in order
to properly specify the transformation. Equations (2-50) thru
(2-52) specify the transformation matrices going from body 2 to
body 3.

Xa [ cos 8, sin e= O_ [ Xb-
Yol = [-stn©; <cos®z Oy
_EB_J L O o 1 R _Ebd
—xm- FI 0 0 1T Xo-
Ym } = 0 cos !Pg sin (Px Yo
_Z,,,J _0 -sin tpx cos "P:{ zo
[x; ] Ccos l,UY 0 -sin ‘JU),— {‘Xm-
Yo | = o 1 0 Ym
_EL- ] _sin ‘f’y 0 cos V’?, IRES

Xb,Yb,Zb = x,y¥, and z axis of the pedestal fixed coordinate frame

o’Yo’zo = X,y, and z axes of the outer gimbal

Xm,'fm, Zm = };,y, and z axes of the middle gimbal

Xi,Yi,Zi = x,y, and z axes of the inner qr inertial gimbal

Bz = relative rotation of outer gimbal about the z axls

¢x = relative rotation of the middle gimbal about the x axis
l,by = relative rotation of the inner gimbal about the y axis

2-13
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(2-52)




However
Q; - 9‘5; ez;s
[Px = W3y — 1’02"
Y, = ¥ - Y%,
where
Bkz(k=2,3) = Euler angle about the z axis due to the th body

inertial rotation

k=2.3) = Euler angle about the x axisz due to the kth body
inertial rotation

& €

l‘bk (k=2,3) Euler angle about the y axis due to the kth body
y inertial rotation
The telescope {(i.e., body 3) inertial rate written in terms
of Euler rates are given by

- - e o s * 4 "
rng tos LPY O -sin Wy 1 o 0 'PBK
Wy, | = D 1 s 0 cos B sin¥ 0 +
Wag Sin Wr 0 cos ";‘;:J | O -sin lp)( cos {.ﬂx_ 5 932_ |

Expanding equation (2~54) yields

- ) S
u_aj -cos®sin ¥, cos?";, 0 QSJ'
Way | = sin ', o, ] L

ngz_ | ¢os 1"),( cos ‘Fy Sin Wy 0 \_?‘;Y

2-14

(2-53)

(2-54)

(2-55)
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ch
Ly

1]

e

3

3y J

-sSec ‘ﬂ, Sin

0% W,,

%

’&G.n pr an V’y

O sec 'cosy‘; ng
0 Sin Wy w!y
1 "fon ‘Px COSWY L‘Ajaa

of EBuler rates are given by

- -

Solving equation (2-55) for the Euler rates gives

(z2-56)

The pedestal (i.e., body 2) inertial rates writtem in terms

; vy, cos Oz  -s5in; 0 1 o o ‘;’“ 0
i Way| = |5in¥z «cosB O 0 cos¥h -sin 2y 0 (z-57)
- | @2z | 0 o} 1jlo sin% cos ]| Oaz|
Expanding and simplifying equation (2-57) gives
W, 0 caos 9; -5in6Bs Cas 49,( W ég;
wzy = 9] sin &; cos Oz cas‘sox szx (2"58)
wza 1 O Sln ?X lluzr
: Solving equation (2-58) for the Euler rates due to body 2
gives
éza 1 sin 9_3 tan ‘Px ~cos Bz "':a.n l’Ox 1 wzx
2, | = cos B, sin Gz 0 | |wsy (2-59)
‘ - - .
: 9’2.‘, ~sin B sec ‘Px cos Bz sec 'P,( 0 szz
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1, h‘-i

. . D
"

b3

<€

The relative Euler rates are obtained by differentiating
equation (2-53) and substituting equations (2-56) and (2-59) into
the results which vields

= wSz 5-:':(3( tOs I'U:/ "wax sern ({;‘( S'.lnlpr -'(wZX éanl,{,)( sin 92 + wzy J‘dn‘Px Lo s 2 9_;3 + “JZE)

= w‘%xcosq’y *WasSin guy - (Ldzx cas 62 4 L()zy Sin QE)

T fdzy tan 49,( Sin ‘)Ur + cu_.,,f - w3§1[,an "Px cos Wy - (wzr sec {P,‘ cos Gz = sy scc‘Px smeg)

The transformation from body 3 to body 2 is given by

cos Bz =sinf
= sim Q; T0s 9;
9] 8

2911
nllo
1 |io

O 0
COSI'P,( - Sin

sinPy  ctac

Expanding equation (2-61) yields

Fcosggcos lPY = Sin 92 Sin‘P,_- witn¥

Y

sin 9_2 cos?’, + cos Q‘-‘. 5in 'Px :.'fn'zu),

-ros ¥, 50 ¥,

~sin QE 20w QR(
¢os Az ons

sin "Px_

(2"(:':1‘:‘

i

1r -
cos WY 0  sin %T B
P, 0 1 0 (2-61) =
‘:p, -Sin ‘)Uy O ~ns Wf h
: . W 7 —_
ras 'g; Xin wy - Lis} Q;. L "px Taos y T
(2-47)

Tin '9, -'.inwy -cos Qg G40 ‘f’,‘ ros W}’

cos ¥ ros 3“} |

2.1l.4 Specification of Gimbal Wire Torques - The gimbal wire

torque characteristic

TBz = Wire torque due
T dx = Wire torque due
T = Wire torque due
by 4

is shown in fipure 2-2, where

to relative Euler rotation about the z axis (a-m)
to relative Euler rotation about the x axis (n-m)

to relative Fuler rotation about the y axis (n-m)

2-16




KWT = Wire torque slope (

n-~m
rad

H.o = Jump in wire torque characteristic when relative Euler rate

changes sign (n~m)

Using the transformations given in equations (2-50) thru

(2=52) the wire torques acting on body 2 (i.e., the telescope)
can be written as

T\._Jrgj cas 'IU?, 0 -3in wy 1 O o -Tl& ( O
Twrsy, | = O 1 ) 0 cos® sint 0] + |- pr ' (2-43)
_T;vrsa | | Sin W,, 0 cos Wf _ 0 -s3in th cos P -—TQEJ i o] ]

Expanding equation (2-63) and rearranging terma ylelds

- - -

Tv'ra,( —cos‘PX Sin (f’f cos 5“7 Q -Tou
Tmay = sin % 0 1 - To, (2-44)

LT:'JT'QE- | Cos sz 2os Wy sim w’, 0 L“Tw)‘

Similarly the wire torques acting on body 2, i.e., the TI0G
pedestal are given by

- - -

!-_I..“VTZ)G'1 O €os Qz_ - sle QE oy l‘Px -raz
Tw,-zy = 0 Sin Bz cos 9;5 C'OS{DX T;,* (2-[,5')
_Tw??z L 1 0 sin i)a,( | -TWY ]

Equation (2-64) and (2-65) combined with equations (2-34), (2-35),
(2-36), (2-37), (2-43), (2-60), and (2~62) form the complete mathe-
matical model of the IOG.

Table 2-1 lists a baseline set of parameters for the I0G.
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Tahle 2-1.

I0G Parameters

m1=8.054x104 ke

m,=1.95x10° kg

3

m3=2.683x10 kg

6

3, =1.551x10 kg-m>

1
= 6 o2
J1y~6.953x10 kg—m
_ 6. 2
le—7.543x10 kg-—m
J,. =50 k —m2
2% &
_ 2
JZy_SO kg~m
_ 2
JZZ-SO kg-m
3 2
=2. 0 —
JBX 2.903x10" kg-m
3 2
J3y=2.648x10 kg-m
3 2
J =2, _
1z 2.605x10" kg-m
R =15 1 +4.7x1072 1 m
11 X z
RE20=0.375 1z il

r1=0.375 lz m

R120=—4.72 lX -1.579 1z m

D12x=D12y=DlZZ=59'93 n-sec/m

K =125 /m

K25 Ki99781 0,
d., =14.96 (n-m-sec)/rad

d._ =14.96 (pn-m-sec)/rad

d,,. =29.92 (n-m-sec)/rad

k., =31.25 n~m/rad

k. =31.25 n-m/rad
k122=62.5 n~m/rad
KR3X=2.214x104 {(n—m-sec)/rad
KR3y=l.972x104 (n-m-sec) /rad
KR32=2'47XI04 {n-m-sec)/rad
KPB =7.856x104 n-m/rad

X
4 .

KPSy—7.00x10 n-m/rad

K =8.764x104 n-m/rad

P3z

- 5 __

K13x—l.24x10 n-m/sec
K13y=1.105x105 nfmfsec

— 5 "
K132—1.384x10 n-m/sec
WnT=125.7 rad/sec

Wns=163.4 rad/sec
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2,2 Offset Gimbal Mathematical Model - The sections that

follow will outline the derivation of the mathematlcal model for

the offset gimbal system configuration. Figure 2-3 is a schematic
representation of the offset gimbal for which the mathematical model
described below ig derived.

2.2.,1 Translational Equations of Motion - Referring to fig-

ure 2~3, the following translational equations of motion apply

Fe *Fez = m 5, (2-66)
Fae = Fia t Fuzs = M2, (2-67)
F3e=Fias + Fraa = "'”3/53 (2-68)
Fre = Fraa +Fyas = mq 5, (2-69)
Fse -~ Fugs +Frsy = Mg Pg- (2-70)
Fee ~Frsy +Fuer = méﬁﬁ (2-71)
Fre = Fypy + Fryg= my &, (2-72)

Fge - Frsg = mg/ée (2-73)
8

Z Fe = M/'o'o (2-74)
é'ﬂj =M (2-75)

whefe
Fio(d=1s000,8)
pj (3=1,...,8)

- -=]— L IR 8
mJ(J s »8)

It

External forces acting on bodies 1 thru 8

Location of CM of bodies 1 thru 8 with respect
to some arbitrary inertial reference frame
Mass of bodies 1 thru 8

2-19




FCIZ

P23 453 067 =

pO

Frags¥

= Suspension force between bodies 1 and 2

respectively
= Location of system composite CM

Interface forces acting between bodies 3&4,

Fiog =
T56° 178 5e6, ana 7&8

Hinge forces between bodies 2&3, 4&5, and 6&7

From the geometry shown in figure (2-3) the following relationships

apply

R, = !

FC
n ]

MSO
n

R, =
R, -
R -

A pot R
A= Lt Ry
P ot R
Pr= et Ry
A= p t Rs
APt Re
Pr = Lt R;
ftA R

Foo Runten

R+ Ry tly tr, ey

Ry Royt€p i pirgs+ iy

Rt Rigp # €t #0383 #7305 4717,

RoA Ryt b rdrg ety 415+ Mg+ Mg +ry +ip

R, 3 Rige # gt 405 3 Ty g a M 40,3 g 3 Py 4y

Kot Fiiat €nd Dargd fy a1y Flge g4, 3 o Mas Mg+, 4

2,

- 2-20

{2-76)
(2-77)
(2-78)
(2-79)
(2-80)
(2-81)
(2-82)

{(2-83)

(2-84)
(2-85)
(2-84)
(2-87)
(2-88)
(2-8%7)

(2-90)

Ll

— o o .o O .

saan B e B s BN e B puy
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R, =

where

R120 = Inertial vector corresponding to the location of body with

respect to body at the start of the problem with the isolators in
an undeformed state,

From the definition of the center of mass the following applies

a

Zmej =0 (2"”)
J-i
which results in
/
R, =“,;Z m; R; {2-92)
j=

Subgtituting equations (2-83) thru (2-90) into equation (2-92), rearrang-
ing terms and solving for R; gives

: [
— ’
(”?: ML P I PoE PR e +m81 :Q,.‘,o +em) + (mj Mg Mg + My + My ¢-m5)(f', +r'2)

M

'
* m4+m5+m‘+m,+m3)(r3+ rg) +{me s m emy +mpdreer)

#lmgs moeme)eperg) + (my b med(ry + ) + mglry + 12)] (2-93)

Substituting equations (2-84) thru (2-90), and (2~93 into equations
(2-76) thru (2-83) differentiating and using the relationship

8
. i
/_Z’ = —1“-‘1_ ; E;'e (2"74)

results in

. E | g : S
f') =';1“‘Z=:’:Fje —'g el‘z;mj + (f:‘-i-;‘.z)_ﬁzamlj 4(;:34;':9);37);

g 8
FEETRY . .. T T
4‘(":‘:*’2'1:"7-" *'('_7*’_3)}2;"’.} +(rq4r,o)(m7¢m5.)+(r"+r‘2)m8] (2-—95}
3= 5
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L

g 8 g
LI SIS L S M
pz“MF; mTop TR M thal e M 3?9l o
8, B
. !!‘p + rﬁ’ . my ok (r; + ;"'8:‘ :’ 4 i +U:q+ ;"m')(m?,&ma.\) (P a7 mg 1 (2-96)
f 8 m m +m.|. ! [: v‘g-"r
[ e N
— .M 2 L :
F3=MJZ_;.FJQ4’MEJQ+ Y (r+7) ~ \g‘r,‘f_!_jmj
8 bl
P e e T v ue v e ey T lm
+(F_ rZamy H {5 v 0) b J—(r"q+r'}_,_‘)(m',ime,)o (F, + Fg)mg . 2-97)
< M+ m ZB:
. [ my .. t 7*; TR
= a— F. L, 4 T r4| ‘) 4 = 3+,4} m:
VI {_-1-' et T e 1 ot
) 3 1 (2-98)
--ﬁ[(rS.J- ré)z: m; + (r, * rE)Z m;o+ (rq + qo)(m74;n?) +(F, 0 M) mg
J:. J° + -

4
q LN
| iq, TS e
Ps=n Z Fio ¥ T Lm, €, + Gnyem)(F s 1) AT A jz;‘mj (r5_+r-6lf__‘: J]

& 1
gLk ey Loy v (Fos BXmoemgd o (B v Fiy) mg) (z:99)
a N <
v | < (IR
= & 4L T
o T S b g Ly ¢ 5 (55 Ly B
5 | - ( )
L ] Lomy .y -
-}-(l‘ + g)g}"’l - ',T,I'L(m.‘,-;n?s)(l"?*f‘_..,\; * m9‘1-"+r""') o100
=t
o - 3 -
B oo 2 Fe bl mEn « (mm )i ¢ B+ ‘G“‘});’“i H i) o
5 '
5 by, 4 m '
T e e S _ 8 {2-
-l-(l'-n* g/ 4—,: 1y ;-{r'..,-' ) 4; 'nj., M (rlr* I",i) 2 IOI)
¥ 1=
5 4
&
. I - T d oy L B D, m
F —gZFjr.*—[mrErz e mF e BY A (e BY L m;*('?;*‘},)z___‘:rm
[ j=' H i d
5 A 7 -
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D PooR QUALITY

SBubstituting equation (2-102) into equation (2-73) and rearranging terms

gives
!y z u m 3
Erazﬁ‘.%egmj - mﬁég‘! —.:‘11["7' “12 +(m'+m2)(;".+‘”z) +(r3+q)§mj
4 § b 7
HF 4 ) Z-;mj . ;—'B)Z__T, i (s ) ijj +{f +ﬁz>§m.;] (2-103)
i= i 4= )

Substituting equations (2-101) and (2~103) into equation (2-72) yields

+ma

[m € +(mem W F+ry)

(3
|
5 05 Fim e -

3 4 s & Mg i
. . 0 - . . .- .- .s —
+{r3+q)2_‘_mj+(rr+r-6)2m3+{r7¢rs)§ m; 1'—(|-";r‘m)§m5] '_"M (l"‘ +r‘1) (2-/04)
i= Jut = =

Substituting equations (2-104) and (2-100) into equation (2-71) yields

s <2 g i [1< . PO
Frg,s":}';’-[ gjmjjé:; je FZGmJ S F:;e ‘ﬁ{(ré.:m)[ me, +(m,+m2)(r‘+r'2)+ (ry+ Q}J_Z‘m_]
&
4(r'5+r‘5.)2m + (B s g 12 ]4 Z )[(m,;ma}{r,,mo)+m8(,—“+m)j} (2-105)

Subst:l_tutlng equatlons (2-*99) and (2-105) into equation (2~70) gives

o [ s = 2 m 2] (o) m o im0 e B S

Jil

4 &
+ (Fy !’;)gm_,] r(r7 +1-)§_. m; + (m, + mg)(& 4 73,) + mg(F;, + ru)]} (2-106)

_,_
Substituting equations (2-98) and (2-106) into equation (2-69) yields
3

g g >
@34 =F4L[Zm Z Zm_‘ J '#{(émj)[m@]z+(m,4.m2)(1'-;”'-;) +6‘;+E‘)jz:':mj]

A= J=9 1=t

E) g 8
(S m) (e B2 my + (7, + FY2am; + (mymg)(Fy + Flo) 4 mg (F, H%;)]} (2-107)
) = 5
Substituting equations (2-—97) and (2-107) into equation (2-68) results in

}’23:.--"-1—[(”1 +m2jZ {F,+F'J ]-W{ZMJ)[YHE +lm,+mz)(f",+r""z)]

a 8 A
. + (m.*mz)[(l:3+ F,,)Z m; +(r+ ré}z mi + (i + l})zz. m; + fm e mg)(he 1)+ my {r'-'"-u"'m):” (2-108)
i =4 =5 i
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as described in section 2.1l.1 and is given in equation (2-26) which

The Suspension Force FCZLZ can be derived in exactly the same manner f
is repeated here for comnvenience

E:n =4D-&, + 40'!—:(”2'&’1\’! REzo]’LlD'(‘-'-’:" Ry n) +4K'€'1: '}'4%[(‘92’9;)*&75;5} - 4K' (9. X Rlza) (2-26)

2,2,2 Rotational Equations of Motion - Referring to figure : [
2~3, the following rotational equations of motion apply for the
8 bodies depicted

-

1
em 2 d r- : .
Te + R %A >",J ﬂkr By = ‘!‘Ir""*'r) (2-109)
4 .
4 £ d
=L 110
Tt Tos ‘“Tzawr* ReaX Fpe - ;ﬂk x Pz + 6 % Fyag ‘stlz dt (Ji :) 4 Taz (2 )

. . d g ;
Toe = Tase = Taowr + R X Faq + 1% Figg #rg x Frzg 42 ’a at T ey) + J*" '(0'3‘w4)+k*4'(93 9‘??“7;,,-‘! (2"!”) -

Tae * Taxg Taswr * Raa X Fae + 1y X Frag + g xFyye —, M«fl-ﬁ * H_é_ (.T.,-m,,) + J34'(Q4'w3)'+k34‘(94_9’) +Tox (Z‘HZ)T
Te. = Tass - 4swr + Moo Feo s px Em—* mmxfr, o ‘H.;f:- = JZ (Ts °Wrr) * d{&‘(wg-ws)i‘ 'fn_—,'- (9",-"95)-', Tax (2-”3)«?

: N, ) .
Toe #Tore + Tomwr # RegxFp 4 F‘axF}s-,s + X ﬁln M s d{ (3 00a) 4 doglivgcug) s ke 0,004 Ty (2114

T = Tare = Tgpur + Rap 25y # g gzt x d
d )
Toet RagxFop #la % Frrg = GF (Ty> g + chyge (10g- 0 4 koge(65-07) _(2'__“6).
where
12 , i
Bkl’ FCle’ FHZB: FI34’ FHI;S’ FHG? and FI?B arg defined in sections

2,2,1 and 2,1.1

Rj . (j=1,...8) = Distance from CM to the applied external force for 7 -

the jth body

Frlct:l.onal torques between bodies 2&3 4&5 and 6&7 B _

T,.:T :
23E° T45E°T6T7E re.spect:wely

.Jj (i=l,eee58) = Inertia tensotr of jth body

[o] . A ’ ’ . . b. ) K T
Frog + Mty = GT (Treny) ¥ dygelun, -og) v Kog= (8- 8p)-Ty, "2_”5),?

B et i o




TZBWT;TASWT;T67WT = Wire to¥ques between bodies 2&3, 4&5, and 6&7
regpectively
3M;|2 = Comstraint torque applied by body 2 omn body 3 writtenm in

body 2 coordinates

3M§|3 = Constraint torgque applied by body 2 on body 3 written in
body 3 coordinates

SMEIS = Constraint .orque applied by body 4 on body 5 written in
body 4 coordinates

SM: 5 = Constraint torque applied by body 4 on body 5 written in
bedy 5 coordinates

7Mg 6" Constraint torque applied by body 6 on boedy 7 written in
body 6 coordinates

7Mg|7 = Qonstraint tdrque applied by body 6 on body 7 written in
body 7 eoordinates

Taz’TBx’TYy = Gimbal torques applied by the gimbal torque motors

about the 0,5 Bx’ and Yy axes respectively

In order to obtain a complete set of equations of motion for
the offset giwmbal system a translational equation of motion iz re-—
quired to be added to equations (2-109) thru (2-116). Equation
(2-67) will be used to fulfill this requirement and is repeated
here for convenience

F237F0101 a3 = MaPy (2-67)
Equations {2-68) amd (2-109) thru (2-116) form a complete

set of equations of motion for the Dffset Gimbal system configura-

tion,

Substituting equations (2-13), (2~16) thru (2-21), (2-26), and
(2-103) thru (2-108) doing the indicated inertial time differentia—
tions, summations, simplifying, rearranging terms, and putting the
equations in matrix format yields the following set of system equa-
tions of motjon, all of which use the following convention for the

mass summations:

k e ) =23 ...7
J7 s + )
mik = 2 m; { ' (2-117)
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g 3 g 4
-— l - . , c Vi'-
Tae + Tass,+ Taswne * Raq Fae *Fa"[r‘&‘ (mISJ; Fie = "’49_;: Fje)* e (""14 _,Z’;F-!c 'mwgﬁe )]-5 M" ’4 -
{3:; ‘3’4'["‘);3 (Mo + Meg Fs)oFg *+ Myg (mf3E+ml1FS'.)‘Tq}]}-t:’4 +dyqle, - ws) + ksq{ Bq '95)
5 (g Py + gy B Yo Fr oty + L g (g Byt meg )+ T (rggTe + Mgy Fi)e Tyl + €
P 1M \mygFy +ngg Iy }= 1 o ldy +L iz Mg Py + Mg Fe)s Ty + g (magTy + mgg i) Tyl e Wy
*(mua + mNF:.:T)‘[(mSXF; +m68F7)":,_5' +- {mﬂg’-ﬂ; o+ m?ga)'djs "'(mm_ﬁo +m8ﬁ,)‘d.,? + mg‘ﬁz'&:]g]}
my o= —y | - — . e g
Hop (magF + Mg P €, + o "ﬁ{(mfie"k“'mm?‘r)'[mm [, (R 01 + @, -(rz-ws)]
“'m,3[a3'(F3-Cd_,)+ qu‘(a-wﬁ]] + (mrg [ *“mMFb')' [msg [54'(a"wq)+ma"(ﬁ'wf)]
J-msa[t."'@., (F_",.ws.‘)-!-fsﬁ-(?%.mﬂl +moe [Db . (T"?.wé) 4-5,.(F,D.w,)] + mg [ﬁ,‘('ﬁ,-wyﬁag-(ﬁ,_-wa)])}

m - —- - — s —- —
éﬁ!‘(m‘lar}! + Misg '“5') '[wz' € 20.)2- €+ Wye ('-'Jz'emﬂ + g (‘T‘? 'w‘l) (2“’2”

) 4 8
Toe ™ lasg = Taswre +E.:.-s° '?e*i'«"[ﬁ-(mm;:ﬁc = Mgg JZ.'IEL‘-)*‘ o (mis_,zza’ﬁ‘ - méeiﬁe )]+$N: ,:"'z
{Ts 'Ml[’”:-: (g T2 + mygF)- 7 + Mg (""MF(, +mysFy ) F?]} *O5 + deg(uas-w) + Koy + (85 -8)
‘%{(msa’i"‘mw'—‘;)'[’ﬂnﬁ'd’z o (g Py + g By 005 + (mys By + g )= o ]

+(myTy +m 7,0 [(mss‘:a' +mog )ty + gy + mgF)) - 007 + mg Ty ‘:’8]}

to (mgaFy + mygFy)e € - To, +Wg- (Towz) ‘Tfa' {(msaFe + msaﬁ)'[mlz[‘:-’z"ﬁ “tz)

+ u_J_,,-(F,-ws)] + m,3[53.(%.w3) + e (Fyatag)] + Mg [6714 (Fsrtig) +FJ'5-(F5-M&3]J

+ {my By + mysFy)e [mse [ (7 )+ 56'(7:3"'353] * Mg [ma'{ﬁf'“’b) + Uy (F'_D""F)]

+ g ["‘57' (Fyetay) ¢ 58'(51"*19)]]}*5" (mssT +mygFy)» [az *€pp + 2ty éil + Uy (B, E'Z)]

(2-122)

- ORIGINAL PAGE 18
qr OF POOR QU

2-27

Y




]
1 &
el
1
| 2 <5 5 =, X2 }
§ =52 Lri B == ]_ cl:=C b
Tee * Ters, * Tarur, * RazFae *5["5'("'15;':5:‘"'59; Fje)""v'(”’fs;ﬁe Msg J)—;Fje) 7™ L i
o 1 ! i Seiian A er }_. iy 5 2
a {32'74-['"'?('“68"8 +mygly)e Fg + myg(m;s Ty *"'"u‘“q)"'aj Qg + digge (- wi) + kgge (8, 6s) L)
| I . - A ( = 7)) % ] "
'Fﬂ'{(’"m"s *mreﬁl)‘[mur}"‘-’:, +(m B, om g T ey +(mys Tyt myg Fe)stg + (M7, e Mgyl e Wy | ‘*
= = o + X ﬂ" = r . c . - - :
+ (ms P "”’MF‘?)'[(M’B Flod mghy)s @, + my "‘:z’we]} +3q (migFe + myeTy)e €y + Ty + U (T- ) ]
-%{('“69?8 * mvan)'[miz[az' {E'w2)+wj'(rﬂ.'w3).] +m;, [w3 ([ ewy) + Iy (l".'-b),)] /
+my ["—J-q'(i:;- "’J)q) + E)s- (Fg""s)]- t ms [‘T'f'(Fy .cos) + h)b-(l‘satdo)}]
* ('":5 Fo+ m,hﬁ')-[m,u [ab’l’r_‘?‘we) 4 }Di‘(ﬁo“"r)] ¥ mﬁ[af(Fn'W;\J + g ""'z'wa)]]} ;
i
m = £ - SRS =l ¢ J
+3q (mygFp +myg r“-r)'[-"-’z‘en + 2wy €4y + Wy (90 eu)] (2-123)
[3 i
& o5t ]
5 '[— : E: = “ : ]+ M = i
Toe = Ters, “Tarwry * Ryp* Fre *1alho" ("’u;/—_;ﬁc "m'rBj:f Fie) * T {mnﬁse "8 j;ﬁe) 7 ¢’7 L
{J-y _hlq [mr'&(mrsﬁo *me":;;>'-r-:lo tmg ('":s Fro t 002 T, )" FHJ} ‘wy + CI?G'(“’I""E.) b k'143'(97 = 98) i
-Y-*Iﬂ—{('"reﬁo +m31—‘.,)'[m,2F,-fdz (M Fy +mygT)e Wyt (my Ty +myy Fs)ewg+m R+ micTy)e s o
i
: : H
' . foicie s S b 2T =3l P R S el
ko +lm Fps mqu)'w&] +mglny, i, + "’lr"':‘)'rfz"‘-’a} + 7 Umgpl, + mg ) €is T}Y + @, (1, w,)
| r = ] i}
: ' I T w. r Y oot R ) s . i 1
‘,‘Q‘Um,&r;o+msr‘”)'[mm[-wl.{r'.wx)4w3-(l)-uu‘,)]+m.,[¢03 (Fyew,) 4 0og - [Ty wg) il
j "'m,"[’;q'[Fs“qu)J !_us.(;"_,s-ms)]-l»m,_,'- Z‘-,S_'(F7'ws)*m6'(i=?'w5)-] ,%‘
? -Lmlt,{a’-s'(F?"‘d&)"' 574“',5-(‘)7)]) + ma('"uFm +mnp"}.[w?-(l“,'-w;)+w9-(r'.-;.- wﬂ)
P o
= = = w T T, el {2-124 i &
i % ﬁl' (".'79 Iig + Mg Fi) '[“’2'612 + 2iye €1y *“Jz'("’z"?uﬂ ) il
|
f @ 4
s ‘

2-28




-1 ] — é — m' — — -
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— — ™ s ShT 5 i - m, — *°
"(”’wr'e. ELLT "7)"‘-’5‘ fe ("7,5"‘3 + m,,,n,)- Wy + (m,‘no+m.,?‘;l). w,]} +T;'§ m,Rp€,
—— m — s— - — = - — e e
* Tige (Tge0g) - Tqi{m:z '",z'[w.-(l'nw.H By (Feey)] + mig Fia® [‘*’3'("3'“’5)* “"1'(5"‘“4)]
) o mHFrz'[Ej" + (Fs-etg) "“—’s“(F‘;'“s')] tmych, . [Es"("_'v'“’s) 2 5&""&'“’5)]

*mnsﬁz‘[me'(ﬁa'ws)*’57’("_':5'“7)] + my Foz‘[ay‘(Fu‘wy)*ma‘(ﬁz'wa)]}

m - [= B A e
-LF,"E' m,p-,,,_[,,‘;.z.g‘2 "'2“’2’6:2 + oy« (T, .g,z)] (2-125)

a3
! ml e - m, - —-— 2= -
M ('"'jz_?:ch ’”’zaﬁe) =77 Mg€y + 4D-€,, +4Ke€p, -#[m,sr,-wz +(my T + m“r",)-w,

+magFy + megs) e Wy +(msg Ty + MypT,)e g + (MygFp + myg ) e g +(myyFrp + mg )« iy
g, e gl = 4D +[Reggr ly-w)] + 4DRppe e, - 4K+ [Rezy+(6,-8)] + 4K- R1p0- 6,

' '%{maa[az“ﬁ'wzﬁma'(ﬂ«w;) + maa[-‘;‘:‘ (Fyeca3) + Dy (T 0q)]

e R e e et T oy

+ rn-,a[ﬁa (T cwy) + Wye (Fpe wy)] + mg ['7"1’ (Fiew,) + Wg. (Fﬂ"“’ﬂ]} (2-126)
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The definition of the various matrices indicated in equations

Constraint torque applied by
x and y axes written in body

Constraint torque applied by
x and y axes written on body

Constraint torque applied by
y and z axes written in body

Constraint torque applied by
y and z axes written in body

Constraint torque applied by
x and z axes written in body

Constraint torque applied by
x and z axes written in body

body 2 on body
2 coordinates

body 2 on body
3 coordinates

body 4 on body
4 coordinates

body 4 on body
5 coordinates

body 6 on body
6 coordinates

body 6 on body
7 coordinates

about

about

about

about

about

about

(2-118) thru (2-126) is given at the end of this section.

the

the

the

the

the

the

The reason the constraint torques only appear about two axes
reflects that each of the gimbals have a single rotational degree

of freedom.

of freedom as indicated in the above equations.

Inserting the gimbal constraints, the following relationships

result:

2-30

In addition, the gimbal friction and wire torques
only act about the axis of the respective gimbal rotational degree
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Wy = 37:T° 2+ | O (2-127)
| W32
| L -o :
z Wy = a-’?r‘ wy+ |0 (2-128)
: | W3g!
Fl;,a
we = T, Wyt | O (2-129)
-~ 0 -
1% | -0)5-:
; Ws= T ewy+ [0 (2-130)
= o |
i
. -
. s .
Wy = T el + @, (2-131)
; o
! .o po
| Wy = 7wt |y, (2-122)
i\ " ’o J
[
} (- L c 35 «T c
i 3”2': 2Tz * 3 M, ’3 = 37; ‘ale_; (2-/33)
(< e * s c
5M4I4 =qls- SM;}S' . 57;'T‘5M4 Ig (2-134)
¥ c L ".‘
Mol = T M), = Tt -, Msl; (2-/135) ]
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- * ]
cosoz  sinag O
37-2 = 'Sinu! cosog (o] \'2°136') ’
o 0

cosag Sina; O

372 = |-sina; cosay O (2-137)
e o

5Ty = |0 cosB,  sinfy (2-/38)
_O ~inf, cosfi
S o ]

el =10 cosf,  sinpx (2-139)

Q
o
o
—

0 -sin/?x CO#"x

(058, O -sindy |

e 0 1 0 (2-140)
Sl.ﬂ XV O cos XY
~503 ¥ 0 -sin ?f). ]

T - 0 O 50 (2-141)
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Equations (2-146) thru (2-147) are used to compute the rela-
tive orientations of the various bodies or they form the strapdown
equations of motion.

In order to complete the equation of motion development for
the offset gimbal system configuration, the constraint torques
must be eliminated from equations (2-119) thru (2-124).

The constraint torques may be eliminated by solving equa-
tions (2-120), (2-122), and (2-124) for these torques which only
act about two axes. Hence the constraint torques are given by
the expressions that follow:

0
Xy i = o el wk e -
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It should be noted that in the derivation of the gimbal con-
straint torques only the linear terms were considered, and every-
thing that follows from this point on considers only the linear
terms of the equations of motion.

Substitution of equations (2-148),(2-149), and (2-150) into
equations (2-119), (2-121), and (2-123) respectively results in
a set of system equations that can be written in the following

manner:
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ay = 4(Ryn+ Regp)-D- (5.,104'55“\ -d (2-181)
a = 4(Rizg+ Regp)e Ko (Rppo Rego) - k (2-162)
Qg = d-4(R30+ Rez0) - D+ Rego (2-163)
ag = k= 4Rz 4 Rezp)+ Ke Regy (2-164)
Qs = 4 (Rizp+ Re20)+ D (2-155)
Qy = 4 (Rt Rezo)e K (2-166)

2-37




T P L L E I WINPTy SN TN

aT " _l_{ SR & T = =), T

B, = Jd2+al; 'Ja'sT: “MLmgamyg ety e mpFesTy s lmggh *'"4?-’3)37;
T Lo e = = = = _—-], #*
+3Tz. -[m,z{masr‘2+mqgr‘,)-r‘z ‘mqa(mnzrz “’":3'3) s 3T2

+3T:’T' [mlz (maaa"'MQQE}'E]'3Ty“—;} (2-’57)

4
EJ: = "E :_37-2 .[mm(maa?-;i—m,a?.)-rzl + mqa(m,:rz + 3 r'l) r‘!lﬂ:]

1

By vy T iy P Ly # g s 13, ) (2-168)
! " = X =2 *
—E{M,Z[C‘QE‘(HXQBF.; +Meg f_") + rr'_-fT;rT". '(’”55 e My r? )'. T ]
- r I 2] = n :
*szT'[(mQFz +m,3F3)' Lmgghg +meg - &.7—4] (m,..B i + gl 7) % Ia ]]} (2 /69)
B = -:‘-'4- ["”vz—-l '37—17' sTaT' ('”sa "} e ¥ Mz "’7’ )
=
- - 7 = — g
i ET:'T(""«: Fyotm,FlsTy Amea Bl ¥ mia Lt (2-170)

T

— = g — = —_ =T T' =3, -
Lh* a2z ‘:'r4'('”s?’"a*m‘m='v)* Fealy = sTs = 71 (mygFro+ mgFi)=; T

+ " - 5= = = = . 3 '/ .
T (my By ey, T [‘77;'(""587}- b mrgTa) +Tge g Tge (mogFiu #ma T ) oy T ” 2-171)

) I 2 - R T = =
Ein=-™ [mm‘”t ‘392 *a T4 S '{'"78""|7"- . ma‘“]“)
D e oty 15 75 —_ =) B
+3T2*T" (murz tmyg "4)'4: ‘g 'TT; '("‘mrm’zc + mgl “Izc)] (2 142
Mg NN, R T rT. = 2-173)

B|7='T~T[.m;;r,wgrz’57::'772'r‘:1"’ T (m,2P2+m,3 ) sl il '2] (
: SR 2 : (2-174)
E.-g: ‘r:‘-[mm l“" +3T2 (m-,glz4l‘hqgf\ » T

2-38

e —

- l

I |

frrned

Bl

bl



= & 2 L = B
By = '% [m:z ("":sa rzlsn tmeghy IJR)'JT«:! e+ My, (msa "z'ae + meg Fy ,3“) hytea

e — — »
+ m‘la("’lzrz'an *mis"s’m)"'z‘BE ]
822 = Ja "% ["”nz (maer,sz"mﬂsﬁalse)‘a]!c + Myg ("’ﬂ‘-‘z,m*m‘!mm)'ﬁhc]
| - B - =Y. T*
Bas = -'ﬁ(mlzrzlig“"m:gr,a[m)'[mqgﬁ; +m58r‘,-+57:;'(m531'6*m“"‘7) 51; ]
Bos ® = (im o B B chall)
24 T m\mp L m*"‘iarslgq csig ~Umsglilic+ Megl7lic
: - i T =T - =\, T
g Bss = '!*L‘t (""rz Falae + mn ra'sn)‘[sr;r' (mes g + My F:i)'.'-f?; 2% °(m7l’r“’ +m3f‘,,) 7%
B, == (m.Fl Fle) T etk v mrali)
26= "M MRl + misfalae)ecly =57, 78 1o lac g Tnlac
m F5A — ™ 9
By = - -P-/‘l(mli "zlsk*murslu)'s-,:? *2Ty *Fia

m = =
By = m (my; FRolag + mys7 |3n)‘3Tz

ORIGINAL PAGE IS
OF POOR QUALITY]

2-39

(2-175)

(2-176)

(2-177)

(2-178)

(2-179)

(2-180)

(2-121)

(2-182)




£
i
\ Z: - e = =
{ B;, --M{m,,(m,an,+mmr‘,_-)-_,'7}-r, # (mnFq" msar‘s)'("’nrz """13'-3)'31;!*
g
e = 2 A
g Foels > (msg‘"r; *’“si"r)'[mfz‘fu‘s-‘rz‘n +57:4'('“12": +my rJ)'JTE ]
i
¢
£ ! PRl = S 2
E: B",u == M[mll (m"r'q+ msar’)' l";lgc + m;g(mdt'rd +msarf)'r-3)3c
] *T 5 — foih oA -
+5T) T (msgF, +mugFy) g Ty 0 (myy f‘zl;c"'mia"alac)]
. T * L{ i i = — N =
{ Biz= Ty +5Tg +Js-:Ty W ""13("'48"4 +mggTs)s Ty + Msg (M3 Ty + g Fs)Ts
i ..'r[ = s = ST %
teTg «Lmyg ("‘ss‘"s tmya ) T + Migg(myq T 4 mys "7)"'7]'5—’:1
3 vT — - — —
| +<T4 -(mmr,,+m,,gr,)-.;1;-(m,3 P+ mgTs)
"\mqu “"’T;qu)' f.'TqT' {”'SHFG + g Fr)' ')T‘i*
: = li— #T[ ( = = = = . r. ’i
g | By =7 1sTq ° miq Mg+ meg Ty ) =Tl +mig (g P # mys ) 2 Pl |
firie = T = i
+ .m;_af‘q 4 mM".;')'Sn ' '.mﬂr‘sf,c 4 mAgJ"‘.,I‘c)l
{ B q--’-{rm_‘” “‘\{—!-—T'/ —-+ —)+ TT TT( — -—)_le
| S limg Ty 2 mgFr)olelg o \mgle + MagTolt s ly = 575 slmpghig + melii%9ls
wT ) - — - T - = ]
; +57:+ .(m,qr5+m,5r,}'[mﬁi 2+ Mqe iy +7T; '("’n"m + mBr'H)'?TZ ]}
E | T T BN A5 I
| Bay = -5 ()35 +myy :)'gTq I (mys Foloc + My r‘ufz:'.)
i i 2= i e Eail 1
T e (B 4y )5 757 (g gl # Mg Bilac )

i = = e R o s wT — £ T
> B, "Tﬂz[(murwmmr::)'ﬂ; 7 ls Ty el lma T +mis7) T "'12]

m, 0 s T, s i
Baq = F[("’m'*-f tmeg) e T, + 575 = (mggFy + migT) s Ta 5T

2-40

(2-123)

(2-1%4)

(2-185)

(2-126)

(2-187)

(2-18%)

(2-189)

(2-190)

b3

PSRN B, TR T



| E e o = » -
Bq ='F(’”ss"s'm*msarvlm)'[57;'575"': +sTa(my g +m )Ty ] (2-191)

(2-192)

‘ 2 = =
Baz =~ (msg R g +miaT7lie ) osTg e (myF hse + misTalsc)

! - - i - = = b ]
Byz == [("‘sa Fohe ¥ Mg Tl ) sTa e (3 Ty + g Fe) ¥ mig(mog il + "'68"7’“!) "TeesTy

i = = & * E

é ¥ Mg (m“l rsim +ms Py';g)""; '5'7:1 ] (2-193)

F. I i 3 3 £ £ S i

i‘ Bag = Jsy - 'Fl'[ myg (Mg Py lie + Mg Pyl ) * T hie +myg (Mg Telig + mys Ty lip)e rr'lc] (2-194)

i i ! . . = T, I F o e ¥ -

11 Bq_,=-;-:,'(m,.ﬁ),,,pm,,r,}m)o[mwr8+mmn, Ty -(m,3n°+mar‘,,) 5 ] (2-195)

5 b= = T = — %

25 Bay= ~ 7 (maTelie = mistzhie) e ;3" = (myg Fiolze + me Fitlac) (2-13¢)
mg or ok - Pl -

r? 847 ity e (m,,rgfm+m,5r7;m)-77z «F)y (2 197)

] R % -19

Bia= = ("755 Fohe + mag "7,02)'5‘7; 302 (2-198)

‘i‘

|

2-41




| s = gl = = -
By, = 'ﬁ{mu ("‘sara “"'78"'@)'57:! *312-F *772"‘"'1‘:?'0*"”5"::) '[""n larsTarsTa= ™

= = = - - = m
+ TeosTae(m, T 4my r,.,)-g‘l;*]+ (g g +mygia)e s Tge (Mg Fyt myFy)-, T2 I (a-199)

| o HE 2y =
851 F 'ﬁ[("’ss g +Mzg r‘?) £ 5‘7;! '(mlz r ,ac + My r;l:c)

T — — S —
+7T-6" (m7a r‘lo 4= ma r‘fl)' 7.r6'$7;‘ (mz "‘1’35 . o m;a r‘_‘ ’3C)] (2'200)

LS = & B = = i
853 = “ﬁ{(”’aa"é*mwaf‘q)‘ [fu'(”'u'?"'mm"s-)“ (4T + Mg f‘y)'sﬁ"]

-

+7T;*T' (mraF:o +mghy ) '[ / 4‘57; '(m,3 Fg+my Fe) ¥ 776 (mm T + m.gF7)'57:1']} (2- 201}

il [ P i) i s
851 = Em (mﬂr‘s*mm rr:)' (ml‘l Pelie + Mg rrlnc)

T - s -
+ .,1'6" 4 (m,s g+ Mg r,,) . 77; . (m,.. Fe e+ M5 r,],c)] (2—202)

- *T » | - B = - =
Bss = Ty +,T¢ 'L‘?T& ‘ﬁ{mu-(mn"a*‘ ""7.9’”0)""3 “""’73(”’::"3“7’:5'9) g
-_— — T b ot »T N, = A, *
+(mrsrs +mu.""7)'17; '(mnl'm*maru)'ﬂl' +lg ("’78"'10* ma”'n)‘[muho‘r-,;

= 28 - - — » 5
¥ 77;-{sz Fa+ m,‘ﬁ,)] * 77:,* sy (my, 5, 40Ty ) Fy - T I (2-203)

) — iy T =
By, = i {{""wr‘e +m Fo)ea Ty '("?m Molze + "”a".rjuc)

T Py — — gt . —
*1T6¥ '[mls(mre "o *ma'"u)"m'zc + mg(m, T, + my r”). F,,},C]} (1-204)

ma | = T _ s — .= .

Bs7 =~T [(m:sre +my ) 7T, _:.’2+7]6&1’_ (ry T + M Fu) "Af:&] (2-205)
m B gk T 15 i

Bsg = #[(mm%*mrsr‘?)';]#’a’z +, 1" o (g + mgTi)e; T < - ;4'37-1] (2-206)

2-42




& == " (m'ls"m"m"' ms"'u)zn)’ 7155 T [”’12 SE'FI t (m,z J Facliil I")',Tz ]

| - = _ = =
By = ™M (mog Fiolze ¥ MaFle) 7 765 Te" (m, Flge +mig Fyhae)
Bl i 7 [ T (o # migTs) + (i Py # misF)es T3 ]
k3= =57 (MagTiolae + g Tlag )Ty sTa’ My Ty + MygTs) + (Mg P+ misF ) 5Ty
! iz = s
Bog= M (mr,n,!m * msF..lm)'ﬂ;- (miq Pelic+ mis "ﬂlc)

N = < [ - " = o
Bes = "ﬁ{(mval‘.olm*ma"ulzp)' meFiosy Ta" + 1T (mis Py +my 7 )]

+ mg (myFiolze + miTlze) - F,,‘,T;'}
B =T ~lmilmiF =Y bl Bk 5 LY
46 = I7y 7 LMy (mygFiolie + mgFulag) e Fiolac Mg lmy, Fiohe + M Fiilia ) Fylac

_ Mg —
Byy=- - (mu, Folie + Mir Fulee)* Fra

-~

m, = i o
Big= 77 (migFialee * MpFlag)+ ;T ocTa "3 T2

W i & i

B,, ='T4" FatalesTgr Ly Ty F "'(mn'"z t '”13"3)‘37;*1

1207 Tas T3 (Mg Blse + myFfac)

3 il mg — Rl — == -

3 573'-'-“,;,5"'11‘712'[57:7(’”13"'4 "'mur:')*("’wré +m,5r‘,)-572"]

mg — -—
Brg=-7 Nia°71e" ("'14 Pelie + masFrhc)

ORIGINAIL PAGE IS
OF POOR QUALITY

2-43

(2-207)

(2-208)

(2-209)

(2-210)

(2-211)

(2-212)

(2-213)

(2-214)

(2-215)

(2-Zi8)

(2-217)

(2-218)



NS e A S et S b

g
i
&
o)

R AR R IS

P A S e R Loy

a i 3 —_ - -
"31’[77;-("1,5 s +m,,,n,)+ (mm"m*‘mnru)'7rb ]

my — = =
Bl "ﬁt 2o (m, Folzx * migFirlae)

~ i, 4 15 q e Mg,

m,mg e
87"" T r;_i ! ‘.'T(: cr'y 'JTi

= T =g == ..]
Mg Ty + 2T, ""’sarz*‘"’ﬂr'a\}‘.v.’; »

&
]
1
33

il a3 .
S~ aly * tMag Rl ¢ Mag "a’a-f)

=
m e — - »
Bor=-m 2Tz - [ Mag P +meg T + Ty = (msa T + Mg ™)< T

Bag=-F71 22 :.’ ET'(M'QEi.JIr*""\RFILT\)

L i = - 1 — = ]
3 s "Tralzes Tq ‘["’Aﬂr@ smpty T ~(m,,r,,, +mp )

m T F: i = i
Bge =1 3Tz *«Tq -, Ty '(mnrmhc toogtiae )

Sy ey
ST;‘ 'gT4 9Ty * N

m,
Bas‘—' M nl:’ﬂ.I

2-44

(2 219)

{2-220)

{2-221)

(2895

f2-223)

(2-224)

(2-225)

(2-228)

{2297}

(v 228)

(2-229)

(2-230)

s



‘ - by = d = 4Rez0 -D < (Ri30 +Rez0) (2-23/)
r | by = k =4Rez0* K * (Ripg + Reao) (2-232)
m b, = -(37;'1: dagss T # d)+ 4Ry D+ ﬁ,,o (2-233)
| b = = (3T Kyg- s T:" k) +4Rgz0 Ko Reyg (2-2349)
bis= 3" dlyg (2-235)
big = 3T ks (2-236)
E biy = = 4Ry 0 (2-237)
big = = 4Rez0" K (2-238)
bjq = [o o -l]T (2-239)
by -dig (2-240)
o bz = <Kase (2-241)
' bys = dsibin (2-242)
baa = Ky by (2-243)
AR (2-244)

{3
i
i




R

i
A

. Ib:l : cl'_"qﬁ“E.‘ZO.IJ '(ﬁjza"'ﬁfzo)

b = k "‘qﬁ;:-zo’ K- (Eza*ﬁsza)" :

by “fa'l;*.r- d3.;._3‘j;‘?;gcj-)._4._ ‘_?ﬁéﬂ'o‘-‘-:D'ﬁgzo o

by = 6T Kyg s T k) #4Riz0+ Kx Rizg

bis® 3Ty v elag

b=,
,h1=“4§m0-0
bmz ~4§‘E20‘ K T

by ® “'-‘Jse;;. :

Ehzé._khdz

b:ns = 1

s

(2»—2 3’)

 {2-232)

o (233} o

(2-234)

. (2-:23‘&)' .

(2-237)

. (2-238)

"(Z—Z'BCJ)

. _7(,27."240-)_ o

(z-241)

T a2y

(2249

[

A(Z-‘243) Rt




ﬁ-;‘ 33

by = g " (2-245)
by, = ki<, T2* (2-246)
by = digl (2-247)
b= kg Lo (2-248)

bye == (flaﬂ ¥ 57:1-7-‘?}5\'57-4‘) (2-249)

L’.“. T (k.u; + 57;.T‘ kg’é'grqv) (2‘250)
biz = T e des (2-251)
b s o ks (2-252)

By = tef B B (4-253)

by =~y 2-254)

Byy= —ke (2-255)
b= cdits (7 258)
by s dei (2-257)
bead (2-258) :

2-46




| eBo i |

4

e |

u‘r
o]

]
o
[1Y]
Cofy
m
ey

o (a2ge)
b_:;; = déli‘ér: oo '  (2-247) %‘

Y

byr = = (5}3% *57:;*T°95.5‘57:e*) ' o ' (2-249)

pil] o

]

by = dygs Ty . e ' j:.'f1
|
|
!
|
k'f?‘;. ”7(“344 S'E*Tste;sn*) _ . | -(2-256)7 - |

by7 = 's'?}'f't'f dee e -'_(="3_.‘_*?"5-’}{ A

()

bia @ s qﬂ-’ks's. R : ' o (2-282)

A o =T
by - =100,

i

i

£

Cfa253)

.

bé":- :__JS;; . S _ | ) = l‘:‘a_éﬁ.‘})
by ==K s SR g __:._:.(2-2-551 . %
.quzrléﬂ_l,,;,... : - | = . - 2 (j_?;é) a
...544'; ks‘f.fm . | f2257)




E
;‘
bg) = dgg* e Tg" (2-259)
bs, = kn'srq. (2-2¢¢)
; | bs; = d,‘l,c (2-2¢1)
g beg= kel (2-262)
f; i bss = = (T d g o1 " +ds.6) (2-263)
{ b e = CERLp s TR ) (2-264)
{ : by e RN (2-245)
i | bsg = 1T6T' Kzs (2-246)
: bsg = [o -1 O]T (2-267)
| b= ~ g, (2-248)
£ | bez = - kyg, (2-269)
b3 = d'}alzg (2-270)
bia® Toshe (2-271)
big =1 (2-272)

RCESEL s e 1 Nl % 475 TRV Bewet -
st bt da M iy T e e MR, i AR i e N b
O




i/

-l
L
;m
PR——
[
[ —
-
o e

o ‘ ' .b.s)é'vda;:? s o o T T '.(2"-259)

P’T‘.“—"‘-”‘r
W i)

N b kareTH o | o C (2260)
| { o R | .bsa - ,C.Iss,:c.. I . (225!)

I‘ | beg= 'k'ﬂ]li:_'j{- B R (2-262) | :
) . | by s -{.772,‘”::':1,8"7.72*4-,&56] Ll _. : = (2.--2.63-)
s - :: o | s b“’ _(?72*1-,(?877?+ W )
R "_-I"_b’."?:?.'?um;d?é' o ‘_ ) o | . ‘ (2-?55)
A | | e =,7;;T..;j<7$ | : - {2-2“)

byt mdy, (2-248)

Lo bar e, | (2-249)

by = d?a,:zfz e e . (z-270) _.

(2-271)




-¥L7ff[ffﬁ?ﬂﬁié;aé;;;;j}:;1i5;3

.. (.1-2;13)" o

(2-274)

(2-275)

Caam)

(2-277)

(2-27«;)

" (2'780)
. (2;2??) |
2282)

{ .2-.2,34};

'fzzasQ |

[t

—

i.;w‘: 4&_;-‘ B

]

f2:283)- -

Rl

] [

|

B
]




Gt Sagmnat whe sl L bl o

el b e e A Lty e 2 i

Vo

] T: o AE e
D, = T+ Tage, +Towwra * Rage B+ T+ (Tag # Ruy o Fog) =M {("’stﬁ *mye B a2
| L g Ak r i o —
|} *meg !T;"'5‘3Tz)’{ﬂe*er)'(mm"' 5Ty + myala =T ~MagsTy 'r'a)‘E?e

=(m,, 7 '3731* mj 37?1: T +mp 37;1.1273)‘[5:"573'(;&*5@) "'57:1‘77;'“"2?‘5:)]} (2’28‘)

- !
Dy = Taep —Ta3es~ T2awret Kas ,m’ == {(mm?‘zlm -megFs lgq)';Tz (Fet Fze)

-(mllﬁlak '"’49F5‘3n)'Fac '(maz Fz‘!n t vaFJlan)'[ﬁc" 57;'("&* F&e) U US (Fk"’ Fse)]} (2'217)

- b T _L 2 - T —
Dy = Tae + Taste +Taswnc + Rea*Fe esTq - (Teu+ SS'FSQ) ™M {(”’485 +megTr + Mg cTg T scTq
", ol 53 - — T % T - &
g cTa r,-sﬂ)'[s"}-('-",a er) * "?e] = (""'l"'l = Msghs =~ Msg s-na* “FeesTg=mgsTa * "-r‘gTﬁ) Fae

e 5 & - T
“("?13 rg 's'KT" M4 ra"!»‘T‘!T"' My s-’:iﬂ: Fg + Mg 5‘7;.1: r7) s [l’-"e + 77; 4 (F7e * Fac )-J} (2-288)

Ds = Tsey = Tass, = Taswre * Esr'uz *Fse "plq- {(’"sx Fehr + msaFrllR)' [ sTe*3T (Fie+ Fae) +5Tq* (5:* F'le)]

'('“'1&{43 "méiFr,lR)‘ Fee = (m Tele + ”’rsFﬂln) . [FGC t TTZT' (F?e + FBe)]} (2-289)

e 25 } =
Dy = Tee "'Tmy +T&'IWTV + RigFee + 7T6'T° (ng + Rype Fk) M { [ Mgy +Myp Py
T - =
H91 e (mag To + "'e"n)'r-fzj'[qu 23Ty (Fre+ Fae)+ sTa(Fye+ Fae) + Fs:]
- Z = = T
= ['"ISFF =rmqeFy "71?1_' (mva Fig+ Mg Files T4 ] % Fse '[(m:sr! e "’lbrq)'77;

4'7T:T' {mu, Fio=mg Fiy )] : Fye 55 [("’:s g+ mqu)'7T6T"' 77;‘1" (muFm +m;T )]'Fse} (2'290)

D7 =T7ey 'R?{, "Timr, *Enlza’ Fre "'ﬁ g(mwF‘"’l‘! "'mﬂﬁllm) '[772'5‘7:1 ‘3Tz °(Fle"F$'le)

* o7 s-r‘!'(rh +F)+3 Tt (Fe + Fag)] = m:eﬁolm"ma'—‘u,zg\- Fre

= (my Folze *mwﬁ;ha)' Fse} (2-291)

: 2 | =
Dy = Tae + Raa*Fae "ﬁ{maﬁz°[77¢:'57;'37_:‘(5e +Re) ¥ 3Ty s cTq e (Fres Fag) *1%- (Foet Ra)

+ Fi:l 2 F7e ] =My -:1 * F?c} : (2-'292)




0 -tz "‘"it;r

Rl 9 -rmx

g |Faos O o |

L:Rng\/ RROX 7 O

0 ~Rezo= Rezoy

Bezo®| Rezas O =Rezon |

1-Rezoy Rezox

d = dagldedydat

| i

clmf}ikx, by a Vg

I

n

D= diagil. Dy Db

K= diag {K s Ky ; KE}

kg = riag ke 1-’_‘?;‘5"*{11?2’<3.~1.z'} o5

dﬂ; = t}!ﬂ"}{‘{‘ﬂsr '!‘{!.'-hy'lvcl“.".al .

._.0 v'RIZOE Ruaoy

534? d"“t} {dEMx 5534”334-33 :

i iy s s by s ksz ]

e alsg

' T 'r )
Dy = _‘t]?{mzz Fle -m,[f-‘z,_, +3Te (Féc+Fqc>+3?§TsE"- (FeutFie)* 3T sTa ty 75 " (F‘?c”:?c)ﬂ (2-298)

E-’-},Z,"‘ 1z (2”294)

| (z-z?s) _

e

)

t2-2918)
o (24299)

" (z-300)

G (2-302) 7- o

(2-303)

‘:.'a;uﬁm i

T R

Y

sas]

(5]

]




dig = diagidrg,y draysdrgnd (2-305)
k?& = cj|q3 {k'lﬂx 9 k,gy 7 k;sa-} . (2‘306)
dsgfze = lo o .C}aqz]' - . (2-307)

R kgl =100 k] L (2-308)

C‘:S'-?"sﬁ: o . R C g . {2-309) -

ol s

..ds;,.l-é.z-[clsax ool (2-311)

_ ksa..l_l_p: =_1:k_56x 0 _O] _ | _ (2-3/2)

__ 'd‘saﬁhr:' - _.(;_3;3) |

B L LI I B S (2-316)

o251

[ SP——




i

IV ——
[

i
Fa—r———
.
It
i

L ]

§ et

ot}

o
—i

oy

drglac = dray | - o | .{ﬁ‘.‘s‘?): -

i
i ]

]
oo

“km‘l::c E k?’B"-{ . (2-318):

)

(i

330
E

o

(¥
%

!-2153: = ‘lqzﬂ, ) . S o {1'320)

¥
w?l
-
i

Filse = I=Mae | e .{2-31;)_

BRI BTV S e

Rk by | e e (e

o




F‘J-O IZC

n

_rf';\' i

= ['rly Fax 0]

[“"’37 Fax O]

= [0 "z Pﬁy]

[O _r.'i;;- ﬂ?y ]

[fioz O -Fiox]

= D%z 0 “fhx]

1t

™~

1 o0 0@

2-53

(2-324)

{2-3257)

(2-328)
(;—327)
(2-328)
(z-329)
(2-330)

(2-331)

(2-332)

(2-333)

(2-334)

[,




(D)

oty

Wy

Wy

1)

J~E.

I

(2-335)
(2-33¢)
(2-337)
{2-338)
(2-339)
(2-340}

‘{néééf)‘

Lo

ol

[~

[

Ml

rTd

ot ‘, __...,Ai -

!

P T Uy S S




(2-342)

(2-343)

(2-344)

(2-345)

(2-34¢)

(2-347)

(2-348)

s

[



yaus

i

gy,
O = | Ogy (2-349)
Og;

2.2.3 Derivation of Gimbal Torques — In order to complete the
mathematical model for the Offset Gimbal, the gimbal torque equations
must be specified. Using the transformations shown in equatiens
(2-136), (2-133) and (2-140)} the desired control torque can be written

- in terms of the gimbal torque in the following manner:

cox B"Y 0 - Sina‘y Casﬁ,_ Tﬂﬁ.-_-.]

Te = 0 1 Sinfy Toye (2-350)

sin g{\/ ) cas'd‘.r. cos/g, Txi"*._

Solving equation (2-350) for the gimbal torques gives

-

_rer. cn< x'y O . [,: Lh I 7:'.1\

(2-351)

I

1}w = tanf, ually L ~tonfcosd fev| = L2

J;a.:. :secyﬂ; f:nbﬁ-f 0 ..-r_a-,f,‘ ~ns g‘y _Tca

where
1Bxc;Tch;Tuzc = @imbal torque commands to the Bx’Yy’uz gimbal axes
respectively.

;T ;Tcz = Desired Control Torques

cx’ ey

The gimbal command torques are related to the actual generated torque by the

following expression:

Teu w T' Toue

T i f
T&‘f SHn,7 b {2-352)
Tz | Tazc
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where
1/Lunt = @Gimbal torquer time coustant

The control torques can have two possible expressions depending
on the location of the control sensors. For the first configuration
assume that the sensors are located on body 8 (i.e., the telescope)
and that the sensor is a rate gyro. For a controller that uses rate,
position and integral of position the control torque command can be
written as

2
TC ns 2 [Kg'wa"'xp'ea 4‘!\’1"“‘?2] (2-353)

5%+ 28cwnsS ¥ Wi

Substituting equation (2—-353) into equation (2-351) yields

Tae
&fb B
-t ’
Taye 552 255 WnsS 0% 0 [Kgewg +Kp8g + Kp- 22 (2-354)
-T;IEC .
Substituting equation (2-354) into equation (2-352) gives
Tax
k3
- a8
Ty = 20T s e L2 2l Koot <& . a1 -
YT (s )s? 4285055 +wiE ) [ R*We * Kn+@ + Kr+ 3 ] _(2 355)

The second configuration assumes that the sensors are on body 7.
Using a similar development, the gimbal control torques can be
written as:

,1;9" | o 0
- "wn'l"wuf's . - L . »
T*Y' T st 00 5% 28500, F 03 {1 {-KR (7T6 We * w’Y)_‘PKP (77; -6, + e7y )
Taz | , 0 o 0
e, |6
i (e 2 e 12N} (2-356)
0
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where

ol

diag[KRx’KRy’KRz] system rate gain

~
il

o diag[pr,pr,sz] system position gain
KI = dlag[KIx,KIy,KIz] system integral gain
wns = gyro natural frequency

ES = gyro damping ratio

2.3 T0G Stagbility Model - In order to aid in the determination
of IOG system stability in an efficient and cost effective manner,
a stability model for the I0G was developed. The stability model
employed determined the roots of the system characteristic equation
as a function of parameter variations by determining the eigenvalues
of the system "A" matrix. 7To determine the system "A" matrix equa-
tions (2-34) through (2-37) can be rewrittem excluding nonlinear
terms and disturbances in the following manner;

Wy = Qpoetdy+ @y -tidy +a€, + o5 204 0 O taig- €y (2-357)

e

B“-f_:_)z +B,.2 by 813-‘-_1.2 = Qupd) bl eady Uy 'éJ:'_ +ay, -8, 4-026-62 YQy,4.€,, ¢ Az, = TH (2-358)

521'“’2_ t Bzzﬂwj + BZ.:\'EH. = ‘13;12-]—;! (:"35‘?)
Byyetp # Bryeiy s Bapeyy = aqpiie@g,e oy ¢ Oy g b Qgee D) ¢ Ty B+ agge €y t2-240)
we y _ - = . : e

TH T Qpgzeldy A, g0 J; ¢ RN 93 LEL TN VIS U-m,u'T; i Na gy f2-341)

Choosing the system state vector shown in equation (2-362)

.. - T
o w0 @, 8, g O T T T (-362)
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The system quations can be written in the following manner
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Eigenvalues of the system "A" matrix as defined by equation
(2-363) were compared to those obtained from a reduced "A" matrix
which assumes infinite mass and inertia for the shuttle. This
reduced "A" matrix can be essentially obtained by deleting the
1lst and 5th rows and 1lst and 5th columns of the "A" matrix de-
fined in equation (2-363). The eigenvalues for the reduced "A"
matrix matched almost exactly with those obtained for the com-
plete system except for the absence of the roots assoclated with
shuttle modes of response, Hence, the reduced "A" matrix was
used in all of the stability studies performed.
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3. I0G SYSTEM STABILITY ANALYSIS

The following sections will describe the I0G system stability
analyses that were performed during the course of the study. The
stability studies performed included the following: -

a, Systen stability as a Function of Telescope Look Angle
for Nominal System Parameters.

b. System Stability as a Function of Control Loop Bandwidth
Variations.

c. System Stability as a Function of Telescope Mass and In-
ertia Varistions for Nominal Control Loop Bandwidths

d. System Stability as a Function of Pedestal Mass and
Inertia Variations.

e, System Stability as a Function of Variations in Sensor
and Actuator Characteristics.

£, System Stability as a Function of Geometrical Variations.

The nominal system bandwidth that has been used throughout
this study is 2 Hz defined as the point where the transfer function
from ¢ .sturbance torque to command torque is down 3 db. Although
running higher loop bandwidths would reduce system pointing exrors
due to disturbances originating in the orbiter, it is felt that from
considerations of system stability in the presence of structural
flexibility and system noise, using loop bandwidths that are ap~
preciably higher than 2 Hz is not advisable., In addition, the nomi-
nal suspension parameters used are based on achieving a pointing
stability of + 1 arc-second in the presence of crew motion dis-
turbances. The nominal suspension parameters are listed in table
2-1. A detailed discussion of the stability studies performed is
presented in the sections that follow, All of the eigenvalue
data obtained during this study phase is shown in the Appendix
volume which accompanies this report.

3.1 System Stability as a Function of Telescope Look Angle
For Nominal S8ystem Parameters - For the nominal system as described
in table 2-1, the telescope was rotated about the y-axis and the
system eigenvalues were determined at various different look angles.
The look angle is defined to be zero when the telescope is pointing
straight up out of the orbiter cargo bay and 90 degrees when the
telescope is in the cargo bay with its z-axis parallel to the or-
biter x—axis and is positive directed aft, The telescope look
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angle was varied between zero degree and 90 degrees for which the
resulting eigenvalues were all in the left half plan thus verifying
system stability for the nominal parameters.

3.2 System Stability as a Function of Control Loop Bandwidth
Variations — For the nominal system described in table 2-1, the
peointing control loop bandwidth was varied and the resulting system
eigenvalues determined as a function of these variations. The
control loop bandwidth was varied between zero and 10 times the
nominal loop bandwidth (i.e., 0 and 20 Hz) for telescope look angles
varying between zero and 90 degrees. The results of these para-
meterizations are the following.

a. All of the system characteristic roots were stable when
the loop was opened, i.e., the control loop bandwidth was
Zero.

b. At 1/10 nominal loop bandwidth (i.e., 0.2 Hz) the svstem
was stable for telescope look angles varying between zero and
40 degrees, For telescope look angles between 60 and 90 de-
grees, the system was unstable showing an unstable root of
1.79x1073 + §.095 at 60 degrees and 1.48x1073 + j.1295 at

90 degrees. These roots describe the interaction between
translation of the pedestal along the z-axis and telescope
rotation about the y-axis.

¢. At 1/5 nominal loop bandwidth (i.e., 0.4 Hz) the system
was stable for telescope look angles between zero and 60 de-
grees. However, the system was unstable at 90 degrees ex-
hibiting an eigenvalue of 2.88x10"3 + j.385.

d. The system was stable for loop bandwidths varying between
1/2 and four times (i.e., 1 and 8 Hz) nominal loop bandwidth
for all telescope look angles between zerc and 90 degrees.

e, TFor loop bandwidths of six times nominal the system was
unstable for telescope look angles between zero and 10 degrees
with one sét of actuator poles crossing into the right half
plane. TFor lock angles between 20 and 90 degrees, the system
was stable. ' - ' : ‘

f. At ten times nominal loop bandwidth the system was un-
-stable for all telescope look angles with three sets of ac-
tuator poles crossing to the right Palf plane for telescope
look angles between zero and 60 degrees and one set of ac-
tuator poles crossing into the right half plane for a tele-
scope look angle of 90 degrees. .
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3.3 GSystem Stability as a Function of Telescope Mass and
Inertia Variations — ™or the nominal system described in table

2-1, system stability was determined as a function of telescope
mass and inertia variations, The telescope mass and inertia were
varied concurrently in the same proportion which ranged from one
hundredth to five ftimes the nomimal wvalues shown in table 2-1,
During these variations the pointing control loop bandwidth was
continually adjusted to maintain a control loop bandwidth of 2 Hz.
All other parameters were maintained at their nominal values., The
results indicate that the system was stable for all values of tele-
scope mass and inertia considered for telescope look angle ranging
between zero and 60 degrees.

3.4 System Stability as a Function of Pedestal Mass and In-
ertia Variations — For the nominal system described in table 2-1,
system stability was determined as a function of I0G pedestal and
inertia variations. The pedestal mass and inertia were varied
concurrently in the same proportion which ranged between one tenth
to 10 times the nominal values indicated in table 2-1. These vari-~
ations were conducted for zero and 60 degree telescope look angles.
The results of these studies indicated that the system was stable
for all wvariations made.

3.5 System Stability as a Function of Sensor and Actuator
Variations - ¥or the nominal system described in table 2-1, system
stability was determined as a function variation in sensor and ac-
tuator characteristics. The gimbal torquer {modeled as a first
order lag) time constants were varied from 20 to two times their
nominal values (i.e., from ,1591 to 1.591x10"2 seec). The rate
gyros (which were modeled as second order transfer functions)
natural frequencies were varied from one one-twentieth to one half
times their nominal values (i.e., from 8.17 to 81.7 rad/sec) and
damping ratio was varied from one hundredth to 0.6 times their
nominal values (i.e., 0.005 to 0.3). The results of these studies
were the following:

a. The system was stable for the range of gimbal torquer
variations investigated for telescope look angles between
zero and sixty degrees.

b. System was unstable when the gyro damping ratic was 0.01

or below and was stable when the sensor damping was 0.05 ({i.e.,

one-tenth nominal) or greater for telescope look angles be—
tween zero and sixty degrees. :
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sion

¢. System was unstable when the gyro natural frequency was
16.34 rad/sec or below and was stable for gyro matural fre-
quencies of 32.68 rad/sec or greater for telescope look
angles varying between zero and 60 degrees.

These results indicate that system stability is not a sensi-
function of variations in sensor and actuator characteristics,

3.6 System Stability as a Function of Variations in Suspen—
Characteristics — For the nominal system described in table

2-1,

system stability was determined as 2 function of variations

in suspension damping and linear stiffness. The suspension damp-
ing and stiffness were first varied together from one-tenth to '
20 times the nominal values shown in table 2-1. Then with the
suspension stiffness set at nominal values, suspension damping
was varied from zero to one-half nominal. The results of these
studies are outlined below:

tive

a. The system was stable when suspension stiffness and damp-
ing were varied together over the range indicated above for
telescope look angles between zeroc and sixty degrees.

b. The system was unstable for all telescope look angles
when suspension damping was set to zero.

¢. With suspension damping set at one-hundredth the nominal

values shown in table 2-1 keeping the stiffness at their
nominal values, the system was. stable for telescope look
angles between zero and 60 degrees. Tor 2 ninety degree
telescope look angle, the system was unstable. The above was
also true when svspension damping was set abt one-fiftieth
nominal. :

d. The system was stable for telescope look angles between
zero and 90 degrees when suspension damping was one-tenth
nominal or greater.

These results. indicate that system stability is not a sensi-
function of wvariations in suspension characteristics.

3.7 System Stability as a Function of Geometrical Variations -

For the nominal system described im table 2-1, system stability
was determined as a function of geametr1c41 variations. These

‘variations included the following:

a. Telescope CM was woved in the x,y plane, £y (i.e., along

the telescope transverse axes) between the nominal value oi
zero to two meters along the x and y axes.
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b. The distance of the telescope CM with respect to the
gimbal hinge point, r,, was varied from the nominal value of
1.689 meters to 168.9 meters,

¢. The location of the gimbal hinge point with respect to the
pedestal CM, r1, was varied along the x and y pedestal axes
between the nominal value of zero to 0.375 meters,

d, The variations described in items a and c above, were per-
formed concurrently.

The results of these studies are described below:

a., When the telescope CM was moved along the transverse axes
of the telescope (i.e., x and y axes) the system was stable
for offset values along the x and y axes of as much as two
meters for telescope look angles varying between zero and

60 degrees.

b. When the distance of the telescope CM with respect to the
gimbal hinge point, rg, was B84.55 meters or less, the system
was stable for zero telescope look angle. However, for tele-
scope look angles of 60 degrees, the distance of the ftelescope
CM with respect to the gimbal hinge point had to be kept to
33.78 meters or below for the system to be stable.

c. The system was stable for variations in the location of
the gimbal hinge point with respect to the CM of the pedestal
r1, along the x and y axes of as much as 0.375 meters which
corresponds to the distance that the gimbal hinge point is
above the pedestal CM (i.e., distance along the z—axis) for
telescope look angles between zero and 60 degrees,

d. The system was unstable when the concurrent values of
ry and r, were

il

e = .375 1 - .375 i + .375 i meters
1 X h's Zz

T2

for a telesecope look angle of zero degrees. When the telescope
look angle was 60 degrees, the system was stable for the above
conditions,

~1.5% + 1.51 + 1.689 i meters
X vy z

These results indicate that system stability is not very sensi-

tive to realistic geometric variations that will reasonably be
encountered.

A summary of the results obtained in the IOG stability studies

performed and described above is given in table 3-1.

3-5
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Table 3-1. Summary of I0G Stability Studies

Study Performed

Parameters Varied

Range of Variation

Results

System stability as a function
of suspension damping for var-
ious telescope look angles

2 Hz control loop bandwidth

Suspension linear (D)
and angular (d) damp-~
ing coefficient

Telescope look angle (B)

0<p< 0.5 nominal
0<d< 0.5 nominal

0<6< 90°

s For zero damping coefficient
system was unstable for all
telescope look angles.

s« For 1/100 nominal damping system
was stable for look angles of
60° or less.

¢« Unstable for telescope look
angle of 90°.

» System stable for all telescope
look angles for 1/10 nominal
suspension damping

[
:
System stability as a function |

of suspension characteristics
keeping damping ratio comstant.

-

Telescope look angle 60°

;2 Hz control loop bandwidth

|

Suspension linear (K)
and angular (k) stiff-
ness.

Suspension linear (D)
and angular (d) damp-
ing coefficient

0.1 nom <K<20 nom
0.1 nom <k<20 nom
0.1 nom <D<20 nom

0.1 nom <d<20 nom

¢ A1l econditions examined were stable.

System stability as a function
of pedestal mass and inertia
‘{variations

Telescope lock angle 60°

2 Hz control loop bandwidth

Pedestal mass (mz)

Pedestal inertia (Jz)

0.1 nom <m,<10 nom '

0.1 nom <J,<10 nom

2

*All conditions examined were
stable.

.
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Table 3"'1.

Summary of I0G Stability Studies (Continued)

Study Performed

Parameters Varied

Ranpge of Variation

Results

System stability as a function

|of sensor damping ratio for
various telescope look angles,’

2 Hz control loop bandwidth

Sensor damping ratio

)

Telescope look angle

(6>

0.01 nom fgsf_nom

0<B< 60°

e System unstable for sensor damp-
ing ratio less than .05 which is
1/10 the nominal damping ratio.
This was true for all look angles
considered.

SBystem stability as a function
of sensor natural frequen:y
for various telescope look
angles.

Sensor natural fre-
quency Guns)

< <
0.05 nom _mns_ nom

e System unstable for sensor natural
frequency less than 1/5 nominal
(i.e. 32.68 rad/sec). This was
true for all telescope look anglesg

: Telescope look angle (§){0<6< 60° considered.
Sensor damping ratio 0.5
2 Hz control loop bandwidth
System stability as a function| Actuator bandwidth 0.05 nom fpnTj_nom s All conditions examined were
of actuator band width for GﬂnT) : stable.
various telescope look angles.
Telescope look angle (8)}0<8< 60°

2 Hz c¢ontrol loop tandwidth

-
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Table 3-1.

Summary of I0G Stability Studies (Continued)

Study Performed

Parameters Varied

Range of Variation

Results

System stability margins
las a function of geometric
variations for various tele- (rl)

scope look angles.

. |2 Hz control loop bandwidth

Distance from pedestal
CM to gimbal hinge point

Distance from gimbal
hinge point to telescope
M (rz)

Telescope look angle

-.375<ry, < .375

Ko

-y

¥r. =.375 (nom)
1z

-2.0%r, <0

<

2%~
OEF2Y§2'0

l.6895;225;68.9

0<p< 60°

* System stable for separate vari-
ations in Ty for all conditions

considered.
» There were only two conditions
examined for this parameterization

ry = ~.3751_+.375% +.375%_ ;6=0°,60°
X v Z
rl = 137511“0375%"'-3751-.3; 8500

s Systen was unstable for
ry = .3751,(nom)

C?'=
r2_§51z,6 0
r2§33‘7812;9=60
» System was stable for nominal .31

and nominal Ty, {i.e. 1.689)

for the total range of parameter-
ization of r, , r_. and B,
2x’ T2

s System was unstable for the follow-
ing condition

r, = '37iix_'325iy+°37§12

T, = 1'513+1'51y+l'6891z

9 =0°

When the telescope angle was equal

to 60° the system was stable for
the above geometric conditioens.




6-¢

Study Performed

Table 3-1. Summary of IOG Stability Studies (Concluded)

Parameters Varied

Range of Variation

Results

System stability as a function
of control loop bandwidth for
various telescope look angles

(8)

Control loop bandwidth
(£,)
Telescope look angle

0<f < 20 Hz

" <8< 90°

eSystem was unstable for control
loop bandwidths of .2Hz (1/10
nominal) or below when telescope
lock angles were 60 and 90 degrees.

*System was unstable for control
loop bandwidths .4Hz (1/5 nominal)
or below when the telescope look
angle was 90 degrees.

s System was stable for all telescope
look angles for IHz<f <4Hz and un-
stable for f,*6Hz.

variations for various
telescope look angles.

System stability as a function
of telescope mass and inertia.

Telescope mass (m3)

Telescope inertia (Jq)

Telescope look angle §

.01 nom_§m3§5 nom

01 nom <J,<5 nom

0<8< 60°

e All conditions examined were
stable.
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4. I0G LINEAR SYSTEM PERFORMANCE

The sections that follow describe the pointing performance
of the I0G for nominal conditions and as a function of various
system parameterizations which include the following:

a. Location of the 10G with respect to the orbiter.
b. Variation of suspension damping characteristics.
c. Variation of pedestal mass and inertia.
d. Variation of telescope mass and inertila.

In the performance of the system parameterization studies
outlined below, a nominal set of system parameters were employed
which are given in table 2-1. These parameters result in a 2H=z
pointing control loop bandwidth defined as the point where the
magnitude of the ratio of control torque to disturbance torque
is down 3 db. Any deviations from these parameters will be ex~
pressedly noted in the discussion that follows. The crew motion
disturbance force profile that was employed throughout the point~
ing performance studies is shown in figure 4-1,

I0G nonlinear system performance will be described in section
5.0.

Earth tracking performance of the I0G for the nominal system
given in table 2-1 will also be described in the sections that
follow,

4.1 100G Pointing Performance

4,1.1 I0G Pointing Performance as a Function of Location With-
in the Orbiter Cargo Bay ~ The nominal parameters given in table

2-1 position the I0G as far forward in the orbiter cargo bay as
possible. TIn order to position the IOG as far back in the cargo
bay as is feasible, the baseline parameters shown in table 2-1 are
modified in the following manner,
R120 = 4,18 ix - 1,579 i, m

System responses under the influence of crew motion dis-
turbances, applied along all three vehicle axes gimultaneously,

were taken for various telescope look angles for both positions
of the I0G within the cargo bay. The peak pointing error incurred

for the x and y telescope axes as a function of telescope look

4-1 B
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angle for both I0G positions within the cargo bay are shown in
figures 4-2 and 4-3. Examination of these figures indicate that
pointing errors incurred when the IOG is mounted forward in the
cargo bay far exceed those that result when the I0G is mounted

in the rear of the cargo bay. The reason for this behavior is

the following. When the I0G is mounted in a forward position the
orbiter rotations and tramslations that occur due to the crew
motion disturbance add to give the net linear motion of the I0G
hinge point which is the primary disturbance input to the tele-
scope. However, when the I0G is mounted in the rear of the cargo
bay the orbiter translatory and rotary motions subtract to give the
net translation of the of the gimbal hinge point thus resulting in
a greatly reduced disturbance input to the telescope which in turn
results in small pointing errors. It is for this reason that the
baseline system parameters were defined so that the I0OG is in a
forward position in all of the ensuing response studies.

4.1.2 I0G Pointing Performance as a Function of Variation in
Suspension Damping -~ System time response studies were performed

for various telescope look angles as a function of suspension damp—
ing characteristics. The suspension damping was varied over a wide
range of values and the effect on peak pointing error for a reduc-
tion in suspension damping of an order of magnitude is summarized
in figure 4-4. The parameter wvalues that result in a factor of

ten reduction in suspension damping are given below.

D =D =D = 5,993 D2°5&C
X Oy 2z m

d =d = 1,496 n—-m-sec
X y

d = 2.992 n—m-sec

z

Examination of figure 4-4 indicates that suspension damping has
very little effect on system pointing performance when varied (i.e.,
reduced) by an order of magnitude. However, suspension damping
should not be reduced by much more than an order of magnitude if
adequate system stability margins are to be maintained. In addi-
tion, the linear mode of system oscillation is not damped by the
control loof and only damps out by virtue of the damping in the
suspension system. The nominal suspension damping coefficients
are chosen such that a damping ratio of a tenth is achieved for
the linear mode when considering all of the mass above the sus-
pension point. ‘
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Figures 4-5 thru 4-25 show the I0OG system response for nomi-
nal parameters in the presence of the¢ crew motion disturbance
shown in figure 4-1 applied simultsyeously along the x,y, and z
axes of the shuttle orbiter, for a telescope look angle of zero
degrees. The legend that is employed in these plots and all sub-
sequent plots shown in this report is given in table 4~1.

The symbols employed in table 4~1 are the same as those used
in the mathematical model derivation outlined in sectdion 2.1 and
are defined in that section. It should be noted that when m3c
and 83c are equal to zero, which they are in the case of stellar

ala *

3 and 63

rates and rotations of body 3. Figures 4~26 thru 4-46 show the 10G
system response for nominal parameters with a crew motion disturb-
ance applied simultaneously along all three orbiter axes for a tele-
scope look angle of 0.6981 rad (40 degrees) while figures 4-47 thru
4-67 show IOG response for the same set of conditions but with a
telescope look angle of 1,047 rad (60 degrees).

pointing, w are identically equal to Wq and 63 the angular

4.1,3 T0G Pointing Performance as a Function of Pedestal
Mass and Inertia Variations — Time response studies were per-

formed for various telescope look angles as a function of pedes-
tal mass and inertia variation. The pedestal mass and inertia
was varied by an order of magnitude about nominal (i.e., in both
directions) with both the mass and inertia varying concurrently
by the same ratio from nominal. The parameters that were modi-
fied from the nominal set shown in table 2-1 in order to accomp-
lish the desired pedestal mars and inertia wvariation are given
below:

By = 19.5 Kg One tenth nominal
_ _ _ 2 pedestal mass and inertia
Jog = gy = Jp, = 5 Kgm
m; = 1950 kg Ten times nominal
i =J. =3 =500 Kg-m? pedestal mass and inertla

The results ohtained from these time response studies are
summarized in figure 4-68. Examination of this figure indicates
that variations in pedestal mass and inertia by an order of magni-
tude from nominal does not have a marked effect on pointing per-
formance. It can be seen that when the pedestal mass and inertia

4-3




Table 4-1., Legend for Computer Plots
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= = - 512 = ¢
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is reduced by an order of magnitude the x-axis pointing performance
improves while the y-axis performance is unchanged. When the ped-
estal mass and inertia are increased by an order of magnitude the
¥x—~axis pointing errors increase while the y-axis errors decrease.
This is to be expected since the suspension does not act primarily
as a classical passive isolator in reducing errors in the x, ¥y
plane., It accomplishes that function by allowing the hinge point
to translate "via" pedestal rotation about an appropriate axis

in the x,y plane whose center of rotation is between the pedestal
CM and the plane defined by the attach point of the individual
isolators to the pedestal base plate. The rotation of the pedestal
takes place due to the geometrical properties of the TIOG and the
influence of the telescope coatrol torques which react back on

the pedestal, Hence, as the pedesstal mass and inertia decrease

the speed with which the pedestal rotation in the X,y plane occurs
with its accompanying hinge point translation increases thus re-
ducing the disturbance input to the telescope, which results in
improved pointing accuracy. When the pedestal mass and inertia i
are increased, the rotation of the pedestal in the x,y plane |
occurs at a slower rate which results in larger net hinge point :
accelerations thus increasing the disturbance input to the tele-

scope which results in larger system pointing errors. For y-axis

disturbances, the I0G suspension acts primarily as a classical

passive isolator, Hence as the pedestal mass and inertia is

increazed the system pointing performance improves since the

isolation natural frequency is lowered, However, it is seen that

there was virtually no effect on the y-axis pointing error

when the pedestal mass and inertia was reduced by a factor of ten.

The reason for this is that the mass that 1s used to compute the ‘
linear suspension natural frequency in the "y" direction 1s a

composite mass that is a functlon of the pedestal and telescope
masses und the pointing control loop bandwidth. For the nominal
pedestal mass and inertia the composite mass which determines
suspension natural frequency is primarily determined by the tele-
scope mass and the pointing control loop bandwidth. Hence re-—
ducing pedestal mass and inertia has virtually no effect on

the v axis pointing error. This effect will be further demon-
strated by the results obtained when the suspension linear stiff-
nesses in the x and y directions are increased while the rotational
stiffness about the x and y axes are held constant.

4,1.4 T0G Pointing Performance as a Function of Telescope Mass
and Inertia Variations - Pointing performance studies were performed
using a small telescope defined in Dornier technical report IP5-TN-
025-041. The mass properties of this telescope given in the above
report are :

m = 290 Kg




_ _ 2
Jx——Jy-,SOKgm
- 2
Jz = 35 Kg-m
Distance from the Base of Telescope to C.M. ",1;5_32 m

“Whéﬁ these parameters are eombinéd with the TOG stable mount—

ing gimbal the following are the parameters that have been modified

from the nominal set shown in Table 2-~1.

my = 583 Kg-
3y, = 309.5 Kg-m

g kw2
J. = 110 Kg-m?

3z
r, = 0.9346 i_m

Z : ,
K, = diag [3.032x10%; 3.277x10%5 1.078x10°] n-m-sec
4-'1;163x104;”3;824x103]‘n—m/rad “

" 'KP = dlag [1.076x10";

4

KI = diag [1.698x10 ; 3p oo

1.835x104; 6.035x10 ] 28

where a 2 Hz pointing control 1oop baudwidth‘was malntained
for the small telescope. : : : :

The results of the-poiﬁting performarnice studies are Siummar-
ized in figure 4-69. Examination of figure 4-69 indicates that the
'pointing error has inereased by approximately a factor of five

- over: those for the baseline telescope for both the x and y axes.
This iz not surpllsing since the loop bandwidth was maintained -
at 2 Hz for the small telescope and hence one might expect that
the pointing error for the small telescope could be approximately

“derived from-these incurred for the baseline telescope using the .

- following relatlonshlp.

b .-
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1 : :

r [ . J'-_-’ o .
2's 34 'nom
0_.|. = X " ox 6_,] (4-1)
gils ré]nom JBils £1'nom
where
rzls = Distance from hinge point to telescope CM for small
telescope
rzl = Distance from hinge point to telescope CM for base-
nom
line telescope
31lnoﬁ Moment of Inertia of the nominal telescope plus the
I0G stable mounting gimbal about the 1t th axis i = X, ¥
Jsils' = Moment of Inertia of the small telescope plus IOG
stable mounting gimbal #bout the it th ayis i = X ¥
e ]nom Pointing error incurred by the nominal telescope
1ome about the ith axis i = x,y :
GEils = Pointing ervor incurred by the small.telescope about

the ith axis 1= x,¥

Substltutlng the approprlate parameter values in equation (4—1)
and evaluating results in

5.196

n.

éxle Exlnom- _
(4~2)

N = 4.388

ey[sn Eylnom

It is seen that equation (4-2) gives approximately a factor of
five increase in pointing error for the small telescope over that
incurred by the large telescope whlch is’ in ‘good agreement with the
simulatlon results. _ . :

In oxder to achieve performance similar to that aohieved for

:the baseliné telescope (i.e., betweéen 0. 5 and 0.6 arc-second) the

suspension stiffness had to be reduced by a factor of five. Thesge

‘results indicate the strong possibility that one set of I0G sus—
~.pension pdrameters. will not yield sub arc-second pointing perform- .

ance over the spectrum of pnyloade that are being considered for -

~10G stabilization. It is probable that two or perhaps three dif-

ferent suspension system characteristics will be required to yileld

sub-arc-second pointing and triacking perfoxmauce over the payload
set being considered.




4,2 T0G Earth Tracking Performance ~ The earth point track-
ing performance of the baseline system defined in table 2-1 was
determined for a 438 KM orbit. Both angular rate and position
commands to the telescope pointing control system were used simul-
taneously to accomplish earth tracking. These profiles are given
in equations (4-3) and (4-4).

372,
6,(5) = 1.136 tanh[~7— » _ (4-3)
w_(£) = ~1.748x10 ~2cechl 212t (4-4)

65 65 )

- The profiles shown in equations (4-3) and (4-4) are actually
approximations to those derived in section 8, however, they are
"good" approximations as indicated in that section and hence yield
representative system performance when they are employed.

The results of the earth tracking studies for the nominal
system indicate that the system tracking error was 0,86 arc—
second peak which is within the desired tracking performance of

+1 arc-second with an accompanying peak control tordque of 5.33

n-m which is within the 20 n-m gimbal torguer capability. However,
the pedestal rotation about the y axis BZy was -0.249 rad (14,27
deg) -and the pedestal translations were 9.92x10'2m_(3,906_in)

and 4.39x10° (.1728 in) along the x and y axes respectively.
These values resulted iu isolator elongations of 2.60 in along
their lopngitudinal axes. These values of pedestal rotations,
translations and isolator elongations.are well beyond the T0G.
suspension design limits and hence the nominal suspension sys-

tem cannot accommodate the nominal payload for earth tracking from
a 438 KM orbit. It should be noted that the situation becomes

worsée as the orbital altitude is- ‘decreased (see section 9) and

the ensuing pedestal rotation translations and isolator elongations
will increase further. It is, therefore, evident that if the I0G
is to accommodate payloads in the 200 Kg class the suspension

‘parameters must be modified, consistant with pointing. performance

requlrements, to reduce pedestal rotations and translations. A
possible approach to this problem would be to. increase the sus~
pension linear stiffness along the x and y axes and to increase

E the rotational stiffness about the x and vy axes keeplng the linear

stiffness along the z axis at the nominal wvalue shown in table 2-1.
The rationale behind this approach is that the isolator does not
act as a classical igolator along the x and y axes, hence, increas—

1ng the llnear stlffness along these axes will have little effect
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on the telescope pointing error incurred about these axes due to
disturbance as originating in the orbiter (e.g., crew motion).
Increasing the rotational stiffness about the x and y axes will

- increase the pointing error incurred about the x axis due to or-—

biter disturances, however, the pointing errors presently cbtained
with the nominal system about the x axis is small enough (i.e.,
0.1 arc—second) to allow an increase in this error while still
meeting the overall pointing stability requirement of <1 arc-—

second. A more detailed discussion of this subject and the re-~

sults of the approach outlined above will be given in section
7.0,
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5. TOG LIMIT CYCLE ANALYSIS AND NONLINEAR PERFORMANCE

The sections that follow describe a limit cycle analysis
using describing function techniques for the I0G, under the
influence of gimbal wire torques., Results obtained from this
analysis are presented and compared to those obtained from the
three axis I0G time simulation which gives a better understand-
ing of the limit cycle phenomena observed and provides a cross-—
check to the time simulation.

The three body (i.e., Shuttle, I0G pedestal, I0G inner gim-
bal/telescope combination) three axis IOG equations of motilon
described in section 2.1 were reduced to a two body system con-
sisting of the I0G pedestal and T0G gimbal/telescope combination.
The analysis technique presented is three axis handling the three
gimbal wire torque nonlinearities simultaneously for arbitrary
telescope look angles. In order to facilitate numerical compu-
tation these equations were subsequently simplified by omnly con-
sidering planar motion and gimbal wire torques about the y axis
of the IOG. The planar motions considered had the following
degrees—of-freedom: 1) Rotation about the 10G pedestal y-axis;

2) rotation about the y axis of the I0G inmer gimbal/telescope
combination; 3) pedestal translation along the x axis; 4) pedestal
translation along the z axis. I0G system limit cycle behavior

was quantitativels investigated for telescope look angles of zero
and 40 degrees and subsequently compared to results obtained from
the time simulation., In addition, time response plots for wvarious
wire torque characteristics for a telescope look angle of 40
degrees are presented.

5.1 Deseribing Function Analysis of TOG System

5.1.1 I0G Wire Torque Characteristics = The wire torque
characteristic employved in this analysis shown in figure 2-2 is
repeated here for convenience.

As described in the December 5, 1975 bimonthly report of
NASA Contract Number NAS8-31570 titled, "Research Study on IPS
Digital Controller Design," the wire torque characteristic shown
in figure 5-1 can be reduced as shown in f£igure 5-2.

The form of the wire torque characteristic shown in figure
5-2 is easier to handle analytically and will be used throughout
this analysis.
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5.1.2 I0G Eguations of Motion - The equations of motion for
the I0G, considering the system as three bodies consisting of
the shuttle, I0G pedestal, and I0G inner gimbal/telescope assem—
bly are derived in section 2.1. The final equations of motion
given in section 2.1 are repeated here for convenience.

T 4R, *F, = J. -0 +d* (0, =0, ) +k* (0,+0 -4 (R

le B33 T T J17% 120" Rg20) * (D Ry (wy-w,)

HR ooty 14K [Rpy 0 (6,-,)4R, , 00, 11- 4(Ry g Rppo) * D EHK el (5-1)

_ ml-i-m2 _ m3 _ % *
Toe Ryg Foot N rl'ZTS'F3e—;—rl.(Fle—'—FZe)—‘-TWTl g =T Wy e (W)= )Hke (8,-6,)
— . — . mlm3 . Ty
~AR " (D IRyt ()= 3R, 5 oty 14K [Rpg o+ (8,0, )Ry 5 508, TH ——= . Lf
_ . m (ml 2) . :
o [0 EKec]- T—m 1 [Ty (el [T, 0, 1) 14,7, T, (5-2)
(m +m ) m3 * . %
33 e T Ty Tyem e 232 Ty & ~Tyrl 3 = T3 0gtuge [350,]
m,m m, (m.4m,) _
1" vy Mgty 3
o+ 1:2-[3T2 £] T, [3 2 rl mz] T o (5-3)
M M
'm2+m3 . ml my %
~( . YE) + . (Fpty T, Fy )= +[— (m2 o) 4D E+4 K €1 44D- [Rpp, 0 () -wy)
M
= ™y - M3 ¢ =
Ry 00y K Ry, 0 (8)-0,)4R ) 6, - . (x ‘”z)’ " [pT5" (Fy0gfiye [ryow )]
’ : (5-4)
where
TWTIZ = Wire torques written in body 2 coordinates
TWT'B = Wire torques written in body 3 coordimates
.%T2 & 2’1.‘3—1 = Transformation between bodies two and three
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The "12". gubscript used in the derivation shown in section 2.1
is dropped here, for convenience.

Since the shuttle mass and inertia far exceeds that of the
I0G and the telescope, the above equations can be simplified by
taking the limit as the shuttle mass and inertia (i.e., m; and Jp)
approach infinity. This results in the following set of equations

— *
R, °F, +4r_ e« T «F_ T = J,

T2 ™90 20" T1%2%3"  3e wmlz 2

Wytd*w,+k 0y 4Ry, e {D Rpy) W, R Ry 00, )

%ﬂ%rl°s+4RE20=[D-€+K'8]~m3r1°[ZTS'rz-m3]+2T3-TH | (5~5)

% . —_ .- —_ — . .
= J, W, tm, r -E]—m3r2-[3T2-r1-w2]-TH (5-6)

Tyt RyqtT,) e Fy ~Tunl g = Jyrwgtmar,« [T,

Iy . — — — ']
F28+2T3-F3e = (m2+m3)E+LD e+4K s e~4D REzo-wzmaK REZO'BZ'm3r1°m2

o
L]

-myl,Ty r2°&3] (5-7)

where the nonlinear terms shown in equations (5~2) through (5-4)
eliminated.

In order to make use of the wire torque characteristics shown
in figure 5-2, the equation of motion for the IOG must be written in

. terms of relative accelerations, rates, and angle between the pedestal
and the telescope (i.e., between bodies 2 and 3). This is accomp-
Iished by making the following substitution -

ws = 3T2-wé+y

(g = gTyeyty
(5~8)
0,

il

3T2332*Y_

I

- _— I. I
03 = 37505
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Substituting equation (5-8) into equations (5-5) through (5-7) gives.

—— L3
T _«F,_ +T )

Ty tRy " Fo oty oo Ta Ty AT [y = (Tymmr, =y ToeryoT,) 0w,

2e 22

(AR D Ry =) T Ky * Ty ) 0yt (kbR " KeRp =, To oKt 5T9) -8,
“[,T.*K T ]-Bx—[m? T T, ] Y T e IR YR YR Y]
2Ty Kyt 3Tyl OgmImary "y oty 17 T g " IRp YK, " YKy

+m3rl-e+4RE20-[D'e+Koe]

— _— F.3 — —_— .
Tyt (Rygt7,) Ty Typ| 3= (357 3T, mmyr 475 0Ty ) by dh " 5T s 04K o 4T <6

a I * el .' . . I _— . .--
g Ty =043, VI Y+Kp YK Y Hmgr - [T, 108

FoetgTq Fae™ ~(marytmg,Torry s 3T)) swymhD Ry, WymK Ry * 8~ [my )Ty o7, 1Y

+(mytm, Y E+4D- E+4K €

The relative angle, rate, and acceleration {(i.e, ¥, Y, and ¥)
are written in telescope (body "3") coordinates. However, these
quantities should be written in terms of the relative Euler angles

‘ between the IOG pedestal and telescope (i.e., bodies "2" and '"3%)

since this will be required if single input describing functions
are to be employed in the description of the gimbal wire torques.

The rotation sequence between the I0G pedestal and the tele-
scope is z, X, y. Defining these rotations as 623 ¢x’ wy respect—

lvely, the relative rate Y can be written as:

(Yx wsin¢ycos¢x co_stpy 0 [ Bz

Yy = sind)x 0 1 ¢x

_%z ] ] cosd)xcoslpy Sinwy 0_ ] iy
Sed

ey e s T

et L A o

(5-93

(5-10)

(5-11)

(5-12)
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or

Ve A (5-13)

P

R

The gimbal wire torque TWT’Z and T, .,

WTIB respectively can bg

I

written as

gy 2

FTWTZX (-0 cosﬂz -sinezcos¢x- : Tg,

oo TWTZy' = .| 0 sinBz cosﬁchs¢x T¢x o (5—14)

|
¥ TWTZZ* 1 .0 | sin¢x i T

i or
I Tyrla = BTg, 0, (=13

.1 T T 7.
- TWTBx —sim,bycosnbx coswy 0 T

r TWTBy - sin¢x o 1 T¢x : (5~16)

[ v TWTBz cos¢xcoswy sinwy. oF T&y;:

§ - e - 4L
- ' or

Tarls = ATg gy (5-17)

-

As a conseduence of the nonlinearity breakdown shown in sec-
tion 5.2.1 the gimbal wire torques Te 0,0 can be written as
Y3

Te,q»,qj = NefHK R | ' ' ' (5~18)




where

N

Ryt |

and

1]

the describing function of the switch shown in figure 2

n

the wire torque slope (linear) shown in figure 2 .

N

Kyr

it

dia.g [Nez,' N¢xa wy] (5"'19) _“.

1

diag [KWTGZ’ KWT¢x’ KWTwy] | (5-20) —er

Substituting equations (5-13), (5-15), (5-17) and (5-18) into equa- o T%
tions (5-9) through (5-11) the following results !

-
ot

N x  — — . — — . il
Ty etRyg Fy Ty n Tt Fa, = (Fymmgry v Torry® 3Ty ) eyt (d=dRpy oD Ry =, T4 2Ky 5Ty ) sty

X3 =) ] - - - . - I-— “o a—. l" - : ;
Ry K RypgmpTy Ky 5Ty) 10y [gT3 Ky gTp 10y [mary * Ty orp AL o

I —— -
-2T3-[KR-A-S’2+KP-A-Q+KI A+ ]-B*N Q—B-KWT Q+er:L £

H4R " [DE4K €] (5-21) !

— - & - — . ' ;
gty T Fag = (I gTymmaTy 4T, T ) w3,y 3Ty SR

.-I * u" » ..-. - l. '.l .-' - I “-- -
+1<I 31‘2 62+J3 A Q—I—[KR A+AN] SZ-E-[KP AtA KWT] Q-I-KI AQ -I-m3r2 3T_2-e - (5-22) S |

H‘2e+2T3 --F38= - (m3r1-11u32’]33 . r2 . 3T2) .m2—4])- REZO‘w2-4K' REZD . 32_m32rr3.. r-z_ AD

=

+(mymg)E 4D+ E+4K € _ , | _ _ (5-23)

It should be noted that in the derivation of equations (5~21) T
through (5-23) the "A" and "B" matrices were considered to be S

constant. In fact "3T2" and '“2T3" are alsoc considered constant

if the system 1s to be linear where a describing function analysis ER
on the gimbal torque nonlinearity can be comducted. These approxi- SR :
mations are valid since the limit ecycle amplitude incurred is - S
generally "small" and the transformations can be considered cou-
stant,

)

e J

(e
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The system equations derived above (excluding diaturbances) can
be written in the following form

1
|
I [
. = r .
€105+, 040 378 = 2y w0 "’312 0721y 0ytay, g 5 a0 |
+a, . cEta; o0 o . (5-24) |
_ r |
Cpy 0570y 10, E = 2,y tuytay, RPRL ta:z*"'i‘zz; Shta, g+ ha o0 (5-25) |
Cgq " tCqy “HHCyg € = agy rwyta,, 0 4a,40 Etay, ‘€ G-26)
The system "a" matrix can now be written as , , L
Wy Wa ;
(13 “l -
Q c & |
9x9 9x24 |
g &
6, T oo 6 0 0 0 O o,
= _ | | - (5-27) |
Q 0O I 0 0 0 0 O © f i
€ 6 0 I 0 0 0 0 0 £ s
-
-I I '
Lh o0 0o 0 I 0 0 0 O 0
Y 6 0 0 6 I 0 0 O ot
'where'
St ”2“‘3123 232)
Cip = - 31°T3r2A
013 = msrl:

':*5..'7 o



* — b
(357 3Ty mgr e T, T5)
*
Tyeh

maT o 5Ty
- (m3r1+m32'.[‘3'r2 . 3T2)

m32T3'r2-A
(m2+m3)I

(4Rpy "D Ry gty T 4 K™ 3Ty=d)
(ARp oot KRy gty T4 Koy e 3T ,K)

T, K. +,T

' 273"R1"3M2

(T4 Ky AtBeN)

(375K, "B Ky

9Ty KptA

~4Rpaq°D

R0k

“Kp*3Ty

Kr°3Ty

- (KR-M-A'N)
-(Kp'-A—!—A'-KWT) :

—KiA

4D*Ryaq
R Rygg
~4D

TN ,
= 4K - OF_PO()%LQ%AA%? Tés
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(rly 1z’ Tixtly  Tixtiz
3 = dlag L3 3. J4m (>
g = dlag [Jos Jypy Jp Hmggory myy Py 1) T1yF1z
-r, T -x, T (r 2 )
L Ix 1z ly 1z 1x 1y
(r ) =~r,.x -r, T
Zy Zz 2% 2y 2x 2z
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The describing functions N 2 N¢x5 and

'

N

N

Py

is given by

-~

0z ﬂéz
4
N, = -—I—{-‘ﬂ (5-28)
Tnpx

The system '

"

B

-—

, matrix given in equatlon (5-27) can be used to
generate three axis root loci as a function of variations in the
describing function amplitude N. The condition for a limit cycle
to exist will be for *hose values of N for which there are poles
on the "jw" axis. The stability of the limit cycle can be easily
established by noting whether the root locus crosses from the left
half to the right half plane or vice-versa as a function of de-
seribing function amplitude variation in the vicinity of a parti-
cular pole on the "jw" axis., If the locus goes from the left

hand plane to right half as the describing function is increased
the limit cycle is stable if the opposite occurs then the limit
cycle is unstable. It should be noted, however, that in' the above

el

et Ty
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derivation it was implicitly assumed that a single sinuseoidal
Input is sufficient to characterize the input to cach of the
gimbalwire torque nonlinearities. This assumption has proved
to be adequate when analyzing 0% planar motion as described in
the sections that follow. The adequacy of the assumption when
all three gimbal nonlinearities are present with the telescope
at an arbitrary angle with respect to the I0G pedestal which
eross couples the I0G axes still remains to be demonstrated.
This demonstration will come when the analytical results obtained
from the root locus approach described above are compared with
simulation results obtained from the time simulation.

Examination of equations (5-21) through (5-23) indicates that the
limit cyecle characteristics do not depend on KWT since it is

generally much smaller than Kp'

5.1,3 Planar Limit Cycle Analysis - Equations (5-21) through
(5-23) which describe three dimensional motion of the I0C can be
reduced to planar motion which consider the following degrees of
freedom wzy, wy’ E» and ez. These simplified equations are

listed helow.

- 2 :
B (J2y+m3rlz+m3rlzrchoswyo)m

+R ly+r1 2:«:3-1?362[y

TZey 22.F2e 2y

2 2 I e
+(dy+ADxRE2DZ KRy)m2y+(ky+4KxREZOz—pr)BZy"KIyB2y+m3rlzr2zcoswyo¢y

I

‘_(KRy+N¢y)¢y—(pr+KWT¢y)wy—KIywy+m3rlzax%AREZODx€k+4RE2OszEx

= 2 ;
= (J, +m,r, -tm rlzrzzcoswyo)m2y+KR w, +K @

)-F 3y 3T g, y2y py 2y

y+(R33+r2

T3e Be!y

I 2 ’ * I .
+K_[y62y+('] 3y+m3r 2z)‘py+(KRy”“N¢y )"’y"'(pr"'Kwr wy)lIJy-!-KIYlIJy-hnBr zzcostpyoﬁ‘.x
—mBrzzsinwyosz
F2e|x+2T3.F3e|x =.(m3rlz+m3r2zcos¢yo)m2y+4DxRE20zw2y+4KxRE2026iy

+m3222c°5wyo¢yf(m2fm3)Cx+4Dxex+4KxEx
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pette ey

P e ey

F

+,T

erlz 2 3..39’z= wmsrzzsinwyowzy—m3rzzsin¢y°¢y+(m2+m3)€z+4chz+4KzEZ (5-32)

Taking the laplace transform of equations (5-29) through (5-32) gives the
following:

2

. = .. _ 2, 2
ToaytRoy ToalytTy )Ty Faply = {(3yimazy dmar, v, coshy IE™H(dyHAD, Ry, ~Kpy)S

K K
2 _r oy Iy 2_ - -
R AR Ry =K ) . }82y+{m3rlzr22cos¢yos (K #y )8 (pr+KWTwy) - }vy

: 2
+{m3rlzs +4REZOZDxS+4RE202Kx}ex (5=33)

K
N = 2 2 Iy
Tyeyt( 357T) rBely {(J3y+m3r22+m3rlzr22cns¢yo}S H SH o F - }e2y
+H (T, dm r? )52+(1 N )Q+(K. + )- EII}¢ +n,r, cosd s%c om.x siny s2¢
3y B3Ty, Ry Ty S Ky amyy )™ 7Yy ™32 0 BT 2,5 g0

(5-34)
- 2
F23x+2T3 FBeIx B {(m3rlz+m3r22coswyo)s +4DXREZOZS+4KXBE202}62Y

2 2
+ﬂﬁr22coswyos ¢y+{(m2+mb)8 +4DKS+4KX}€X (5-35)

) _ 2, _ 2, . 2 -
2ezT2T3 Foal, = myry,sindy 878, m,T, sind S Yy (mytmy) S +4D S+4K Ye_ (5-36)

The system characteristic equation is given by

N
aN a a
a4 5 6 7
A = det A (5-37)
ag ag ag 0
a7 a7 0 ag
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Expanding equation (5-37) yields

aN a aN a
2 2 a4 1 2 3
N
= : 5e
A a, ag ag 49 + ag | a, ag ac (5~38)
a7 a7 0 a8 86 39

which can be further expanded to

N2 ) N ) 2, 2
A = a,lazagtag(agag-a,ag)Itazag(a ag-ajagdtaa; (ag-ag)tagag(aqa,-a,a0)-a;aza,

(5-39)
and
a, = (J, 4mro 4mx b )SZH(d_+4D RZ, K. )S+(k +iK RZ, K )--Ell
1 2y 3712 ™3 1272259y, y 4D, Rpog~Kpy v R0 Ky S
N 2 Ky
= Iy B -k S_K+ - -
) m3rlzr22coswyoq (KRY wa) ( Py KwT¢y) g
_ 2
49 7 m3rle +4RE202DXS+4RE202KX
a, = (J, tm r2 +m,r, T, cosy )SZ+I S+K +.ELX
4 3y 372z 371z 22 yo (Ry PY g
N 2 .2 K1y
ay = (J3y+m3r22)5 +(KRY+N¢Y)S+(KPY+KWT¢y>+ < (5-40)
a, = m.,r, cosl 82
6 3 2z yo
a, = -m,r_ _siny® 32
7 3 xy yo
- 2 o
ag = (m3r12+m3r22cos¢yo)s +ﬁDxRE20z°+4KxRE202

- 2 +
a. = (m2+m3)s +4DxSléKx
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For the system presently under consideration the following parameter
values apply: . : :
m, =195 Kg
my = 2,683x10°% Kg
- 2
Jzy 50 Kg-m
= 3y 2
J3y = 2,648x10" Kg-m
rlz = .375 m
To, = 1.689 m
REZOz = ~.375m
_ n-m-sec
dy = 14.96 rad 4
_ n-m .
kY = 31,25 — rad |
. n-sec . ‘
Dx = 59,93 ——— ' o
K, =1252
x m i
, i
_ 4 n-m-sec _ ; L
A,I{Ry = 1.972x10 ~ad i
— 4 n-m
pr = 7.,00x10 Tad
K, = l.105x10° 28 | |
vy sec : : : . ; o
5.1.3.1 Limit Cycles for Zero Telescope Look Anglé.s - Assuming :
KW‘l‘lpy = 25 Eag‘ and wyo = 0 the following results uponsubstit;ution ’
of the system parameter values into equation (5-40).
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a, = 2.12664x10°5%~1,96713x10%5-6,98984x10" - L:10%10"

& = 1.69935x10352—(l.972x104+N¢y\S—(7.0025x104)- l;lggzlgi

a, = 1.00613x10°5%-89.8955-187.5 | (5~41)
a, = 1.2001zx10452+(1.972x104)s+(7.00x104)+-1:lg§§¥95

dy = 1.03019x104sz+(1.972x104+mwy)s+(7.oozsxlo4)+-l:lgéﬁlgi

ag = 4.53159x10%"

a7 =0

ag = 5.53771x1075°-89.,8955-187.5

ag = 2.878x10°57239.728+500

Substituting equation (5-~41l) into equation (5-39) and evaluating the
expression yields:

)
A = 6.5039x10%57+1.5783x1005%47. 283x101 05742, 2356x101 15

+2.87111x10 Y s%42 . 6x107 6

4

4 1.3

+3.57909x10M s

S+l.7x109+wa82[9.9937lx10 %44 8795x10%53+9, 437x10%82

41.4x10%s41. 56x10%) = 0 (8-42)

Rearranging the terms in equation (5-42) gives

P

s219.99371x10%5%+4. 87951085 >+9. 43751085541 4x10%5 41, 56x1.0% _ A
(6.5030x10%57+1. 5783x10105%47. 283x101 057 +2. 2356x 101 543, 57900x10™ 53 Ny
+2.87111x101 15242, 6x10°8+1.7x10°) (5~43)
Substituting S=jw into equation (5—43);resqlts_in_ . o
&

wz{(9.99371x106m4—9.A37x106m2+1.56x104)4j(~4.8795x106m3+1.4x10'w}} -1
[~1.5783x10 0wf42.2356x10" 'w¥~2. 87111210 w?+1. 7x20”] Ny
+1[-6.5039x10%0 +7.283x10%w’-3. 57909x10 1w 2. 6x10%w] (5-44)

514

famr

o




pov— - o s bt et 2t

——r—rr—
[RS——
[P
R
—

. ——

In order for equation (5-44) to be valid the imaginary part
must be equal to zero., Rationalizing equation (5-44) results in
the following necessary condition.

w0-1,01075x10208+4. 88179x10%:°-3.07797x102w 42, 7393022, 57854x10™3 = 0 (5-45)

Solving equation (5~45) for w gives

w = +,03271
® = +.08914
W = +.8564 (5-46)
W = +2.0756
W = 49,7992

In order to determine whether all of the solutions for w
given in equation (5-46) are possible limit cycle points, the various
solutions will have to be inserted into the real part of equation
(5-44), given in equation (5- 47), the results evaluated and shown to

be positive
2 6 4 6 2
Real Part = w {(9.99371x10 w ~9.437x10 w 1. s56x10” )

(~1. 5783x1010m6+2 2356x1011w4-2 87111x1011w2+1 7x10 )

+(~4.8795x10%>+1 . 4x10%w)

(~6.5039%10%w’ +7. 283x10 Cw~3. 57909x1011m3+2 6x10°w) }

(-1.5783x10 %042, 2356x10 0wt 87lllxl(2)llw2+1 7%10 93%4¢=6.5039x108

+7.283x10% %3, 57909x10 w342, 6x10%0) (5-47)

When the above procedure is followed the solution of w=9.7992 rad/sec
is not a possible limit cyecle point while all the others are..

The amplitude of the predicted 1imit cycles can be obtained
by substitution of the predicted limit cycle frequency into the
"real part" given in equation (5-47) and solving the following

Real Part (w ) = ﬁi; (5-48)

Following this procedure the amplitude of the'prcdicted limit
cycles are shown in table 5-1.
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Table 5-1. Limit Cycle Amplitude for Zero Telescope Look Angle

LIMIT CYCLE | RELATIVE RATE (P) RELATTVE ANGLE ()
FREQUENCY | LIMIT CYCLE AMPLITUDE | LIMIT CYCLE AMPLITUDE
(Hz) (rad/sec) (rad)

-3 -9 -7
5.2063x10 5.393x10 1.649x10
1.419%107% 1.048x107° 1.176x10"°

-5 -5
0.136 2.054%10 2.398x10

-4 -5
0.33 4.809x10 2.317x10
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One last piece of information to be determined is the stability
of the limit cycle points that have been computed above, In order
to ascertain limit cycle stability an analytical procedvre outlined
in a text titled "Multiple-Input Describing Functions and Nonlinear
System Design" by A. Gelb and W. E. VanderVelde, is employed. This
procedure requires that "jw" be substituted for "8" in equation (5-42)
and the resultant expression be written in terms of real and im-—
aginery parts as follows

[,

A = Uy w)H V0 = 0 (5-49)

In order for a stable limit cyecle to exist the following condition
must be met

D [ v [ oy .
2% Qo o %

y W=y g L.S W=y s, Y wEY s,

Performing the above outlined operations and computing the
partial derivatives indicated in equation (5~50) gives

(5-50)

N
W W 1999372510859, 437510841 56x10%2]
D N
N
%V« = W 14, 8795x10%07 1, 4x10%°]
y Yy
QU 1.5783x107049.99371x00%N . Y4 (2. 2356x10 49, 4375100, Yo
Jw by Py
(5-51)
11 4
~2(2.87111:x10M 41, 56x10%, Yo
DY 706503910860+ (7. 283x1010 +4.8795N, Ju
“ow vy
—3(3.57909x1011+1.4x1041\1lpy)m2+2.6x109

5-17
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Applying the stability eriterion of equation (5-50) shows that
the 1imit cycles occurring at 5.206:»:10'“3 and 0.136 Hz are unstable
while those occurring at 1.419x10_2 and 0.33 Hz are stable,

The actual limir cycles observed on the TOG time simulation for

zero telescope look angle was at a frequeney of 0.3229 liz and the
-4 rad

—— and
-4 sec
3.142x10 ° rad respectively. This is in close apreement with the
limit cyele frequency and amplitude predicted via the analysis
outlined above, However, a limit cycle at approximately 0.014 Hz
that is predicted by the analysis was never observed on the actual
time simulation. The reason for this is the finite bite size and
sampling frequeney that is employed in the simulation. The limit
cycle amplitudes duc to the sampled data cffects were approximately
a factor 60 larger than the level of limit cycle predicted at 0,014
Hz by the anlaysis. llence the system caunot sustain this low am-
plitude limit cycle oscillation and goes into the limit cycle
condition dictated by the sampled data effects.

amplitudes of the relative rate and angle were 6,375x10

In addition, the analysis described above indicates that
the limit eycle frequency is independent of both wire torque jump
and wire torque slope while limit cyecle amplitude is directly
proportional to wire torque jump. Both these effcets have been
verified on the I0G time simulation.

5.1.3.2 Limit Cycles Ffor 40° Telescope Look Angle - Substituting
the parameters listed in section 5.1.3 with myo = 40° and KWTlpy =

25 n-m/rad into equation (5-40) the following results.

5
a, = 1.72907x10°s%-1.96713x10%5-6. 98984x10"~ F-182210
5
2y = 1.30177x10332~(1.972x104+wa)s~(7.0025x104)_ L.105007
3.2
2, = 1.00613x10%5°-89.8955-187.5
4.2 4 4, 1,105x10°
2, = 1.16036x10%5+1,972x10 54710 "+ 2200
N 4,2 4 4. 1.105x10°
ag = 1.03019x10 '§74-(1.972x10 +wa)s+(7,ooz5x10 )+-_Lm?;_;__
ORIGny
OF pogrr PAGE 13
OR qu
ALITY
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ag = 3.4714x10°8>
a, = ~2.91285x10°5%
_ 32 .
ag = 4.47752x10°5°~89.8955-187. 5
3.2
2y = 2.878x10°574239, 7254500

Substituting equation (5-52) into equation (5-39) and evaluating yields

145 4.4

A = 1.91726x10725843. 22055x10%38741. 66498x10 %5545, 05956x10 4 5°+8. 46079x1014s
11

1453+2.01736x101432+1.27138x1014s+1.7x1012+-§:1§19—-

+N¢y[2.83152x101087+1.4278x101086+3.0781x101085+4.19x10984+4.369x10953

+1.1x107824+7.8x10%7 = 0 (5-53)

+8,49024x10

Rearranging terms gives

9.83152x10°-%8+1. 4278x101057+3. 0781x10%%° 4.19x10%87+4. 369x1075 1. 1x107 5347, 8x10%s2

1.91726x10-287+3. 22055x10 28541 66498x10- 75 +5, 05956x10 %5848, 46079x10145°

+8.49024x10 4 5%42. 01736x101 45341, 27138x101 45241, 7210 25 +g, 7510%L o1
N
1 w

(5=54)

Substituting s=juw into equation (5-54) results in

[ (-2.83152x10 %43, 0781x101 00"~ 369x10%%+7.. 8x10%) 43 (1. 4278x10" 0’ ~4.. 19x10%
+1.1x107w) ] ' ’ 1
' 152 IT =F 5
(3.22055x10 3055, 05956x10 %u0+8. 49024x10 4w 1. 27138x10™ w48, 7x107) Ny
| 129 14 7. 14 5 14 3 12

+5 (191726510 “w =1, 66498x10" 0’ +8.46079x10™ w —=2.01736%10" w41, 7x10™“w)

(5~55)
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In order for equation (5-55) to be valid the imaginary part of -
the left hand of the equation must be equal to zero. This leads
to the follewing constraint equation as a necessary condition for
system limlt cycles. L

mlé 0 4 2 =

~79. 4585024400, 2980335, 996 +84 . 3163w0~7.10739w 7 . 28899x10™ 2w

~6.79713x107° = 0 (5-56)

Solving equation (5-56) results in the followiﬁg

I

w = +,103175

i

+.032185

I

~. 416312+ .04158
(5-57)

1

+.416312:+].04158

n

42,0887 B

+,78875

48.6092

In order to determinc if each of the possible solutions shown
in equation (5-51) are possible limit cycle points they each must be
substituted into the real part of equation (5-55) and the result : —
shown to be positive. The real part of equation (5-55) is given ‘
by equation (5-58).

1

] 10

O Wt 369x10 w27, 8x10%)

Real Part = w{(~2.83152x10 +3.0781x10
fi
(3.22055x10 8- 5., 05956x10 40048 49024x10 0 -1. 27138x10 w48, 7x10™)

2034195107031, 1x107w) (1. 91726x10 %071, 66498x10

+8. 46079x10 2w ~2, 01736x10 %6 +1. 7x10-2w) .

+(1,4278x%10

~5.05956x10%" b2

.2..
13,8 6 ~1.27138x10 w28, 710

— ’
(3.22055x10 3w w48, 49024x10 0

| 7
+(1.91726x10 %01 66498x10 %0 48, 46079x10 4P -2, 01736x10 P 10 By T =

(5-58)
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Substitution of the possible limit cyecle frequencies shown in
equation (5-57) into equation (5-58) reveals that the sclution for
"w" of B.6092 rad/sec cannot be a limit cycle point. Following
the same procedure as outlined in section 5.1,3.1 the amplitude of
the various possible limit cyeles are given in table 5-2.

The stability of the limit cyele points computed above is
determined in the same manner as outlined in section 5.1.3.1. The
partial derivatives required to evaluate limit cycle stability
are given in equation (5-59).

3 = ——“11[-2 3315;.::101 w43, 0781x101 084 . 3692107447 8x10%w?]
b,
yw N 10 7 9 5
£ = 0¥ 1. 427821020 4 . 19x10%5 41 1x1076%] (5-59)
Y wy
.'g—g = 8(3.22055x10°42.8315 ZxIOlONq)y)m7-6 (5.05956x10%43, 0781x1010N¢y)w5
4 (8,49024x10 444, 369x109wa)m3—2 (1.27138x10%47. 8x106Nlpy)w
%% = 9(1.91726x10"%)w?-7 (1. 66498x10 1. 4278::1010wa)036
+5(8.46079x10 % 4.19x10 gmwy)m‘*-s (2.01736x10 %1, 1x107NW) w2+, 751012

Applying the limit cycle stability criteria shows that the limit
cycle points at 5.122x10 "3 and 0.126 Hz are unstable while the
limit cycle points at 1, 642x10~2 and 0. 332 Hz are stable.

The limit cycle observed on the I0G tlme simulation (see section
5.2) was at 0.3226 Hz and the amplitudes of the relative rate (¢ } and rela—

tive angle (w ) were 7. 998x10 4rad/sec and 3.946x%10 4rad respectively.
The stable limit cycle at approximately 0.16 Hz predicted by the
analysis was not observed on the time simulation for the reason

outlined in section 5,3,1.1. It can be seen from these results
that the limit ¢ycle frequencies are hardly affected by telescope
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Table 5-2, Limit Cycle Amplitude for 40° Telescope Look Angle

LIMIT CYCLE

RELATIVE RATE (jy)

RELATIVE ANGLE ({y)

FREQUENGY | LIMIT CYCLE AMPLITUDE | LIMIT CYCLE AMPLTIUDE

(1z) (rad/sec) ' (rad)
-3 g -7

5.122%10 5.901x10 1.833x10
1.642x1072 1.232x10"° 1.194x107°
-5 -5

0.126 1.417%10 1.797x10
-4 -ty

0.332 6.693x10 3.204x10

-
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look angle while the limit cycle amplitudes are slightly affected
by the telescope look angle. In addition, if 1 arc-~second total
pointing stability is desired from the I0G and 20 percent of this
budget is allocated for wire torques the jump im the wire torque
characteristic should not exceed 0.05 n~m. For the small telescope
described in section 4.l1.4 the jump in the wire torque character-
istic should not exceed 0.0l n-m if the same ground rules are
followed.

5.2 DNonlinear I0G Performance Characteristics - Figures 5-3
to figure 5-11 show I0G system time responge for a 40 degree tele-

scope look angle for a jump in wire torque characteristic HWT = 1 n-m

and a wire torque slope of KWTlpy = 25-%%%. Figures 5-~12 to 5=20

indicate 1I0G time response for a 40 degree telescope look angle with
HWT = 0,5 n-m and KWTlpy = 25 n-m/rad. The legend used in these fig-

ures is explained in table 4-1. Examination of these figures indicate
that the telescope y axis limit cycle pointing error is directly pro=-
portional to the jump HWT in the wire torque characteristic as implied

in gection 5.1.3,2. The transients that are observed at the start
of the run are due to an initial wire torque of 17.45 n-m which isg
applied to the telescope when it is rotated to a forty degree look
angle, Similarly it is seen that the y axis control torque limit
cycles about this point since the contrel system must produce a
torque equal and opposite to the average applied wire torque. 1In
addition due te the geometry of the I0G and the fact that the tele-
scope was only rotated about the y axis results in zeroc rotational
motion of the telescope about the x and z axes, zero rotational
motion of the pedestal about the x and z axes, zero translational
motion of the pedestal CM along the v axis, and a control torque
only being applied to the telescope y axis.
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6. DERIVATION OF SUSPENSION CHARACTERISTICS FOR COINCIDENT
GIMBAL SYSTEM CONFIGURATION

The Buropean Space Agency (ESA) in conjunction with Dornier
Systems has recently modified the design «f the I0G to the Coinci-
dent Gimbal System configuration. The most significant change be-
tween the I0G and the Coincident Gimbal is the configuration of
the suspension system. The I0G had a square base pedestal with
a four point suspension system consisting of a set of isclators
at each corner of the pedestal. The pedestal for the Coincident
Gimbal is cirecular with three sets of skewed isolators located
on the periphery of the circle separated from each other by 120
degrees. Each of the isolator sets consist of two spring dampers
skewed with respect to each other as shown in figure 6-1. In
the sections that follow the coincident gimbal suspension linear
and rotational stiffness and linear and rotational damping co-
efficients are derived as a function of individual spring stiff-
ness, damping, and coring slew angle, In the derivatiom it is
assumed that all of the springs have equal stiffness and damp~
ing characteristics along their respective axial directions.

In addition, suspension system relationships inherent in
the Coincident Gimbal design are derived and a comparison is made
with the I0G four point suspension.

6.1 Derivation of Linear and Rotational Stiffness and
Damping Coefficients for the Coincident Gimbal Suspemnsion System -
The geometric configuration of the proposed Coincident Gimbal
skewed spring suspension system is shown in figure 6-1.

Examlnation of figure 6-1 indicates that three spring damper assem-
blies are positioned 120 degrees apart around the periphery of a
circle of radius R. Each assembly contains two springs that are
canted at an angle o with respect to the plate (i.e., Coincident Gimbal
pedestal) to which they are attached.

The force that is applied by the jth spring can be written

as

] rG‘.
st = K[lroj']'El“]Ioj‘] T

o]

where
K = Axial spring stiffness (n/m)
roj = Unstressed spring length
€ = Spring elohpation (i.e., translation of pedestal C.M.)
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Equation (6~1) can be written as

V2 2 .2 .2 .1/2
F.= E
s K{[(r oxi e ) +(r .48 ) +(r +E ) ] Iroxj+royjkrﬂzj] 1
: - 2 172 ' .
[(roxj+ax) +(r0yj+ey) +(r 'J+e Y1 : o
x {(r +8 )1 (royJ-f-f:y_)ly (roz +& )1 (6-2)
Equation (6-2) can be written as
2 2 2 1/2
F.,.=K - .t . .
o5 L=lrg g 0zi] {(roxJ £ )1 L TEy )1y
- 2. 2, 2.1/2 +Hr,, 4 TEE (6-3)
[(roxj-l-ax) P(royj-i-ey) +(r j-l-s ) ] z}

Expanding equation (6-3) and eliminating second order terms
(i.e., |g]<<1) results in

Ll

1

F .~k{1- }{(r AC )L +(r

sj [14-2(» - x+]0v; } e £,)11/2 oxj v3
2 .2 2

T, T,
oxj oyj ozj

1.

Making use of the expausion of (1+x)

172 where x<<1 equation

{(6-4) can be written as

~
| .l,f -l . o) - - g e
K{rOVJ xkloyjcy o7] 7}{(r e )1 Hr, J+£y)Ly4(rozj
r2 .-H.'Z .+r2 .
OX]) oy 0zZ]

*‘Ez)iz} (6"5)

Eliminating second order terms from equation (6-53) gives

7o K {( r__L.E4r .r .c )i -

sj 2 2 9 UXJ } OXJ oyj y oxj ozj =z’ x

2 L )?

+(r v e tr’ E4r v .
oxj oyi % "oyjy oyjozj zy

.f.-
(]OXJ 0z]j h+ oyi O?JEy 0zj 4)1 } (6—-6)
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For the 1,2 isolator pair shown in figure 6-1 the following applies

=1 _Cosl

r
. oxl "o

=0

royl

T =er sinc
o

ozl

kY = =r cost
o

ox2

r .= =T
osina

The unstretched dimensions of isolator pair 3,4 written in
I0G pedestal coordinates can be obtalned in the following manner

-

FroxS

r0y3

r0y4

T
| "ozd

Similarly the unstretched dimensions of isolator pair 5,6

- cos 120°

-gin 120°

0

cos 120°

~gin 120°

sin 120°

cos 120°

+sin 120°

cos 120°

0

in I0G pedestal coordinates can be written as

E_rm:ﬁ

rOYS

T
| “oz5

oxb6

royé

T
| “oz6

cos 120°
sin 120°

0 .

cos 120°

sin 120

-sin 120°

cos 120°

-sin 120°

=]
cos 120
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Substituting the appropriate dimensions for the unstretched
spring length given for the various isolator pairs into cquation
(6-6) results in

=0 2 2 2 & _
Fsl,Z—Zh[(cos a)ex1k+(sin a)cziz] (6-10)

F

83,4 2 2
owpelo2 a3 a2 3 2 o4 L2 a o
r35,6 = h{[EtOS ar_ -J;Loszucy]ix+[ ~peos‘ac_+ Seos uLyJiy+[2sln aaz]iz} (6 12%?

The total linear compliance force is given hy

F = +1

s = Fg1,2%Ts3,4™xs,6

r
)

o & 2 ... 2 2 -
K{{3cos ale i +[3cos a]ay1y4[6sin a]ezlz} (6-13)

Hence the linear spring constants using the same notation as defined
in section 2.0,

2
K =4 =K = 3Kcos ¢
4 X 4 y X,y

4K = 6Ksino, (6-14)

Z

Similarly, since the damping forces are applied in the same
direction as the spring compliance force the following applies

4D = 4D =D = BDCOSZQ
X y X,y
.2
4D = 6D
2 sin“o (6-15)
where
. . . R . . . n-sec
D = Damping coefficient along the axial spring direction G—:;—O
The torque applied by the suspension to the T0G pedestal due
to pedestal rotation is given by
T.=R, xF_, -
84 5 . (6-16)
and
E=6x Rj (6-17)

1.2 % 2 oA~ 3 a2 3 2 a2 4 .
K{[Ecos aEx+ 1:10n ucy]ix+[—5cos atx+ 5ros aey]iyi[zuin aﬁz]jz] (6 ll):;
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Assuming Rj has only an x and y component and substituting

equation (6~17) into equation (6~6) and then substituting the results
in equation (6-16) results in

- 2 .2 _ 2 2
T . 5 5 5 {rozjn.yjex rozjnkyRyjev+(ruyjroszijyj roxjroszyj)ﬂz]ix

2

Y 2 ;
oxjroszijyj royjrozjnkj

4[-r% R _.R .6 +r> RZ.0 +(r

R_.R . ye 11
cAl X ¥yl X GZ} X1 ¥

2=y

‘; 2
= ~r _.r__.R>.)0
Ry 3205 s T oz Mg Reg oy ToziPxi Oy

r .vr .R.R .~r .r .Y
oyi ozj xj yi oxj oziyi’ x “oxj

+[

+(

-t .)zez]i‘z} (6-18)

¥ LR ., R
oy x] Toxiy)

For the case under consideration

~

RL2 = mRiy
R P }
33’4 = > R+ S Riy (6-19)
R RN
RS,G = 2 le+ > Rly

Substituting equations (6-7), (6-10), (6~il), and (6~19) into equa-
tion (6~18) gives

_ 2 . 2 A 2 A
Tsl,Z = 2R“K{ (sin u)6x1x+(cos a)lez} (6-20)
2l 2 93 .2 .~ 3 2 A3 2 .4 vJRPN
TS354 = R°K{{ 7%in“08_+ =5 sin aey]ix+ [2 sin a8y+ 5 sin uﬁx]iy+[2cos aez]iz}
(21)
2.0l 2 A3 .2 .~ 3 2 3o, 2 o .2 2
T55,6 = R.K{[351n a@x % sin aey};x+ [z.sin aey “5sin a@x]iy+[2cos uez]iz}
{6-22)

The total torque applied to the I0G pedestal is given by

Tg = Tsl,2+Ts3,4+Tx5,6 (6-23)




1} (24)

o nll 1 a2 ~ 2 o 2
T, = KR {[3sin a]0_i_+I3sin Cf.]Oyiy-t*[ﬁco‘: o¢]0z .

llence the rotational stiffness coefficicnts of the suspension
arc given by

il

k

Y. S
% ky = 3KR"sin o

k = 6KRZcos o (25)

2

Similarly the rotational damping coefficients of the suspension are
gi-~2n by

Hj

d

d = BDstinza
X y

d_ = 6DR%cos’c (26)

4

Il

The parameters presently being proposed by Donier Systems for
the suspension analyzed are listed below:

- K

- 800 2
m
D = 240 DBImmsec
rad
o = 24.1 deg
R=0,25m

Substituting these parameters in equations (14), (15), (25) and
(26) results in the following

K =K = 20002
b y m

K = 800 &
Z m

D =D = 600 T2
X y n

6-6
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D= 240 B=2CE
K4
k, =k = 25 -
k, = 250 %;%
d, =d, =7.5 s
o, = 75 TR

6.2 TInherent Relationships Between Suspension Parameters for
the Coincident Gimbal System

Examination of equations (6-14), (6-15), (6-20) and (6-20) indicate that

there are only four indcpendent parameters that can be used to set all
of the suspension characteristics. Since there are twelve parameters
(i.e., linear stiffness and damping along three axes, rotational stiff-
ness and damping about three axes) to be set for the suspension it is
clear that these cannot be set independently with only four parameters.
In addition, the linear »tiffness along the three axes cannot be set
independently since the stiffness along the x and y axes must always
be equal with the stiffness anlong z set to some desired value by ad-
justment of the angle "o'". The linear damping along the x, y, and z
axes can only be controlled by varying the damping coefficient "DY,
Examination of equation (6-15) indicates that the damping coefficilent
along the x and y axes are always equal but can be set to a desired
level. However, the damping coefficient along the z axis is now de-
termined and cannot be controlled.

Assuming that the damping coefficient "D" is set so that a
particular damping ratio “z" is obtained about the x and y axes,
this can be written as

Py
; -3
x’y Fin m

rofi=

The damping ratio along the z axis is given by

D
Z

1
Cz=“2"
hzm

6-7

(6-27)

(6-28)
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However

D = 2tan2uD (6~29)
z X,¥

K = 2tan2aK
z x

]

Substituting equation (6-29) into equation (6~28) results in
L = dzjtanacz {(6-30)

Examination of equation (6-30) indicates that the linear damp-
ing ratio along Lhe z-axis will equal that of the x and y axes
for o = 35.26 dep. Tor wvalues of "x" below this value the damping
along the z-axis decreases while it inereases for o above 35.206 deg.
if the & angle is set at 15 deg. or belw, appreciable reduction
in linear damping aleong the z-axis results which can result in
deteriorated system response characteristies.

The rotational stiffness of the mount about the x and y axes
can be set by varying the distance "R'" as indicated in equation
(6-25). However, the rotational stiffness about the "z'" axis is
determined and cannot be controlled. In addition, the rotational
damping coefficicnts about the x, y, and z axes are now determined
and cannot be separately controlled,

It will be shown (section 7) that the eritical suspension parameters
that govern IOG pointing performance are the rotational stiffness about the
¥ and y axes and the translational stiffpness along the z axis. Hence,
one might conclude that increasing the linear stiffness along the x and
v axes would result in a reduction of the radius of the base of the
Coincident Gimbal pedestal since it seems reasonable that the longi-
tudinal stiffness K of the isvlators would increase. However, if equa-
tions (6~14) are divided by each other the following results

Kz
tano = (2K )]
X,y

Equation (6-31) implies the geometrical relationship shown in figure 6-2,

1/2 (6-31)

The value of K from equation (6-14) and the geometrical relationships
shown in figure 6-2 can be written as

Koy L. 2K %,
= 3c052u ) i ZKx ) (=32
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Substituting equation (6-32) and the geometrical relationships into
equation (6-25) yields:

2K 4K K K

= = = X,y 2 2 2 - ___Z_ 2 -
kx lc,y kx,y 37 . }[zxx,y+Kz]R (2 YR {6-33)
therefore
2kx
R = (—g—i2§ (6~34)

4

Equation (6-34) indicates that the radius of the base of the
Coincident Gimbal pedestal is completely determined by the rotational
stiffness about the z and y axes and the linear stiffness along the
z axis., Therefore, varying the linear stiffness along the x and y
axes will not affect the radius of the pedestal base and cannot be
used to affect a size reduction.

6.3 Comparison of Coincident Gimbal Suspension System with
Square Based Suspension System — A comparison can be made as to the

required area of the pedestal base for the Coincident Gimbal Suspension
System and the corresponding square base suspension. Assuming that

Lite rotational stiffness about the x gnd y axes and the translational
stiffness along the z axis are equivalent for both systems, the side

of the square base suspension system can be written as

2. . = 2¢E§z¥9 1/2 (6-35)
120 Kz
where
2&120 = length of one side of the square base
The area required by the square base suspension is then given by
A = 4kx
§.B. (6-36)
z

The area of the corresponding Coincident Gimbal pedestal base
using equation (6-34) is given by

2k
Ag.g, = ™ 3 )

or the ratio of the area of the Coincident Gimbal Base to the square
base is

DK

i




= -"21 = 1.571 (6-37)

Hence, the area of the Coincident Gimbal pedestal base is almost 60
percent greater than the required area for the square base suspension
system.
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7. COINCIDENT GIMBAL SYSTEM PERFORMANCE

In the sections that follow, the Coincident Gimbal system per-
formance is described for the nominal suspengion parameters speci-
fied by Dornier Systems. Both stellar pointing and earth tracking
performance are discussed for the given suspension system, Based
on the results obtained, the suspension parameters are modified in
order to improve the performance of the Coincident Gimbal System
in both stellar pointing and earth tracking. Representative
system performance characteristies are shown for the modified
suspension system and a recommendation is made as to the suspension
parameters that should be implemented for the Coincident Gimbal
System.

7.1 Coincident Gimbal Pointing Performance - In oxder to ob-
tain the Coincident Gimbal geometrical system configuration the
following parameters must be modified from the values shown in
table 2-1 as outlined below:

m, = 138.45 Kg
_ 2
3, =12.695 Kg-m
_ 2
3y, = 16.313 Kgm
~ 2
322 = 5.417 Kg=m
Rpyo = -1017 & - .0029 i, - .5251 i_ m
Ro. = -4.822 1 + 0.0029 i - 1.429 1 m
120 x y - z
r, = 0,1017 f -0.00201 +.275% m
P4 v b2

System time responses were taken for the suspension para-
meters furnished by Dornier which entail changing the baseline
parameters in the following manner,

4D = 4D = 600 =S8¢
X v m

4D = 240 BE22C
A m

4K = 4K = 2000 n/m
X y

4Kz = 800 n/m

o e




d =d = 7.5 n-m-sec
X y
d = 75 n-m-sec

2

X y sec

Z rad

For a telescope look angle of sixty degrees and a crew motion
disturbance applied along the z axis the peak pointing error in-
curred about the telescope y axis was 4,34x10~6 rad (.895 arc-
second). This value of pointing error from one source is too
large if an arc-second of pointing stability is to be realized
when counsidering all of the other contributing system error
sources (e.g., sensor and actuator noise, gimbal nonlinearities,
sampling and quantization, ete.). Hence, it is clear that the
¥y axis pointing error must be reduced. Since it is not advisable
to increase the pointing control loop bandwidth beyond 2 Hz from
system noise and structural flexibility considerations the only
way to reduce this error is to reduce the suspension linear stiff-
ness in the z direction to at least the baseline set of parameters
which would yield similar pointing performance as that obtained
for the I0G as outlined in section 4.

Fipgures 7-1 through 7-21 show system pointing performance
for a telescope look angle of zero degrees with the crew motion
disturbance shown in figure 4-1 applied simultaneously along the
X, ¥y and z axes of the shuttle orbiter for the Coincident Gimbal
System parameters specified by Dornier Systems. Figures 7-22
through 7-42 and figures 7-43 through 7-63 show Coincident Gimbal

pointing performance for telescope look angles of 40 and 60 degrees

respectively with all other parameters being the same as above.
The legend used in these figures are explained in table 4-1,

7.2 Coincident Gimbal Earth Tracking Performance - Using
the earth tracking command profiles described in section 4,2, the
performance of the Coincident Gimbal System as defined by Dornier

Systems was determined. The result of this determination are shown

in figures 7-64 through 7-84. A definition of the nomenclature
used in these plots are given in table 4-1. Examination of figure
7-66 indicates that the peak tracking error incurred was 0,262x107
rad (.540 arc-second) while an examination of figures 7-72, 7-77
and 7-79 indicate that the pedestal y rotation was 0.311 rad

(17.8 deg) with the x and y translation of the pedestal C.M. equal
to 0.164 m (6.46 in) and .034 m (1.34 in) respectively. These

values correspond to an isolator elongation of 4.169x10~2 m (1.641 in)
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which is too large and could not be accommodated within the frame-
work of a reasonable design., This situation becomes worse as '
altitude of the orbit is reduced from 438 KM for which the above
values apply. Hence it is clear that if the IPS is to have a reason~
able earth tracking capability the suspension parameters proposed

by Dornier should be modified by stiffening the suspension rota-
tionally and translationally as much as possible while still meet-
ing stellar pointing requirements. This approach will be fully
discussed in section 7.4.

7.3 Coincident Gimbal Raster Scanning Performance = Examina-
tion of experiments proposed to be integrated with the IPS indicate
that many have raster scan requirements. In order to examine, in
a preliminary fashion, the raster scan eapability of the Coinci-
dent Gimbal System the raster scan performance of a particular
experiment was determined. The experiment chosen for this
evaluation was the XUV (soft x-ray) Spectroheliograph. A schen-
atic diagram of this telescope with its associated mass character-
istics is shown in figure 7-85.

The raster scan field that was considered was 90 x 90 arc-
second with a scan time zer line of 1.12 arc—-second which yields
a scan rate of 3.897x10~% rad/sec (80.36 arc-second/second). The
desired accuracy was that the tracking error should be within
+ 1.7 arc-second for ninety percent of the time it takes to scan
a line (i.e., 1.12 second). The technique used to accomplish the
raster scan profile was to use simultaneous rate and position
commands to the Coincident Gimbal pointing control system. The
rate and position command profiles employed are depicted in fig-
ure 7-86.

Two computer runs were made for the X-UV Spectroheliograph
using the above profiles. The first was to raster scan the tele-
scope about the y axis only. The second was to raster scan the
telescope about an axis in the x,y plane making inclined 45 de-
grees with respect to the x and y coordinate axes. For both
cases the telescope was positioned so as to allow a symmetrical
scan about zero look angle, and the pointing control loop band-
width was set at 2 Hz,

The results of these studies indicate that the system did
not meet the accuracy specification of 1.7 arc-second for ninety
percent of the line scan time for both cases 1lnvestigated, The
tracking errors remained above 1.7 arc—second for approximately
0.82 second of the 1.12 second that it takes to scan one line
with a peak tracking error of approximately 9 arc-seconds.
However, the peak control torque required was 2.89 n-m which

e e —




is well within the torque capability of the Coincident Gimbal
torque motor capability, These results indicate that raster
scanning to the accuracy described above cannot be met by the
"simple™ scan profiles employed. It is anticipated, however,

that if a torqu™ command used in conjunction with comsistant rate
and position command profiles were employed, system raster scan—
ning performance would be greatly improved and the accuracies
desired would probably be achieved, It is recommended that future
effort should be expended to implement this raster scan command
technique and determine the accuracies that can be achieved.

7.4 Pointing Performance with Modified Suspension Character-
istics - It has been shown in sections 7.1 and 7.2 that "large"
pointing errors (i.e., 0.895 arc-second) result in the presence
of crew motion disturbances while excessive pedestal rotations and
translations with accompanying "large" (i.e., 1.7 in) isolator
elongations occur during earth tracking translations for the iso-
lator parameters defined by Dornier Systems. Hence, it is evident
that the suspension parameters should be modified in order to give
the TIPS a reasonable slewing capability while still meeting stellar
pointing performance requirements. It has been demonstrated that
inecreasing the rotational stiffness of the suspension system about
the x and y axes redvces the pedestal rotations and translation
from those incurred using the nominal suspension parameters for
the I0OG system. Hence, it would similarly be desirable to increase
the rotational stiffness of the coincident gimbal suspension over
those specified by Dornier which are approximatsly the same as
those of nominal IOG in order to minimize pedesval rotations and
translations incurred during slewing. However., cthe maximum radius
that the coincident gimbal base can have from mounting considera-
tions is 0,9 meters, Since from stellar pointing considerations
it would be advisable to reduce the translational stiffness along
the z axis to 500 n/m in order to reduce the pointing error in-
curred due to crew motion disturbances, the maximum rotational
stiffness that could be realized about the x and y axes is 202.5
n-m/rad (see section 6.2).

The other suspension parameter that can be varied 1s the
translational stiffness along the x and y axes keeping the trans-
lational stiffness along the z axis equal to 500 n/m and the rota-
tional stiffness about the x and y axes equal to 202.5 n-m/rad,
The effect of this parameterization on peak pointing error for a
telescope look angle of 60 degrees is ocutlined in figures 7-87 and

7-88. It should be noted that in the parameterizatlion of the linear

suspension stiffness along the x and y axes the linear suspension
damping ratio was maintained at 0.l along these axes when consider-
ing all of the mass above the suspension point (i.e., m2+m3).
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Examination of these figures indicates that the y axis pointing
error decreases from 0.866 arc-gecond to 0.5355 arc~second when
the linear suspension stiffness is increased from 500 n/m to
10,000 n/m along the x and y axes for a crew motion disturbance
applied along the z axis. Examination of figure 7-25 indicates
that the peak pointing error incurred about the x axis is inde-
pendent of the linear stiffness along the x and y axes further
demonstrating that the suspension system does not act primarily
as a classical isolator for these errors as described in section
4,1, It should also be noted that most of the pointing improve-
ment is realized when the suspension linear stiffness along the
x and y axes is increased to between 2000 and 4000 n/m. Hence,
in order to minimize the changes to the suspension parameters
specified by Dornier while still realizing most of the advantages
that can be achieved within the constraints of the coincident
gimbal system the recommended suspension parameters are listed
in table 7-~1.

The suspension parameter values gilven in table 7-1 result in
the following Coincident Gimbal suspension system isolator design
characteristics.

K = 750 n/m

D = 178.2 n-sec/m
o = 19.47 deg
R=0.9m

System time responses for the recommended suspension para-
meters with crew motiecn disturbances applied along the x, y and
z shuttle orbiter axes simultaneously are given in figures 7-89
through 7-109, 7-110 through 7-130, and 7-131 through 7-151 for
telescope look angles oi zero, 40, and 60 degrees respectively.:
The nomenclature used in these plots is explained in table 4-1.
Examination of the plots for the angular rotation and the trans-

PR

lation of the CM of the pedestal indicate thac they do not seem to
be returning to zero. This is in fact the case since the crew motion
disturbance, which is mmomentum conservative, will still cause the
shuttle to rotate through some small angle from its initial start-
ing point. This will then cause the pedestal to rotate through

the same angle once the transients die down. Since the transla-

tion "812" of the pedestal C.M. is measured with respect to R120

which 1s an inertial vector it will also approach a nonzero value
once transients die down due to shuttle orbiter rotation.




Table 7-1.

Recommended Suspension Parameters

4K = 4K = 2000 n/m
X y
41{.2 = 500 n/n
4D = 4D = 475,2 BESE
b'd y m
4D = 118.8 2XS€C
2 m
k =k = 202,52%
X vy rad
k= 3.242x10° 2R
z rad
d =d = 48.11 n-m—sec
Xy
dz = 769.8 n-m—sec
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7.5 Coincident Gimbal Earth Tracking Performance with Re-
comnended Suspension Parameters - Using the earth tracking com-
mand profiles described in section 4.2 the performance of Coinci-
dent Gimbal system with the recommended suspension parameters
was determined. These results are shown in figures 7-152 through
7-172. A definition of the nomenclature used in these figures
is given in table 4-l. Examination of figures 7-90 indicates that
the peak tracking error incurred was 0.352x10 rad {(.726 arc—-second)
which is withint the desired +1 arc-second tracking accuracy but is
approximately 34 percent worse than that realized for the suspen-
sion parameter specified by Dornier. However, the peak pedestal
rotation was 0.0273 rad (1,364 deg} and the peak pedestal C.M.
translations were 15.6 mm (.61 in} and 2.42 mm (.095 in) along
the x and z axcs respectively. These values are more than an order
of magnitude smaller than those incurred for the suspension para-
meters defined by Dornier. These values will result in isolator
elongations of approximately 8.5 mm (.0335 in) which can easily
be accommodated by the Coincident Gimbal suspension system design,
Hence, it has been demonstrated that the recommended suspension
parameters not only meet the stellar pointing stability require-
ments of + 1 arc-second in the presence of crew motion disturb-
ances, but also greatly reduces the pedestal rotations and trans-
lations and hence isolator elomgations incurred during earth
tracking making these wvalues congistent with a reasonable sus-
pension design.

Additionally, a comparison between system response for the
recommended Dornier suspension parameters (figures 7-65 through
7-85) and that obtained for the recommended suspension parameters
indicate that the system responses are considerably different in
functional form. The difference in response is due to the stiffen-
ing of the suspension system for the recommended parameters which
results in the more oscillatory response characteristics for this
system. However, the increased oscillatory nature of the response
has no detrimental effect on overall system performance.
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8. ANALYSIS OF EARTH TRACKING PROFILES

In this section the profiles that are required to perform
earth point tracking from earth orbit will be derived. In this
derivation a circular orbit and spherical earth are assumed and
the effects of earth rotation is neglected. The maximum accelera-
tion points for the earth tracking profile will be determined as
a function of the various orbital parameters and an approximate
formula will be derived which gives peak acceleration as a func-
tion of orbital altitude. In addition, the peak rate of change
of acceleration will be determined as a function of orbital
parameters from which an approximate relation will be derived
which gives peak rate of change of acceleration as a function
of orbital altitude. These approximate relationships will bhe
used to explain the behavior of the Coincident Gimbal System
earth tracking performance characteristics, given in section 9.0,

8.1 Derivation of Earth Tracking Profileg - Figure 8-1 is
a schematic diagram of a vehicle in a circular earth orbit.

The coordinate frame shown in figure 8-1 is imertial with
the y axis along the orbit normal and the % and z axes in the
orbital plane. Since the effects of earth rotation are being
neglected in what follows, it can be assumed that the iInertial
coordinate frame is attached to the earth with its origin located
at the earth's center. Using the vector quantities shown in
figure 8~1 a unit vector along the line of sight from the vehicle
to some arbitrary point on earth can be written as

{3-1)

where

1

Unit vector along the line of sight from the vehicle to an

L.s. arbitrary point on the earth's surface.

Vector from center of earth to point on earth's surface

e

Vector from center of earth to wvehicle.

&
I

Assuming a constant orbital rate Wy about the positive y axis

Ro can be expressed as

8-1
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Rox cos B O “Sin & Ret+h

F?,y = O 1 0 Q (8-2)

Ro sin @ 0 cos @ 0
and

0 = Ld,,'f.' (8- 3)

where
be; Rby; sz =x, y and z éomponénts of Ro eﬁpressed geocentric
coordinates

Re = Radius of the earth

h = Orbital altitude

wo = QOrbital Rate

Expressing RL as

o
i,

g * Z, f_.-, {(8-4)

and substituting equations (8-2) and (8-4) imto (8-1) gilves

& [Xe-(Rethleos8T, + V.1, +[Z 4 (Re+h) sin 017,

Lus, = e ; (8-5)
. {[‘(L"{RQ‘L}’}CO.‘.Q?A 4‘\.‘,.: "[f,_% (R, rhYcin '9]2}/2
Letting
A = X]_' (Re+h} CGSQ (8’6]
B =~ 7 + (Reth) 5108 ' (8-7)

The inertial rate of change of the unit vector along the
line of sight can be written as
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-:'L' (H2+Y:1‘-82)3/2

The inertial rate of change of the unit vector along the
line of sight from the vehicle to a point on the earth can also
be written as

B [ ~
L, [ [
df s -
L2 s wals = (W W, w, (8-9)
| E-.:.-:. n iz.s.y iLs z

where

W = An inertial rate written in geocentric coordinates.

Expanding equation (8-9) gives

dils \ :
Tl (wrlLs;‘“’zLLs,)?x 4 (00g1 )5, - Wy tug)f‘, + (waLS:,;”wy‘:LSx)?z (8-10)

Comparing terms in equation (8-10) with those in equation (8-8)
yields the following for the imertial rates required for earth
point tracking written in geocentric coordinates

B Y, 8
Wy = A%+ ¥+ B2 (8-1)

IR

-Y, A

Wi = RLVZE 87 (8-13)

e —

l’i




TR —

and

A 4), (Rg\‘f‘l) win 9 \:8-14)

g =ty (Rn-*}‘) ‘ns B (g-157

It should be noted that if the body rates required to perform
earth tracking would be desired for an arbitrary telescope orienta-
tion the rates given in equations (8-1l1) through (8-13) would have
to be transferred to telescope coordinates and the transformation
would need to be continually updated via a strapdown equation
formulation.

Assuming the point on earth to be tracked is contained in
the orbital plane (which would yield maximum tracking rates and
accelerations) and assuming that the earth point is along the
x axis of the geocentric coordinate frame shown in figure 8-1
gives the following relationships

X,z Re (8-16)
Y,=7, =" (8-17)
Substituting equations (8-6), (8-7), (8-14), (8-13), (8-16)
and (8~17) into equations (8-11) through (8-13) yields

1) P f_;JZ = ‘,8",8)

[(Re #h) - Re (Re +h)ens 0] w
v = o (S'fq)

w : -
S A R X U R I

The line of sight angle about the y axis can be obtained by
integration of equation (8-19) or by derivation with the aid of
figure 8-2.

Referring to figure 8-2, the following relationship applies
between the variables

R.+h Re
sin(180-w)  cinligo-{ign-%+8)]

(8-21)
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or

Re+h - Re (@-21)
sin Sin (IP-S)

where

¢ = Line of sight angle and is equal to the direct Integral
of w
Yy

Solving equation (8-21) for ¢ yilelds

P = {‘a.n"’[ (Re +h) sin & ] (8-22)
(Re+h)cos B~ Re

Equations (8-19) and (8-22) are the functional form of the
angular rate and position command profiles (i.e., Wq, and eBc)

that are employed to command the telescope attitude control system
to accomplish earth tracking. These profiles must be modified by
the appropriate constants to reflect the desired telescope slew

axis (i.e., they get multiplied by the components of a unit vector
along the desired slew axis) which enables telescope slewing about
any axis or alternatively allows the telescope to be in any orienta=-
tion with respect to the orbit snormazl.

The angular acceleration required to earth polnt track is
obtained by differentiating equation (8-19) with the fellowing
result

. Boh(Reth)(2Re+h) sin @
Wy = ‘{ - e - rwh (g-23)
[RZ & (Re +h) - 2Re (Rt b)) cos 8]

To obtain the points at which peak acceleration occurs,
equation (B8-23) is differentiated with respect to time and the
results set equal to zero which gives the following

+(Ret '] cos © = 2Re (Reth)[cas28+ 2 5in2 O] } (8-24)

. [Re
a3
Wy = -, Reh(f?e*h)(z"\’e"'m{ [R: +(Reth) =2R o (Re+h) auQJi

- o m————




Setting equation (8-24) equal to zero results in the followlng

2R, (Reth) c020 + [R2 £ (Re+h) T cosB - 4B, (Re+h) = O (8-25)

Solving equation (B-25) for cosf gives the following consistent
solution for the peak acceleration points.

. )
“[R2 4 (Re+ h*] o {[R2 +(Re+ ) ] # 32RE R kY]
) AR (Re h)

(8-26)

COs

Notice that two solutions exist for 0, one positive, the
other negative which will yield two equal and opposite peak ac-
celeration points equally positioned about the point where the
vehicle is directly overhead (i.e., 8 = 0).

The equations given above for the tracking command angular
position, rates, accelerations and rate of change of acceleration
involve the orbital rate W, which in itself is a function of

orbital altitude, The relationship between @ and orbital alti-

tude can be obtained in the followilng manner.

For an orbital vehicle in a circular orbit assuming a spheriw
cal earth, the following relationship applies

G'memv
dial LA 2 -27
(Re+ h)2 my (Re+ b}t (8-27)
where
G = Gravitational Constant
m_ = Mass of the earth

e

Mass of the vehicle

m
v

Solving equation (8-27) for the orbital rate gives

&
9 = G (8-28)
e

8-6
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Hoyever, for a vehicle on the surface of the earth the Eollow-
ina applies

Gmemy e : - (8-29)

where
g = Gravitational acceleration on earth's surface
hence

Grme = o R. o R (8-30)

Substituiing equation (8-30) into equation (8-28) yields

2 gRZ?
Wy = c. £ =31
ooy (8-31)

Combining equation (8-31) with those describing the angular
command position, rate, acceleration, and rate of change of ac-
celeration profiles give these in terms of the orbital. altltude
and time only with all other terms being constants.’

For ease in initializing the computer simulation for the
Coincident Gimbal to perform earth tracking it is desirable to
have orbital angle "8" as a function of telescope lock angle "§".
This is accomplished by solving equatlon (8-22) for ngn as a
function of ¢ which results in

< 2Re(Ret Wt an P+{ARE(Re + b)Y dans W + A(Retb ) [(Reth )% R 7eqn=4>(m“aw} o '
SinB = (8 32)
2{Re+ ) (Hianz) ,

8.2 Comparison Between Actuzl Earth Tracking Profiles -and

the Hyperbolic Approximations — Approximate earith tracking pro-

files were employed in the evaluation of earth tracking perform-
ance of the IOG and the Coincident Gimbal system for the suspension
parameters specified by Dornier as. described in sectiond &:2 and

7.2 respectively. In order to show that the results obtained
using these profiles are valid, a comparison between the actual
proviles derived is section 8,1 and the hyperbolic approximations
descéribed in section 4.2 will be performed in what follews. . -

8-7
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In order to perform this comparison the orbital altitude
for which the approximitions are valid must be determined, In . e
order to accomplish this a relationship that relates peak track- )
ing rate to altitude must be determined. This can be done by =
noting that peak angular tracking rate occurs for 8 = 0. Hence v
from equation (8-19}) the following applies i} =
: (S8 '
Wyl = ‘;:' g (8-33) - ' 3‘: :
Substituting equation (8~31} into equation (8-33) and re~ i
arranging terms ylelds the following relationship ‘ : ‘ ?F o
Bt o ' . 02 o L
PR 3 !
- Pehh -2 <o  (e-34) o
T ' ' ¥ hmax ' o ' K ;%j 3
N Solving equation (8~34) for the peak tracking rate of 1. 748x10H2 ) ﬁl |
rad/sec when the approximate hyperbolic earth tracking profiles are g |
employad yields an altitude of 438 Ro. - ﬁi B

It is now necessary to determine the peak angular accelera—
tion and the look angles for which they occur for the approximate
profiles. 1In’ order to-facilitate this determination the profiles
given in section 4.2 are written in functional form.

(A [

C9) = Ktanh(i-at) (8-35)

W)= = Koo sech?ll, -at) - (8-35)

”Differentiafing equatidn (8-36) twice yields the following

= (e

tb({):.-*_Z.de_sgch’(K,-p&){'qn“!(,—a{:) | _ ‘ (8 37)

| ,;:am:;z'wsecmm,-af)-,4f<m%c.n!12rk-_uf)se.:hz(x, cwt) (a 38) .

s In.order to detarmlne ‘the peak acceleratlon point equation
' (8-38) is set to ‘zero Whlch results in the follow1ng '

where
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i t.ﬁ |
R :
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L |
Bl . ?}
H
Pk -
I Substituting the exponential form for the hyperbolic functions
Lj in equatlon (8—39) yields the following . o '
o . | e¥-VZ e* -1 =0 (8-41
} SR ' Solving equation (8-40) for e* gives | o
i o - ) '
l‘ : e =02 +46')/2 = 1932 (8-42)
; | , o : . , o
e A= 0.6585 (8-43)
Lol v b
i Using the values for K1 and o defined in section 4.2 gives ' g
Cof _
L 372-¢ '
g a5 - 0.6585 (8-44)
f 5 or the time at which peak acceleration ocecurs is.
o t = 2292 sec . S tBeas)
'y Putting equation (8-37) in exponential form and substituting
L equation (8—42) yields
If » . ]
ol R i.? - ———
b 6l = - S‘Kﬂ"[(ex 7] - 'Skm"[r—-'—*'{-'ﬁ‘—_,, = -07698 Kt (8-46)
Do , 1932 + ——) : » ,
! “ ] _ . : 1.9_3.1 S _
L .
Using the values deflned in section 4.2 for K and @ gives the .
follow1ng peak accelaration ’ "j
»;f;‘{mm = 2.07%107" .rqcf/se?c_’- e - (8-47)

The talescope look angle for which this ocmiirs can be deter-—
mined by substltutlng the approprlate values into equation (8-35)
Whlch yields —

"iP”:-'b.Zss'c'i}m;{'::‘37:‘5.-8"’4951 EER "»,,:1*:'(,9'.;4:3':)*

The peak acceleratlon and the’ telescope look angle at which ”4-;_
this peak occurs for the actual earth tracking profiles are 1.856x10 ~ . . .
rad/sec2 and 31,1 degree respectlvely. ‘These values compatre favor—<ﬁﬂfu*ﬁ-a~ O s
ably with those obtalned using the approxlmate profiles thus vali&« B R
atlng the results obtalned u51ng the approxlmations. A R




8.3 Approximate Relationship Between Feak Angular Accelera— —
tion and Orbital Altitude — Using the relationships given in equa— 3
tions (8-23) and (8-26) the peak angular acceleration as a function o b
of orbital altityde can be computed. A series of these computa-
tions are given in kable 8«1.

The values gshown in table 8-1 are plotted in figure 8-3.
Examination of this figure indicates that the peak acceleration e
can be written as

b

Dlpeate = Kah (8-49)

where b is the slope of the line shown in figure 8-3 which
iz ~-2.099. Using a least square fit to estimate the constant
Ka vields the following _ _ _ S _ -

2.9

tDlpeal. = 275 h (8-50)

where h is in miles B ERI S : :;

Tquation {8-50) can also be written as

~2.079

Dlpeat = £4.95 b (8-s1)

where h is in Km. These expressions can certainly be used with

good precision (erroxr less than 3 percent) over the range of their
derivation and apply quite well to aliitudes of 1000 wmiles, yield~
ing r=sults that are w1th1n 15 percent of the actual values. i

8.4  Approximate Relationships Between Peak Rate of Ghange ‘ e
of Acceleration and Orbital Altitude — Examinatlion of equation:. . —~ - .-
(8~-24) indicates that peak rate of change of angular acceleration

. occurs when 8 equals zero. Setting 6 equal to zero and substituting -

~ equation (8-28)-yields .. o . __ i

R o AR B
. t rgR: i r \E l, n){ Qcﬂf‘“‘] -
T NYS LR o _.;_‘s . R (B_sz_) ._
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Table 8-1. Peak Angular Acceleration as a Function
' .. of Orbital Altitude

ORBLTAL ALTITUDE PEAK ANGULAR AGCELERATION
RAD/SEGZ

MILES ~ KILOMETERS

v 100 160.9 1.494x1072

1 - 150 261.4 - _ " 6.478x10°

200 321.9 ' 3.557x10

|

300 482.8 , 1.508%10

I

~4
-4
250 402.3 202210 : R
» A
350 1563.3 1082107
400 643.7 4.102x107%

- | | 450 7242 1 6.258x10°°

500 | - 804.7 o 4,957x107°
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Using the above expression the peak rate of change of acceler—

ation is given in table 8-2,

A plot of the values given in table 8-=2 is shown in figure
8-4, Examination of this indicates that the peak race of change
of acceleration can be written in the same form indicated in
section 8.3 for the peak acceleration. Tollowing the same pro-

" cedure as outlined above, the peak rate of change of acceleratien

can be written as

1.832x10 _ : o L
f:) 'Plnk = HLW . - . 'v (8-5—2)

whepa h . is in Km

The approximate expressions derived in sections 8.3 and 8.4
will e used in the explanation of the earth tracking performance

. of the Coincident Gimbal system. .
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e e - .Table 8%2. Peak Rate oﬁ_Changgrof Acceleration

L. .. | ORBITAL ALTITUDE. |  PEAK RATE OF CHANGE OF
S < S " ACCELERATION RAD/SEC®

5

w60 | - 2.245%10°
' . - o o D : o :
2Ly - S 6.415x10"" RERIE (R L Lk
L ‘ ' ~3 ' Lo
- A I+ 1 2.611x10 | b
S | - v . ke
L 400 , | 1.29x10 | ;

E 480  7.208m107°
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. Figure 8-2. Planar Schemati: of Vehicle in Earth Orbit
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9. COINCIDENT GIMBAL SYSTEM EARTH POINT TRACKING PERFORMANCE

In this section the earth tracking performance of the Co-
incident Gimbal system is described. The torque required to per~
form earth point tracking is estimated analytically and compared ‘
to the values obtained from the time simulation. An explanation : |
of the large difference between the estimated and actual torques :
required is presented and verified via subsequent computer simu~-
Jation., The payload mass and inertia that can be accommodated
by the IPS in the earth point tracking mode as a function of
orbital altitude is then established under the constraint the
(] gimbal torque required will not exceed 80 percent of the torque
L capability of the gimbal torquers, or 16 n-m. The tracking ac-
curacy, pedestal rotations and translations with the accompanying
{7 isolator elongations, is also specified. All of the earth point
! 1 tracking studies described in this section were performed for the
recomrended suspension parameters given in table 7-1.

9.1 Estimated Torque Required to Perform Earth Pcint Track- .

Co ing ~ In order to determine the telescope mass and inertia that S
S could be accommodated by the TIPS in the earth point tracking mode |
: under any gimbal torque counstraint, the torque required to perform

I | S——

earth point tracking should be estimated analytically in order to
give a reasonable starting point in this determination..

This can be done by using the approximate relatiomship for : ‘
peak angular acceleration shown in equation (8-50) for the par- S
- ticular orbital altitude of interest. An examination of orbital f

!
T

E ( altitude requirements of experiments presently anticipated for

: integration with the IPS show that they vary between 160 and 480

; ' Km, Choosing the 160 Km altitude, the approximate peak angular

: {{ acceleration that will be encountered by the experiment i1s given

l by ' :

(1 o = -—ﬁé-o—g-g-; = 1.514x10° rad/sec’ | (9-1)

P (160)°" :

: {? . A { The peak torque requlred to perform earth point tracking o ~,;f
N should be between the torques required to achieve the peak angular oo

acceleration in equation (9-1) when the telescope rotates about
[ its center of mass to when it rotates about the hinge point. Using
: ‘- thé mass properties for the nominal. telescope given in table 2-1 - _ , Lo
f the telescope inertia about its CM assuming that the earth track- P
i - ing profiles will be applied about the y axis only is- i

o




Iyy = 2.648x10° Kg-m® (9~2)

The y axis moment of inertia of the telescope about the gimbal
hinge point is given by

3y, = 2,648x10° + (2.683x10%) (1.689)% = 1.03x10% Kg-m? (9-3)

Hence, the torque required to perform earth poilnt tracking
from a 160 Km orbit should be between the minimum and maximum
values listed below

T .
min

' (2.648x107) (1.514x10°3) = 4.009 n-m (9-4)

T
max

(1.03x10%) (1.514x10™>) = 15,59 n-m (9-5)

IPS earth point tracking performance for the nominal telescope
from a 160 Km orbit is shown in figures 9-1 through 9-21, Examina-
tion of y axis control torque shown in figure (9-20) indicates that
the peak gimbal torque required for this earth tracking maneuver
was 47 n-m, a factor of three larger than the peak required torque
estimated above.

A possible explanation of this phenomenon is that the inie-
grator in the control tordque formulationm is charging to too large
a value hence causing the large overshoot in y axis control torque.
An examination of figure 9-20 does not seem to bear this out since
an overcharged integrator should show up as a torque spike on the
time scale of figure 9-20 since the pointing control loop bandwidth
is two Hz and the integrator would discharge rapidly. However,
in order to substantiate that the integrator in the y awxis control
torque formulation is not causing the observed large y axis control
torques, IPS time response was determined for the same conditions
as above only with the integral gain in the y axis contxoller set
to zero. Figures 9-22 through 9-42 summarize these results. Com—
parison of these results with those obtained above (i.e., figures
9-1 through 9-21) indicate that the only differences in response
were in the y axis tracking position and rate errors (figures 9-23

- and 9-26 respectively) which, as expected, was appreciably larger

than those incurred when the y axis integrator gain was at its
nominal value. All other system parameters including the y axis
control torque, exhibited virtually identical responses as those

‘obtained when the y axis integrator gain was at its nominal value,

thus substantiating that the integrator im the y axis controller
was not the reason for the large y axis control torque.

9-2
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Another possible explanation for the above phenomenon is that :
[ the IPS pedestal is applying hinge forces to the telescope due to
» its dynamic behavior which, in turn, cause disturbance moments
that must be counteracted by the telescope control system. In /
_ order to determine the validity of this contention, the telescope
1f hiuge point and pedestal CM were made coincident with the IPS sus—~
e . pension center of elasticity and the computer run for landmark
tracking from 160 Km orbit was repeated. These ‘revisions should _ _ _“
P minimize the dynamic hinge forces applied to the telescope by the '
; pedestal since the rotation about the suspension center of elas-
ticity is also consistent with rotation about the pedestal CM
i and telescope hinge point, thus greatly reducing hinge point .
b linear accelerations and the accompanying telescope disturbances.

L The IPS time response for. these conditions are shown in fipures

[ ' 9-43 through 9-51, Examination of these results indicate that the

Lt torque required to earth point track was 15.9 n-m {see figure 9-51)

which is in line with the analytical projections. The y axis con- \

P trol torque peak of 23.8 n-m that occurs at 3.7 seconds into the _ |
R run is primarily due to a transient condition in the initialization ' P
’ of the run since not all states are set at their proper wvalues é
corresponding to when the earth point tracking profiles are
d : picked up. Therefore, the second peak which. occurs. at 28.5 sec- P
;b onds inte the run is indicative of the torque required to earth ; - i
b point track. . These results indeed verlfy the above contention i i
: that the pedestal dynamic motions are resulting in hinge forces o
which give rise to telescope disturbance torques which must be . : o P
overcome by the control system. Hence, from the earth point T R iy
tracking viewpoint, it is desirable that the -telescope hinge _ ;
point and pedestal CM be as close to the stispension cenfer of '
elasticity as possible, within the constraints of practical de—
_51gn con51derat10ns.

However, previous studies (i.e., "Eveluation of Alternate
Telescope Pointing Schemes' NASA Contract No. NAS8-30889) indi-
L cate that making the telescope hiuge point and the pedestal CM i
P coincident with the center of’ e1a5t1c1ty of the IPS suspensiom: _ SRR S
has a detrimental effect on pointing performance for distutrbances R S
Lo applied in the x,y plane. Figure 9-52 is a reproduction of fig-

; - ure 3-4 from Volume I of the final report titled, “Evaluation
. S of ‘Alternate Telescope Pointing Schemes," 1ssued May 1975, Ex— .

[ _ amination of the curve for which r; = E40 340 =0, which o

makes the pedestal €M and telescope hinge’ point- coincident with P
the guspension center of elasticlty, indicates, that if the linear
g suspension stiffness exceeds approximately: ‘400 n/m" + 1‘arc-gecond =
i [7 E porntlng stability will be exceeded in- the presence of crew motion

(7‘ 9—3




e B g e e

disturbances for a zero degree telescope look angle. The reason
for this phenomenon is that the telescope hinge point does not
translate under the influence of the applied disturbance and the
control torques applied to tne pedestal by the pointing control

loop, which reduces the translation acceleration disturbance coup-.

ling into the telescope. In fact, with the recommended linear sus-
pension stiffness of 2000 n/m to reduce pedestal translation and
rotation incurred during landmark tracking and improve stellar
pointing performance, the resultant pointing error for zero tele-
scope look angle for a crew motion disturbance along ‘the orbiter

y amis obtained from figure 1 is approximately 5.3 arc-—-second.

If pointing stability requirements are to be achieved, the sus-

 pension linear stiffness in the x and y directions would have to

be reduced by an order of magnitude (i.e., 200 n/m). Although
this reduction in linear stiffness in the x,y direction would

tend to increase the pedestal translations incurred during earth
point tracking, making the gimbal hinge point, pedestal (M, and
suspension center of elasticity to coilncide reduces the pedestal
translations and rotations incurred. Hence, a trade should be
conducted which determines the pedestal translations, rotations,
and isolator elongations Ffor different separations between gimbal
hinge point, pedestal CM, and suspension center of elasticity

once the suspension parameters have been set to yield satisfactory
stellar pointing performance for each partlcular set of geometrical
parameters being considered. This type of study would indicate
if there is a geometrical configuration coupled with a set of
suspension parameters that would yield better overall (i.e.,
stellar pointing and earth point tracking) IPS performance than
those realized with the specified geometry and recommended sus-
pension parameters.

9,2 Payload Mass Characteristics That. Can Be Accommodated
By the IPS In the Earth Point Tracking Mode for Various Orbital

Altitudes - In:the section that follows, the payload mass charac-

teristics that could be accommodated by the Coincident Gimbal

system_in the earth point tracking mode is described.. In this.

determination the nominal payload mass and inertia values given
in table 2-1 were varied about all three axes by the same ratio
while keeping the distance from the hinge point to the telescope

SBM(iaess 1g)- ‘constant, In addition, the control. gains were ad- .

Justed in each case to malntaln a pointlng control loop bandwidth .

of two Haz. “The gimbal torque was constrained not to exceed 80

..percent. of its. full torque capability of 20 n-m which set the ‘
© maximum allowable gimbal torque at 16 n-m; during the determina~"
.- tiomn. of the.payload mass and 1nertla characteristics that could

be accommodated by the IPS durlng earth point tracklng. ' ‘

ot
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“qfdeflned by equations (9—6) and (9—7)

For the conditions enumerated above the telescope mass and
inertia characteristics that could be accommodated by the. TIPS
during earth point tracking as a function of orbital altitude and

the peak tracklng error incurred are given in table 9-1,

“The values glven in table 9—1 are plotted Am flgure 9=53,

Examination of this figure indicates that the inertia that can be
accommodated by the IPS during earth point tracking without: ex~

o

ceeding a requlred gimbal torque of 16 n-m can. be wrltten in. the - _.__ _

form

whehe b is the slope of the line shown in flgure 9—53. ‘Measuring

‘. this slope gives a value of -

b = 2,157

This value is within 2,7 percent ‘of the negative slope of 2.099 -
shown in equation (8-50) which gives the approximate relationship
between the peak acceleration and orbital altitude. Hence it is
seen that the telescope inertia that could be accommodated by the
IPS is a funetion of the peak adgular dcceleration regulred to.
earth point ‘track. Or another way of looking at this result is
by realizing that the peak torque required is proportlonal to the

v .telescope 1nert1a times the peak acceleratlon or

Tpeak X Jml

peak.

;~Subst1tut1ng eqLatlon (8 50) lnto equatlon (9 8) nges v

23 GKTJ

_1TPeak T Rey

Solving equatlon (9—9) fnr the inertia keeping the peak torque

constant at 16 n-m nges the following

K h2 099

Wthh is w1th1n 2.7 percent of ‘the results obtalned,above and

(9-6)

(-7

(9-8)

(9-9)

(9 10)

i
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i
i
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Table 9-1.

That Can Be Ac
Tracking

Telescope Tracking'Error‘Méss'and Inertia Charaéteristids
commodated by the IPS During Earth Point - - :

ORBITAL |
ALTITUDE
(km)

FELESCOPE

MASS
(Kg)

TELESCOPE

INERT 12'_A '

Kg--m

TELESCOPE ¥ AXIS PEAK
TRACKING ERROR ~

(rad)

TELESCOPE Y AXIS PEAK
TRACKING ERROR
(ARC-SECOND) -

1§0
240
o

480

2.937x10

1.309x10°

3

5.698x10°

| 8.987x10% |

1.422x10*

1.292x10°

3

| 2-898x10>

5.622x10

3

8.867x10°

1.402x10% |

3

1.11x10”

9.93x10 "

2.55x10°

576k

6

3.31x10 7

5

5

'zdi%%;, -
;.253 _
o 2e288

o, 04683
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o , . 9.3 Peak Tracking Error Incurred During Earth Point Tracking - ? ’,?

P S ' Figure 9-54 is a plot of the values given in table 9-1 for tele- ' o SRR
lj scope tracking error vs orbital altitude incurred during earth
e ’ point tracking. Examination of figure 9-54 indicates that the

' tracking error can be expressed in the same functional exponential Lo

form as the telescope inertia discussed in.sectionm 9,2. The. - - T L

exponent which is equal to the slope of the line in figure 9-54 - 4 j B

is measured to be 3.092. This value compares favorably with the L TR

j) _ - 3,136 exponent in the expression for the rate of change of accel- SR

o " eration given in equation (8-52) being within 1.4 percent of it. ' O T

! ]

|

Hence, it is seen that  the telescope tracking error incurred

depends on the rate of change of angular acceleration which is |

R A . .. . directly. proportlonal to the rate of change of torque rather , o

SR ' o ‘than the peak torque required to perform earth point tracking., -~ = SR

: : This is not surprising since there is integral control and the

i effectiveness of the inteégral control in reducing telescope ;

L o : tracking error depends on how fast the torque requirements change.

: I ' This implies that if the pointing control loop bandwidth were ’ i

SE - kept constant, regardless of telescope inertia variatioms, then :
i
|

+
Pt
e i f

the peak tracklng error incurred would similarly remain constant.
- - This would be exactly -true if it weren't for the effect of the
- : " ‘disturbance torque applied to the telescope due to pedestal dy-
_ - namics which is appreciable as deseribed in section 9.1. - Table
- 9-2 lists the telescope tracking error incurred for a 160 Km
' ~orbit as a function of mass and inertia variations for the re-. _ ;
! commended suspension parameters and a 2 Hz pointing control loop“ ;
& - bandwidth, Examination of table 9-2 indicates that telescope-
tracking error indeed does not follow the variation in telescope
B ...~ ~mass and -inertia, The tracking error incurred for the nominal
§ telescopé mass and inertia (i.e., 2. 683x103 Reg, 2. 648x103 Kg—mz)
K and for one-fifth those values (i.e., 536.6 Kg; 529.6 Kg-m?) are
essentially the same. This essentially substantiates the con~
tention that the telescope tracking error incurred is essentially .
1ndependent of telescope mass and inertia or required torque for
a given orbital altitude as long as the pointing control loop i
bandwidth is kept constant. The relatively large pointlng error
_ incurréd at one~half nominal telescope mass .and inertla is con—~
sidered to be due to a pecullar 1nteract10n with the pedestal dy-
namics..

i sty + 1 Py et st st

’/\t

'9,4 TPedestal Rotations, Translations and. Isolator Elongations
Tncurred During Earth Podint Tracking - Table 9-2 gives the pedestal
peak y axis rotations and x axis CM translations incurred during
earth point tracking for the cases discussed‘abqve. '

bttt i




Téblé_Q—Zi Peak Pedestal Rotatlons and GM Translatlons Incurred

Durlng Earth P01nt Tracklng

ORBITAL ALTITUDE
Gﬂﬁ)

PEDESTAL PEAK Y AXIS
-+ : ROTATTON: (rad)

'PEDESTAL PRAK Y AXIS
“ ROTATION (deg) ...

— PEDESTAL PEAK p. 4 AXIS

01 TRANSLAIION (mm)

' PEDESTAL PEAK X AXIS -
CM TRANSLATION (in)

240

‘ 8;5ﬂ1':€*‘-.":f:“1

320

RN

i ettt s At s een aom

T I

400

1;9;;1¢?f
o
s

o 0i1095 .

,:6952;;
. _5{5Q%i
Sézgii

65;7& -'
65;95 
H'Qﬁs.ég:

67.76

2.589
2;556_
z{ség
216

2.668
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. Examination of table 9-2 indicates that the pedestal rota-
tions and corresponding CM translations are essentially constant
for the cases investigated. Since the peak torque required in
each case was kept constant at 16 n-m, this implies that the

pedestal translations and rotations. depend to first order on the
peak torque required to earth point track, and does’ not depend -
o the rate of change of the required torque (i.e., its .
Erequeney characteristies), This is the case since the rate

. - . of change of torque required to earth point track is still well
b below the bandwidth of the pointing comtrol loop and isolator

5 dynamics so that the angular rotations and CM translations of

]5 pedestal reach the same peak values although the points in time
- o ‘which these values occur change as the orbital altitude changes.

o b

Lo

it

man

RSO The isolator elongations associated with the pedestal rota-

[ tions and translations given in table 9-2 is approximately 33
mm (1.29 in) which is still too large to. be accommodated by the
Coincident Gimbal suspension system design. Hence the telescope
1 inertia that could be accommodated during earth point tracking
= is limited by allowable isolator elongations rather than the
LB S gimbal torque limitation, and a determination should be made of the
i f@ telescope inertias that could be accommodated at various altitudes
g while yielding acceptable isolator elongations,

{T ' 9.5 Techniques for Tmproving Telescope Tracking Accuracy
Lg During Barth Point Tracking - It has been shown in secktion 9.3

- - that the incurred telescope tracking error igs primarily dependent
on orbital altitude and essentially independent of telescope in-
ertia as 1ong as the loop bandwidth remains constant,- Referring
to figure 9-54 it is seen that a 1 arc-second peak tracking error P
during earth point tracking can only be maintained if the orbital ii

e
I

= - . altitude is greater than 420 Km for a 2 Hz pointing control loop
[i ' ' bandwidth using angular rate and-position. commands. Since many _ N _
earth pointing experiments are slated to fly at lower altitudes ' RENE
- a method for improving tracking accuracy is desirable., One possi- 7 c
I@_;. L ble way of improving earth point twacking accuracy is to add a : '
o ' ' “torque command to the angular rate and position: commands already
? ) ' being implemented. One possibility that comes to mind i5 to add
S a torque command whose furnctional form will be the same as the
orbital acceleration profile given in equation (8-23). Howevem,
R as pointed out in section 9.1, the constant that would multiply —~ . .. - fo !
RN o , the orbital acceleration profile would have to be greater than the P
cob telescope inertia about the hinge point. A method of determining LI
R ' “:the constant that: would multiply the acceleration profile would be i
to set that’ constanL tlmes the peéak’ aceeleration at the ‘time the
peak torque occurq equal to the peak.torque that is required to

AR Y A M SR 3 T et SR e iRy ahi R kgt
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- perform eaxth tracking for a‘particular telescope at a particul&r

altitude. - It is -clear that if this technique is to work then the

~econtrol torque required to earth point track cannot deviate from

the command torque which, is functionally the same as the acecelera-

- tion proflle to any "large" extent. Tt should be noted that not
oniy is the magnitude of the difference important but the rate -

at which the torque divergence takes place is of eritical im-
portance &ince that determines the degree of effectivity of the

“integral control. In orxder to determine just what the deviations
in the actual required control torque are from the’ command torque’

which is characterized as described above, a 160 Xm orbit with
telescope and inertia mass characteristics that were one-half

'-;the nominal valtes described in table 2-1.and the recommended |

suspen51on parameters was chosen as a test case, Flgures 9—55
through 9-75 show system response for -this case.

Using equation (8-23) the torque. command- proflle can he )
written as

R h(R th)(ZR th)51n[m t—B ]

. Té'= _JEmOZ{ . -:}J;..v
[R +(R+h) -ZR (R +h)cos(w t—e )]
'ﬁﬁéie
e = Orbifai angle with respect to local vertical'nhere earth

. polnt tracklng commences.

VE

For the 160 Km example clted the followmng numerical values

.1for the terms i equatlon 9-11 apply

'm0-=' 1.195%10 "> rad/sec
”fB; #”2ﬁ036xl0%2 ré&/séc
__Re' - 6378 n

i h.""*i'= 160 Ka

The poxnt in time at whlch the peak control torque oi —16 4

“.i.m-méoceurs 18 at -25.508 seeonds into. the run. . However, ‘the peak o
“ adceleration that” oecurs in the ne1ghborhood of ‘this time actually“F‘”' o
“oceours at 29 seconds‘lnto,the run, Hence, lf the constant JE

. 29-10

- (9-11)

J_ = Constant that multiplmes the angular accelaration profile
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required torque match at the point in time that the peak eontrol
torque occurs, the command torque would still be increasing until
S 29 seconds is reached, Performing the actual computations the
= ji angular acceleration at 25,08 seconds, the point at which the peak
o L control torque of -16.4 n-m occurs, is equal to 1.397x10"3 rad/
sec. The peak angular acceleration whlch occurs at 29 seconds
P is equal to 1.512x1073, Hence if equation (9-11) were used as
I the command torque profile the torque that would be commanded at
29 seconds would be edqual to

}} is determined by requiring that the command torque and the actual

i
| i -3
SR T, = 16.4(-]—'—111-‘-251-0?3) = 17.75 n-m (9-12)
29sec 1.397x10
{
li The control torque is actvally required at 29 seconds is

~12.8 n-m or a difference of 4,95 n-m. This torque difference
- that must be made up by the control system is appreciable but
}’ perhaps even more importantly this torque difference occurs over
four seconds of time. This makes the rate of divergence between
the actual required torgque and the command torque profile given
by by equation (9-11) appreciable which means that the integral
L control will not be wvery effective, The same behavior between
peak acceleration and peak control torque is exhibited at the
i other altitudes investigated, Thus, although it is anticipated
|f that using a torque command profile as described by equation
(9-11) would reduce the telescope tracking error than those that )
are presently incurred without it, it is doubtful that a tracking
‘ accuracy of + 1 arc—second could be achieved. If such accuracies
e are desirable then the torque command profile would have to be
more complicated tham that shown in equation (9-11). It is o
1: tnerefore recommended that system performance with the comwmand o
profile shown in equation (9-11) and the form of the torque pro-
files that would be required to yield + 1 arc-second tracking
errors should be the subject of future study.
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10. TINSTRUMENT POINTING SYSTEM (IPS) NOISE ANALYSIS

This section will develop, via analytical techniques, an in-
sight inte the pointing errors as a function of control loop band-
width for the IPS resulting from sensor and actuator {(ige., gimbal
torquers) noise. Various alternate sensing implementations are
congidered in these evaluations and include the following:

a, Separate Rate Plus Position Sensors
b. Derived Rate
c. Rate Gyro Control

The torque range used by sensor noige for the sensor imple-
mentations considered is also derived. These calculations will
be used to determine the allowable sensor noise from the viewpoint
of both pointing accuracy and the utilization of torquer range.

In addition, optimal control loop bandwidths which result in
minimum pointing error in the attitude estimate will be deter-
mined as a function of gyro and position sensor noise levels. 1In
this evaluation both white and colored noise for the gyros will
be considered,

10.1 Separate Rate Plus Position Sensor Implementation

10.1,1 Pointing Error Due to Positlon Sensor Noise -~ A simpli-
fied single axis linear representation of the telescope control loop
using the inside-out gilmbal configuration is shown in figure 10-1
where

B
“x

It

position gain (n-m/rad)

rate gain (n~m/rad/sec)

telescope inertia (Kg—mz)

J =
N = sensor noise input
Tc = control torque (m-m)

The transfer function between sensor noise input N and angular out-
put is given by

e

1
H(s) = +—
i, —&s
J

(10-1)

%
3

which can be written as

- —




A
H(s)=

s +2Cw s+w2
n n

where

= Zgwn

Equation (10-2) can be rewritten as

n
L

W
n

(s+Cmn+jwd)(5+§wn—de)

H(s)=

where

2
w
It

MO T 5] Gor ) (6w ()]

4
W
i) |~ — 57
[ who ) 211220l (W)

2]

Expanding equation (L0-5) results in

w4
n

2 2 22 2 2,22
[w +2mmd+(md+g wn)][m —wad+(md+g w )]

InGw) | %=

n

Factoring equation (10-6) gives

w4

I | 2= n

(wrhs HiTw ) (whu =300 ) (w-w +ige ) (w-u,-35w )

(10-2)

(10-3)

(10-4)

(10-5)

(10-6)

(10-7)

It can be shown that the mean squared vehicle peointing error

is given by
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. T e
B g [ ehwarelom [ o | %8, (do (10-8)

where
@ii(m) = input nolse power spectral density
8,(t)

vehicle angular error

Assuming a flat power spectral density (i.e., white noise) and sub~
stituting equation (10-7) into equation (10-8) gives

2 f+m wfl

8 (t)=K - — dw (10-9)
o p.s. (uﬂ-wd+jcmn) (uﬁwd jcwn) (m—md-i-j gwn) (m«md jr,u.\n)

where K is the amplitude of the flat power demnsity spectrum. The

integral showm in equation (10-9) can be evaluated via contour integra-
tion using the contour shewn in figure 10-2,

4 1
w_21j T : ) -
p.s. N [(~wd+jcwn+md+gcwn)(-wd+j§wn—wd+jcmn)(mwd+j§mn md jgmn)

1
+ ‘ - - ——— (10-10)
(W ¥t Hw +itw ) (W tiw +w,=3tw ) (Wetitw ~w Fiiw )

Bg(t)=K

Equation (10-10) can be written as

.

2 4 1 1
= o+ "].1.

which can be written as

5 2nwiKp s 2md
87 ()= = {10-12)
o 8cwnwd m2+§2w2
. d n
; T M (10-13)
eo(t)= 21;<p.s.= L PeS.

The rms pointing error is given by

10-3
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8 (e)]_ = Zp.s. g 12 (10-14)
o rms [ n

Assuming that 20 percent of the total pointing error will be
budgeted for position noise the amplitude of the allowable posi~
tion noise power spectral density is given by

_ 6.741%x10 14 rad2 _ 4,235x10 13 rad2 _
K = = 10-15
pP.S. £ rad f rad
n rac n —ac
sec sec
where a damping ratio of [g-was assumed.

2

10.1.2 Angular Error Due to Rate Gyro Noise Assuming Separate
Rate and Pogition Sensors - Using the block diagram shown in figure 10-3,
the transfer function hetween position error and noise input is given

by

@ K

0 1
N H(s)= KR KP 2Cmn 2 2 (1 )
s + ——s+ 8 +2§wns+mn

Using the same techniques as outlined in section 10.l.1

2,2 1
|0 (iw) | “=4 wﬁ[. o) 533 5 (10-17)
62w (wh ) “1 (250 + () 7]
2
ﬂg(t)=2“jKR c. 452“ ’w ng 7 2. fR.c. gi =Kp.G %?“ e (10-18)
* lﬁzm W, (w +, mn) M T

where

KR c. = amplitude of flat rate gyro noise power spectral

density Tad

Assuming that 20 percent of the allowable 1 sec rms pointing
stability error were alloted to rate gyro nolse the amplitude of
the rate gyro power spectral density is given by

2
Kp o =5.323x10" 12¢ (rad) /rad|sec (10-19)
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10.1.3 Angular Error Due to Torquer Noise — Using the block
diagram shown in figure 10-4 the transfer function between angular
error and torquer noise input is given by

6

o 1 1 1
L U — (10~-20)
N 2 J
T IsRHKsHG 2, _K%S . _lf_g_
a1 24245 - (10-21)
32/ [?;zwi+(uﬁ—md)2] [;zwfl-!-(w—wd)z]

Using the same techniques as outlined in section 1l0.1l,l the
mean squared noise error is given by

K
02 (t)= 5580 - Kgg 5 (rad)? (10-22)
2J Cwn l6m"J ﬁfn

where
KT c. = flat power spectral density amplitude of gimbal

2
torquers (o—m)

rad
sec

Assuming that 20 percent of the allowable 1 sec polnting
error is budgeted for this noise source the following results

2
. -10.2_3 (n-m) _
KT.G.—l.DSlxIO J fn wad (1.0-23)
sec

where a damping ratio of Jgfwas assumed for the control loop.

10,1.4 Torquer Range Used Due to Positlion Sensor Noige -
Using the block diagram shown in figure 10-1 the transfer function
between sensor noise input and the resulting torque nolse is

given by 9
KPJB
H.(s)= ——m——— (10-24)

T J52+K.Rs+KP

Equation (10-24) can be rewritten as

10-5




= s

¢
r
H

(sz)s2
Hy(s)= T_‘l_.__z (10-25) F
s 20w st R
n n
i
' —Jm2w2 %
. (10-26) :
H (jw)= _ )

T (wn w )+32cmnw -
!

i J2w4w4 (
: 2_ 10-27) o
IHT(jm)l (w —t ) +4c2mﬁ 2 E
Expanding equation (10-27) results in 3
12,8, i

1, () | 2 n (10-28)
H..(jw)| = -
T 4 22 4 o
w + {4z w n—2m Yw +wn g
which can be written as -
2_.2 4 (4C2w2-2w )w2+m£' ﬂ
IHT(JM)I =3% [ 1- 5 4 (10-~29)

w +(4C w 2m Y

e

Using the results shown above {equations (10-3) through (10-~7)
equation (10-29) can be writtem as

)

2 4 (4C2m§-2wi)w2+m2
[H.G5 w)l =J%w’ | 1- (10-30)
(ks g+ Gw, ) Carbon =5 2w, ) (wmw i+ Zw ) (w-w =i Lw )

el

[

The mean square torque noise is given by E
2 e 2 )

T ()= {m @, ; (@) iy (Gw) | “do= 7
2 4 I+m 2 4 I+m (Arzmi 20° w +m4d w g

J7w K dw-J"w K - (10-31) _

n J n J (w+md+jcmn)(m+wd ijn)(w~md+j;mn)(w Wy jgmn) E

Examination of equation (10-31) indicates that if a completely flat power
spectral density is assumed extending from 4+ the {irst integral is
unbounded as must be the casc since at frequencies higher than the

I




4

servo loop bandwidth the torque transfer function approaches KP
or Jwi. Therefore a noise cutoff will be assumed which actually

is the case since the sensors and actuators do have finite band-
widths which were neglected in this simplified analyticzl model.
This noise cutoff will only be assumed in the evaluation of the
first integral of equation (10-31), The second integral will be
evaluated from 4+~ as indicated. The second integral in equation
(10-31) can be evaluated by contour integration using the path shown
in figure 10-2, Therefore

2, _ 2 4 2 4 .
To(t)—J mnKP N (2wc)—J wnKZHJ

22 4

(4¢ W, ~2w )(—m +igw )2+w
(- iow o ticw ) (-w it cmn—wd-*-J cw ) (mwtjw ~w=1Tw, )

(4§ m 2w )(m +J;w ), +w4

(m Fitw Hw titw )(w +Jl;w tw—itw, )(w gHitw ~wFitw )

(10-32)

where w, is the noise or sensor cutoff frequency. Simplifying

equation (10-32) results in
2 24 —szsﬂK
To(D=3"wK (2w )-—————E~E———(4c -1) (10-33)

Assuming that the sensor cutoff is five times the loop band-
width W then equation (10-33) can be writtemn as

2 25 / s
i 103267k P-8e 42 1 10-34
o(t> n p.s. 2; ( ; ) ( )

2

Assuming a damping ratio of 3 equation (10-34) can be written

as
Ti(t):.}zwil(p ] {10— \‘—-_-‘] 7.783 w51{p . (10-35)
.S 5 .
Equation (10-35) can also be written as
3 12 (£)=7.617x10%7%67K (10-36)
i o N pP.S.
é
is o
= 10-7 R




Substituting equation (10~15) into equation (10-36) yields

Ti(t)=5.135x10_9J2f2 (10-37)

_ -5 .2
To(t)lrm5—7.166x10 JE (10-38)

The star sensor noise equivalent angle as a function of allowable
torque noise can be obtained from equation (10-36) by assuming that
the sensor has a bandpass that is five times greater than the
corresponding vehicle loop bandwidth which can be expressed by

the following relationship

Sw
2 [T 2 n
o= [ e (@] | dex [ b (W) dw=(21) (10)E K (10-39)
- -5
n
where
0, = sensor noise equivalent angle
@Ss(w) = sensor noise power spectral density
Hs(w) = gensor transfer function

Substituting equation (10-36) into equation (10-39), rearranging, simpli-
fying, and taking the square root results in

o T (E)] 2 T ()]

G =2.872x10 % 2 IS L 4-5.020x10° ~2—— T8 ga0  (10-40)
s 2 2
3£l ar?

The position sensor noise equivalent angle can also be deter—
mined using equation (1r -15), This results in the following

50 -14 1/2 172 B
or= [P ETA0 4y opaom(6.741x107 )] =2.058x107C rad=.4244 sec
=5 n (10-41)

It should be noted that the position sensor nolse equivalent
angle was computed over a frequency range equal to five times the
IPS pointing control loop bandwidth while using the value of power
spectral density amplitude determined in equation (10-15). This was
done in order to more realistically compare the impact resulting
from pointing stability and torquer range utilization.

10-8
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Equation (10-33) indicates that the sensor noise equivalent
i angle must be constant for any control loop bandwidth. It should
: be noted, however, that if the position sensor is used in an up-
date mode the noise equivalent angle shown in equation (10-33) would
only have to be met over the pogition update loop bandwidth. This
can result in a large alleviation of the position sensor noise .
requirements as the position update loop bandwidth 1s decreased.

The value of loop bandwidth for whieh the position sensor
noise equivalent angle is equal from both allowable torquer range
utilization and pointing stability considerations is given by

To(t)lrms 1/2

fn=79 3 (10-42) ‘i
10.1.5 Torquer Range Used Due to Rate Cyro Nolse Asgsuming

Separate Rate and Position Sensors - Using the block diagram

shown in figure 10-3 the transfer function between rate gyro noise

input and torque output ig given by :g

2 2 B
T Js 2 J(2i’;w )S .
H(s)= — =**;;£——-"—-=J€¥% = onlaly Ry (10-43)
Js +KRs+KP 52+ g +'f3 s +2Cwns+mn
J24;2m2w4
uGw) = Z 2 777 2
(2% (Wi ) “ 118w+ (w-w,) 7]
4(C2w2~2m2)w2+w4
2,.2 2 n - n n
=J74T "y 1 3 22 3.2 & (L0=44)
w4 w —2w )w
noon n
i Using the same technique as ocutlined in section 10,1.4 the
! torque noise resulting from rate gyro noise is given by
2, .22 2 2_3
Toct)_BJ 5 LunchR.G.—zw'J CwnKR.G. (10_45) !

Assuming that the sensor bandwidth is five times the IPS point-
i ing control loop bandwidth equation (10-45) can be written as

7, .23 _ 2 3 _ 3.2.3 _
T, (£)=0 W K (20- V2 M=15.5650K,  =3.86x10°3°EK, o (10-46)

where a damping ratio of---l was assumed.
| 2




3/2.1/2

T ()], =62.193f "TKp o (10-47)

Substituting equation (10-19) into equation (10-47) results in

r(e)]_ =1.435%10702 (a-m) (10-48)

The rate gyro noise equivalent rate error assuming that the
rate gyro loop bandwidth is five times larger than the IPS loop
bandwidth is given by

2,
UR—zowanR.G. (10-49)
Substituting equation (10-47) into equation (10-49) gives

4 rﬂ
0.1276 rad _ 2,631x10 _
N T Jf To (e )!rms sec an T (t)lrms sec (10-50)

The rate gyro noise equivalent rate error without considera-
tion of resultant torquer range utilized can be obtained from
equation (10~19) as

-5 rad
G}=1.829x10 f_ 288 =3,771F E8C€ (L0~51)
sec n sec

where the integration was performed over five times the IPS pointing
control loop bandwidth.

The value of loop bandwidth for which the rate nolse equivalent
error is the same from both torque noise and pointing accuracy view-

points is given by
T (t)] . 1/2
£ _=83.53 -ELTT-JEE— (10-52)

Figures 10-5 through 10-10 summarize the results obtained in
10,1,1 through 10.1l,5.

10.1.6 Computation of Optimum Pointing Control Loop Bandwidth
for Separate Rate Plus Positlon Sensor Implementation - Using the
results obtained in sections 10.1.1 through 10.1.3 the total mean
squared error incurred from position, rate, and torquer noise can
be written as

2

K R W R X
total C n 4f 16ﬂ232§f

620 (10-53)

3
n
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Differentiating the above expression with respect to the IPS
loop bandwidth fn and setting the results equal to zero glves

2

K [ 3
g.s.\_ KRéG. - I;Téc.4 =0 (10-54)
4f l6n”J3"¢E
n n
Equation (10-54) can also be written as
6 2 X} .2 3 Ko
b~ mx - W aax 70 (10-53)
4% Tp.s. lem'J” Tp.s.
Solving the above equation for fn results in
2 1/2
n {51 éﬂz Kp.s. Aﬂz Kp.s. 4ﬂ432 Kp.s.

Equation (10-56) expresses the IPS loop bandwidth that would
result in minimum pointing error in the presence of position,
rate, and torquer noise for the separate rate plus position
implementation as a function of these noise levels.

10.2 Rate Gyro Hold Sensor Implementation

10.2.1 Pointing Error Due to Rate Gyro and Position Noise -
The simplified block diagram shown in figure (10-11) represents the
rate gyro hold sensor implementation. The transfer function
between rate gyro neise input and IPS angular error is given

by ©
6 ~[K_8+K_] gt ==
-I-q-g =H(s):= !;R KCP =—2Cmn 3 2c 3 (10-57)
s[Js +KRS+KP1 sls +2;wns+mn]

u)2

and
( Wi+ —-—%
IH(j“)|2=4§2“§ 372 24C 23 Z (18-58)
o 12202 ) 21 (2205 )2 ]

The power spectral density of the resultant polnting error
can be written as

10-11




v

w
w2t —
|0, @ P4t o| ——5 7 7 (10-59)
W[ w71 0+ (w-wy) 7]

Examination of equation (10-59) indicates that there is a double
pole at the origin implying that an infinitely large mean squared
angular pointing error would result if the rate gyro hold mode
were implemented as shown in figure 10-1l. This result is not
suprising since there is power around de for the flat power
spectral density of gyro rate noise that was assumed and hence
the system will drift as time goes on resulting in ever increasing
angular pointing error. It is therefore necessary that a gyro
update scheme be employed in order te eliminate the effects of
gyro drift thus keeping the angular pointing error finlte. An
analog update loop that can be employed for this function is
shown in figure 10-12.

The position estimate power spectral density can be written

as 9
~ WK
*S. .G.
|6, () | %= —5R=3= + KI; 5 (10-60)
w WY
u u
The mean squared error of the position estimate can be written
as
) "R.G
Bo(t)=1Tqup.S.+ —w:'"— (10-61)

In order to find the optimum update frequency equation (10-81)
can be differentiated with respect to w, and the results set

equal to zero. This results in

KR.G.Y‘/z

mu T (10-62)
PcSl
or
KR 1/2
_ 1 | R.G. ~
£= 217(1( (10~63)

B

The optimum mean squared error can be obtained by substituting
equation (10-62) into equation (10-61) resulting in

n

Bi(t)=2ﬂ(Kp_S-KR¢Gp)1/2 (10-64)

10-12
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and the rms error in the position estimate is given by
N
. 1/4
eo(t)lrms Zm (Kp.s.KR.G.) (10-65)

If the position sensor Is truely updating the rate gyro then
mu<<mn. Therefore the mean squared error given in equations (10-61)

and (10-64) is also the mean squared position error of the vehicle
due to what can be thought of as an equivalent position sensor.
However, the rate gyro still feeds the signal needed for rate
damping into the system and to furnish the high frequency atti-
tude information required for vehicle comtrel. In order to ob-
tain the gyro high frequency (i.e., mu<m<mn) error contribution,

equation (10-59) will be integrated from -<<w<i®. However, contour
integration cannot be immediately applied on equation (10-59) since
there is a double pole located at the origin., Therefore equation
(10-59) is written in the following form

BurC DurtE (10-66)

2, 2 A
(2 ()] =4z E=E + .
o Xa.c. 22 )

2 2
,tﬂ{+(w+wd)

Upon evaluating constants A, B, C, and D the following results

A= —k - (10-67)
N
n
B= ——2—31—5 (10~68)
16g W
1
= —5— (10-69)
4T w
n
D=— —-——2—3-—2 (10-70)
16z mdmn
1
E= 2 2 (10"71)
AC7w

10-13
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Substituting equatioms (10-~67) through (10~71) into equation (10~66)
the following results

3 3
I |2 N éwd wl 1= Zﬁ; W
b (w)| = — + (106-72)
o KR'G wz m2+2wwd+mi m2—2mmd+w§

Examination of the first term in the brackets of equation (10-72)
indicates that an infinitely large angular error will result when
that term is integrited between +®. This is to be expected since
as indicated above it reflects the fact that the gyro will cause
a vehicle drift since there is energy in the flat rate power spec-
tral density assumed for the rate gyro around de. However, the
gyro drift error is taken care of by the gyro update loop as out-
lined above. The high frequency noise contribution of the rate
gyro can be obtained by integration of the second two terms in
equation {(10-72) over all of frequency. Performing the evaluation

results in
_ ™R.6.

high frequency 2Lw

02(t)] (10-73)

Therefore the total vehicle mean squared pointing error due to
sensors can be written as the sum of the low frequency errors
given in equations (10-61) and (10-64) and the high frequency error
given in equation (10-73) which results in

cw k4 R.6., TR.G.
total u p.S. W, ZCwn

5ensor

02 ()| (10~74)

Substituting the optimum update frequency value given in equation
(10=62) results in

5 _ 172, ™g.q.
eD(t),total _2H<KP.B.KR.G.) + 2§mn (10-75)

sensar

_The overall mean squared pointing error due to both sensors
and actuators is given by

2 1/2 “KR.G. 1TE:T.G.
87 (e) | =2m (K Yyt + (10-76)
0 total p.s.KR.G. Zgwn 232Cw3
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Exemination of equation (10-76) indicates that there ig no clear
optimum loop bandwidth, for minimum pointing error, at which the
rate gyro hold loop should operate. The noise error incurred will
decrease with increasing loaop bandwidth and will be asymptotic to

7 -~ 1/2
eg(t)Itotal~2ﬂ(Kp.s.KR.G.) (10-77)

asump

These results have been verified on variocus LST gimulations where
rate gyre hold was employed.

Assuming that 20 percent of the allowable 1 sec pointing error
would be budgeted for high fregquency rate gyro noise the following

results

rad 2

= -13 sec .
KR.G. 4.236x10 wn ~EE£5— (10-78)
sac

where a damping ratio of —l-was assumed.

\PX

Assuming that the position sensor and torquer nolse power
spectral density are those given in equations (10-15) and (10~19),
respectively, the resultant mean squared pointing error for the
rate gyro hold sensor implementation is given by

) . 1/2 2 )
62 (£)=2m(5.323x10" 4. 235x107%) +2[.2(4.85%10 6y1 =1.132x107M red?  (10-79)
- ~6 -
So(t)ltotal—B.SﬁhxlO rad=.6936 sec (10-80)
ris

It is therefore seen that the total rms IPS pointing error
will be met with the numbers budgeted for the wvarious error
sources.,

10.2.2 Torque Noige Due to Rate Gyro Noise for Rate Gyro
Hold Sensor Implementation - Using the block diagram shown in
figure (10-11) the transfer function between gyro noise input and
the resultant torque noige is glven by

T Js{K_s+K ]
.—.--l?]— =H(s)= -—'-——-—-—--—-—vsz l(P (10""81)
Js +KR3+KP
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2
and w
Jzaczmzmz{wz+ oy
) 2 n 4;2
laGw | "= —5 35 5 (10-82)
ic wn+(w+wd) 1{z w (W) 1

Using the same techniques as outlined in sections 10.1.4 and
10.1.5 the mean squared torque noise resulting from rate gyro
noise is given by

HJZMSKR
2 ael 2.2 n R.G. 2_ 4 _Qay
To(t)—Bc wnJ mcKR‘G.+-————§E———~[1+4§ 162 7] (10-83)

Assuming a rate gyro cutoff frequency of five times the IPS
pointing control loop bandwidth the following results
23

1J%w
n

2z

2, \_, 2 3.2 2 ., b _
To(t)-aog an KR.G.+ KR.G.[1+a§ ~167 "] (10-84)

Assuming a loop damping of<~i the mean squared noise torque

2
becomes

2,8 3.2 -
To(t)—l7.78wn3 KR.G. (10-85)

The gyro mean squared rate error assuming a cutoff of five
times the loop bandwidih is given by

2_
GR"lownKR.G. {10-86)

Substituting equation (10-85) into equation (10-86), simplifying
and taking the square root results in

To(t)xrms (rad)

Op=-1194 It prvn (10-87)
The rms rate error allowable from pointing considerations
only is given by
' ~5 _
0p=1.829x10 “f (10-88)

Therefore the loop bandwidth for which the allowable gyro
mean squared rate error is equal from both peinting accuracy and
torquer range utilization viewpoints is given by
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m,

To(t)'rms 1/2

IF (10~-89)
n

f =80.8
n

These expressions are essentially equali to those shown in
section 10,1,5 and hence the plots of those expressions alsc
apply here.

10.2.3 Pointing Accuracies and Update Frequenciles Involved
When Using the LDG 540 Gyre in a Rate Gyro Hold Mode — Using the

noise data for the LBG 540 gyro obtained by Martin Marietta
Aerospace. znd presented at the Seventh Biennial Guidance Test
Symposium »f Holloman Air Force Base in a paper titled "Testing
Technology for Fine Pointing Systems" by R. L. Gates, the low
frequency power spectral density of the LBG 540 can be approxi-
mated as

~18 2
2 2.2 0 d
[y |?= 22210~ xad (10-90)
w rery

where adjustments were made to the data presented in the paper to
obtain the units employed in this report, and to account for the
double sided power spectral demsities employed throughout this
study. Since the data is presented in terms of an angular power
spectral density referred to as table motion when it is controlled
by the LDG 540 gyro operating in the attitude mode, the gyro update
loop considered in section 10.2.1 can be revised in the following
manner as shown in figure (10-13).

It should be noted that this formulation favors the LDG 540
gyro since the noise due to the electronics which would be present
in the strapdown mode is not accounted for in equation (10-90), How-
ever, it is presently felt that the electronic noilse contribution
in the frequency range of interest 1s not substantial emough to
grossly change the results obtailned.

The transfer function between rate gyro nolse input egn and

angular ervor output is given by

H(s)= s;‘:w (10-91)
u
and
2wt
[HGw) [*= —— (10~92)
w
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The power spectral density of the angular error in the posi-
tion estimate due to rate gyro noise is given by

2 22132108 (10-93)

B{w) | "=
|8 (w) | =, 2
u

The mean squared angular error in the position estimate due
to rate gyro noise is given by

7(2.211x10 15 (10-94)

w
u

2
eo(t)lR.GT

The total mean squared error in the position estimate due to
both rate gyro and position noise is given by

_ m(2.211x107 28 - (10-95)

total W, u p.8.

620

The optimum update loop bandwidth resulting in minimum error
in the position estimate is given by

_1\l/2
. =(f.211x10 - (10-96)
u K
p.s

and the total mean squared error in the position estimate is given
by

1/2

=2ﬂ(2.211x10_18xK ) (10-97)

o2
eo(t)ltotal p.s.

The total pointing error due to both rate gyro and position
sensor noise can be written as [i.e., equation (76)]

_ 1/2 -18,  ( )
topal~2T(2.211x10 18, L)+ “‘2'2;é$1° ) . §T'§' (10-98)
p.s. n 23 Emn

820

Using the value for posiltlon sensor noise given in equation
(10-15) and assuming an IPS loop bandwidth of 2 Hz with a damping

ratio of-% the followlng results

=9.452%10" 13 rad? (10-99)

2
Bo(t)ltotal
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PRI

[E=Eg
e

-7

6 (t)] =9.722x10 ' rad=.2005 sec (10-100)

total
rms

This value of rms pointing ervor is almost totally due to
torque generator nolse and the contribution of the positisn sen-

sor nolse has been virtually eliminated by the use of the LDG 540
in 2 rate gyro hold mode. The gyro update frequency is given by

fu=5.142x10'“ 1z (10-101)
[¢) =

Tu=l,945 gsec (10-102)

This calculation indicates the reduced sensitivity to posi-
tion noise that can be obtained using a rate gyro in an update
mode. However, it seems that the LDG 540 gyro is considerably
better than that needed for the I0G.

10.3 Derived Rate Sensor Implementation

10.3.1 Angular Error Due to Position Neoise for Derived Rate
Sensor Implementation - A simplified block diagram of the IPS
contral loop using a derived rate sensor implementation is showm

in figure 10-14. The transfer function between position noise input
and the resultant angular error is given by

B B

8 s+ 5=
—% =H(n;)= —1(—R- K-R -chn —2——-—'—25—“—2‘ (10-103)
KR KP s +20w st
J n n
and 2
[I\]
|Gy | 2=az s . (10-104)
[(u.\ 2w duH-w ) (w —2uxud+mn)

Using the same method as outlined zbove the mean squared
angular position error can be written as

4T 241
(t) (‘ 7 ) Kp.s.fn (10-105)

10-19

[




The ratio of the mean squared angular error due to position
sensor noise uging the derived rate sensor implementation to that
incurred using the separate rate plus position sensor implementa—
tion is given by

3
Go(t)lderi\md
Kate =424 (10-106)

2
6o(t)iseparate

rate plus
position

For a system damping of I%;this ratio 1s three or approxi-
2
mately 1.73 times the rms angular error due to position sensor
noise results wien the derived rate sensor implementation is
used over that which would be incurred for the separate rate
plus position sensor implementation.,

10.3.2 Torque Noise Due to Position Noise for the Derived
Rate Semsor Implementation — Using the block diagram shown in

figure 10-14 the transfer function between position noise iuput
and torque noise output is given by

w
2 2 n
T Js“[K K _s] J2rw s [s+ —m]
—% =H(s)= 2 l(P KR = 5 n gg (10"10?)
Js +KRs+-KP s +2£wns+wn
and w2
2 J24C2w§w4[42+~z%]
HGw | 4553 (10-108)
W HATT=2)w w
n !
Bquation (10-108) can also be written as
2 4 2
[H(iw) |2=J24c2mi{m2+(———-——-—1+8€ “%6'; )mz]-e szz’— 7 ‘;‘“ +132 7 (10-109}
4T n nbu +(AL - 2)0 w
where
a=l (2-40%) (r8r %160 -4z 1t (10-110)
B=[16g4-3c2-1]wg (10-111)
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Using the same technique as outlined in section 10.1.4 the
mean s<uared torque nolse can be written as

3
5 4
T (t)= ngcz 2{~ li§§.:l§5_ 2.tk (10-112)
t 3 4C2 n PsSs

Assuming the position sensor cutoff is five times the IPS
loop bandwidth equation (10-112) can be written as

. 2.5
—— 2 4 J7mw K
2,5 02,25 125 . 5 1+87°-16f np.8.( o b 6) N
TS (£)=83% mnKp.S.\. T tr T J+ 7 (1-485"+641 (10-113)
The ratio of mean square torque nolse for the derived rate to
the separate rate plus position sensor implementation is given by

2
To(t)lderived 6 5 4 3.3
rate o 192nZ "~-960L -144TL "+2, 48x107 5" +60C+3T (10~114)
2 3[20C+ﬂ(1—4C2)]
To(t)'se
parate
rate plus
position
Assuming a damping ratio of —;~equation (10-114) results in
2
2
To(t)lderived
Tate - =21.86 (10-115)
2
To(t)lseparate
rate plus
position

or approximately 4.7 times the rms torque noise will result in
the derived rate sensor implementation as that which results for
separate rate plus position sensor implementation.

Assuming a damping ratio of‘i=ﬁthe mean squared torque for
2

the derived rate sensor implementation can be written as

25 ~ 625
T (£)=173.3J"w Kp g, =1.697x10°3 anp_B (10-116)
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The allowable position power spectral nolse amplitude assuming
that 20 percent of the allowable 1 sec pointing error would be
budgeted for position noise is

~14 2

" o 2.247x10 rad (10-117)
p.S. £ rad
n sec

The star sensor noise equivalent angle as a function of allou-
able torquer range utilization can be obtained by assuming the
star tracker bandwidth is five times that of the IPS pointing con-
trol loop. Hence
2 2
GR=20ﬁan rad (10-118)

(-2 2

Substituting equation (10-116) into equation (10-118) and taking
the square root gives

T (t)] T (£)|
3 —2———5595 rad=1,255x10° ~3———5£E§ Sec (10-119)

GRf6.085x10_
Jf JE
n n

The allowable star sensor noise equivalent angle from a point-
ing stability viewpoint is given by

Géf1.188x10—6 rad=0,245 sec (10-120)

The wvalue of IPS loop bandwidth for which equal noise equiva-
lent angle requirements result from both pointing stability and
torquer utilization viewpoints is given by

T (t)l 1/2
£ =71.57 -ELE-EEE (10-121)

10.3,3 Computation of Optimum Loop Bandwidth for Derived Rate
Sensor Implementation -~ The total mean squared pointing error foxr

the derived rate sensor implementation is given by

2 KT
2 4741 2 .G,
67 (¢t === K f 4+ ——2— —
o( )Itotal ( C ‘)'H P-S. 0 16“232€f3 (10-122)

Differentlating equation (10-122) with respect to fp setting

the results equal to zero and solving for fn gives
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1/4

P = 1 ZI_( 3 )KT.G-.\ (10-123)
4

n ZnJl/ g2+l Kp.sﬁj
which is the bandwidth for which minimum pointing error results.

10,3.4 Criteria for Choosing Between Derived Rate and Sepa-
rate Rate Plus Position Sensor Implementations - The criteria for

when one chooses between separate rate plus position and derived
rate sensor implementations can be formulated by the following
inequality

sg(t)‘S.R.P.f-Bi(t)lD.R. (10-124)

Substituting equations (10-53) and (10-122) int= equation (10~124)
gilves

T°K 4 2
r n 4L -\ z p.s. 1

Simplifying equation (10-125) results in

2.2
Kg.g.S16m £k (10-126)

When the rate gyro noise power spectral density meets the
ahove inequality separate rate plus position sensor implementa-
tion should be employved.

Another way of viewing equation (10-126) is to write it in the

following form
1/2
£ > !-_(KR'G-) (10-127)

n— 4mlK
plS-

or separate rate plus position should be employed over derived
rate when the IPS loop bandwidth meets the inequality given in
equation (10-127).

10.3.5 Criteria for Cnoosing Between Rate Gyro Hold and
Derived Rate Sensor Implementationg — The criteria for choosing

betwe=n derived rate and yrate gyro hold sensor implementatlon
can be formulated by the following Iinequality
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Bi(t)lk.u.f-ei(t)ln.n. (10-128)

Substituting equations (10-76) and (10-122) into equation (10-128)
results in

pP.8. n

2

1/2, Xr.e. (42?4 2

2 K o %p.e) Tt azs 'ﬁ(. T )"k £ (10-129)
n

After some algebraic manipulations equation (10-127 can be
written as

1/

2 Crar2
< 12¢ +1;4 (8¢ +1; Ky g (L0~130)
P57 rartnyeng ) J T

If the position sensor noise power spectral density meets the
inequality shown in equation (10-130), derived rate should be employed
over rate gyro hold.

Another way to view the inequality shown in equation (10-130) is
the followi 2

) , 122 1/2
¢ < [120541war (80%41) ] %R.6.
K

B 27 (4T 2+1) p.5.

(10-131)

If the IPS Loop bandwidth meets the inequality constraint
shown in equation (10~131) the'. derived rate should be employed
over the rate gyro hold sensor implementation.

10.4 Summary and Recommendations — The following are some
of the results during this study phase:

a. The derived rate sensor implementation will give three
times the rms pointing error as the separate rate plus posi-—
tion sensor implementation for the same value of position
noise power spectral density for am IPS contxol loop damp-

ing ratie of-—l— . This is true regardless of IPS pointing
2
control loop bandwidth.

b. The derived rate sensor implementation will use approx—
imately five times the torquer range as the separate rate
plus position sensor implementation for the same wvalue of
position noise power spectral density for an IPS control

loop damping ratio of ﬁ%; . This is true regardless of IPS
~2
polnting control loop bandwidth.
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c¢. TFor the derived rate sensor implementation. If 2 n-m of
torquer range is budgeted to be used by sensor noise, which
would correspond to 10 percent of the gimbal torquer range
for a 20 n—-m torquer, the allowable sensor noise power spec-
tral density would be governed by this requirement for IPS
loop bandwidths of 2 Hz and above. For IPS loop bandwidths
below 2 Hz the allowable sensor noise power spectral densi-
ties would be governed by pointing stability requirements.

It is recommended that a study be performed to determine the
effects of sensor 2ud actuator noise on overall IPS performance
using the system three body performance model described above
which were performed on a simplified linear second order model
of the IPS using white noise spectra. Actual sensor and activa-
tor noise characteristics including the effects of sampling and
guantization which would not be handled in an efficient manner
analytically would be included, thus allowing an optimum choice
of sensor implementation.

10-25

- e e m———

T




tlr

Figure 10-1. Simplified Block Diagram of the IPS for Separate
Rate Plus Position Sensor Implementation
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Figure 10-3.

Simplified Block piagram of the IPS with Rate Gyro Noise
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Figure 10-4. Simplified Block Diagram of the IPS with Torquer Noise Input
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Figure 10~14. Simplified Block Diagram of I0G Centrol Lodp Using
: Derived Rate Sensor Implementaticn
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- 11. SUMMARI AND CONGLUSIONS

The major conclu51ons of the studles performed can be sum~
b marized as follows:: : :

fj__ R S Bl IPS stability and performance is not:- sensitilve to sus-.

' ' pension damping characteristics. Damping can be variled over

, wide ranges (i.e., reduced by an order of magnitude from 'a -

- nominal damping ratio of 0.1) without any substantital change
' Codn system pointing performance. - :

h. TIPS stability and performance is not sensitive to pedesg-
4 tal mass and inertia variations with pointing performance
PR oo U remaining essentially the same for pedestal mass and iner
tia variations of plus and minus an order of magnitude from
nominal values.

a1 .

C.. IPS pointing-pérformance is. a function of telescope mass - '

and inertia’ characteristies. A pointing error of approximately

: 2.6 arc—seconds was incurred for a pointing control luop band=

L o _ . width of 2 Hz in the presence of crew motion disturbances for AU S
) B - the: telesccpe mASS characterlstlcs 1isted below R oL P

S . j3x = 50 Kg—m2 S o ':" e = | 7 ‘-?i
3, =35 Kg’\—m-zr

? o If telescopes in this class are to be integrated with
ST . -~ the IPS suspension system, ‘modification would be required
RN N . ' if + 1 arc—second polntlng stability is to'be achieved

s B, e it

- o d. A p01nt1ng erroxr of Q. 895 arc—secnnd was 1ncurred for

I L IET a pointing control loop bandwidth. of 2 Hz, in the presence

P o of crew motion dlsturbances using. the-. suspension system
parameters specified by Dornier Systems for the-Coincident

‘Gimbal system configuration. This pointing error which is

RS JRS . ). due ko one source-only.is quite. large and it is doubtful

o h " if + 1 arc-second pointing stability could be realized
once: all the other contributing error sources {e.g., - :
sensor and actuator'noise, gimbal nonlinearities, sampling

and quantization,..etc. ) are takan into consideration.;l.
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toLal allowable error budget.

ey Isolator axial elongatlons of approxlmately 4.3 mm (1:7

in) result during earth point tracking from a 438 KM orbit
for the suspension parameters specified by Dornier Systems

for the-Coincident Gimbal configuration.  These: elongations,
' which become worse as the orbital altitude decreases, are”

too large to be aecommodated by reasonable suspension 5yS—

tem.de51gns.

V 'f. It'is recommended that the susgensmon system parameters"

for the Coincident Gimbal be ‘modified from those specified
by Durnle to the follow1ng

= 202.5 ‘ﬁ;,—m/f‘éd -

K =K 2000 n/m Lk =
% Y .
K, = 500 n/m - 'k, = 3. 242x10 n—m/rad
V D v= D' 475 2 n—sec/m .'d.'ﬁ d = 48 11 n—m—sec
x Uy X y
D= 118 8 n—sec/m | d '='769 8 n—m—sec

_ The values for the suspensmon parameters llsted ahove
result in the following isolator design characteristles,j.‘

for the 001nc1dent Glmbal suspen51on system designs.

- 750 n/m o
D= 178 2 n—sec[m | )
o = 19, 47 deg

0.3 n

The modlfled suspens1on not only reduces 1solator

'elongatlons incurred during earth point tracking but also-
.glmproves 901nt1ng performance over that which resalted
for the' Doraier suspen510n speclflcatlons. : o

g. If the glmbal wire torque nonllnearlty is accurately
described. by: the. characteristic. shown in section 5, the

- Joamp dn that wire torque” chardeteristic would have. to be""'

0.05 n—m or less for the nominal. telescope and 0.0l n-m
oy less for the 290 Kg telescope discussed above in item
¢, if a p01nt1nb stability of + 1 arc—second is to be’

achieved.  These values will result in limit- cycle ampli-: fiﬁi: SRR

tudes:of 0.2 arc~second which is- twenty percent of the o
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wo ' h., The maximum telescope inertia that could be accommodated : :
S during earth point tracking assuming that not more than 80 i
: percent of the gimbal torque capability of 20 n-m be used, {
Er XL S : is proportional to the peak angular acceleration required.
L ' to earth point track at a given orbital altitude., However, : 1
i the actual torque required to earth point track consider- [
¢ ably exceeds, particularly at lower orbital altitudes, the o i i
_; : o peak angular acceleration times the telescope inertia about
for the gimbal himge point due to the action of pedestal dynam-
. ies. This effect can be reduced as the gimbal hinge point, :
i pedestal CM, and suspension center of elasticity are brought L
-k closer together. These results are for the recommended L po
o Coincident Gimbal suspension parameters and do not take ' A b
v into account the isolator elongations ineurred during earth .
: point tracking but only Lon51ders the 16 n-m torque Timi- : [
S o ‘tation, : : ¥ A
" i. The telescope tracking errors incurred are appreciably [ 5
exceeding + 1 arc-second for orbital altitudes below 420 P
KM for a pointing control loop bandwidth of 2 Hz when only- [
angular rate and position commands are employed. It is ! '}
: clear that if + 1 arc-second tracking accuracy is to be , D
R _ achieved during earth point tracking, a feed forward torgue P
I iR B ' “command would be required in addition to. the angular rate e
i and position commands presently being employed. i
R j. Telescope tracking error is proporticmal to the rate P
P ‘of change of angular acceleration required to earth point - _ Lo P
L . . track and is essentially independent of telescope Inertia “
i1+ - provided that the pointing contrcl loop bandwidth remains. .
ot constant, o '
T . S { -
% S : o
H ‘ S R
© ,
by 11-3 S S
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12, RECOMMENDED FUTURE EFFORT

The following tasks are recommended to continue and extend
the results obtained in this study in order to better undnrstand
and aid ESA in the d351gn of the IPS,

a, Detérmine the functional form of the command torque
profile that would be required %o improve system tracking
accuracy as a function of command torque profile complexity
-with a + 1 arc-second tracking accuracy for orbital altitudes
between 160 and 480 KM being a design goal.

P b. Determine the effect of parameterizing the distance be-

i tween the gimbal hinge point, pedestal CM, and suspension.

center of elasticity, on system pointing and slewing perform—

] ance. In particular, investigate the torque required, and

[ isolator elongations incurred, to perform earth point track- ;
’ ing as a function of these distances taking into consideration . ' i

‘the suspension modifications reyuired to maintain + 1 ave- ' :

second stability during stellar pointing as the distance

- between telescope hinge point, pedestal CM, and suspension

system center of elasticity, decrease. = : : o _ ' P fg

3

o

B ¢, Determine the maximum telescope mass and inertia that Pk
could be accommodated as a function of allowable isolator 3 i

r ) elongation for wvarious orbital altitudes. i |

d. Determine the effects of sensor and actuator noise on IPS.
pointing performance. Establish the allowable levels for
these noise sources as a function of sensor implementation

and specify recommended implementation update frequencies, ete.
‘ag a function of “sensor and actuator noise characteristics.

‘¢, Determine the effects of sampling and quantization on IPS
pointing performance. Establish the sampling frequency and
- 'quantization levels that would ‘result in satisfactory system
I ~ performance without compensating for these effects. If these
e : 7 vyalues result in excessive software utilization investigate,~
S A . _use of compensation to reduce sampling frequency while still
Eop ‘ " -maintaining desired system performance. characteristics. - The .
sl , effecta of sampling and quantization opn the errors incurred
due to sensor and actuator noise characteristics should also
be- determined. .

,
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. £, Determine the effect of telesébpe flexibility on over-

all TIPS stability and pointing performance. Establish a
meaningful technique by which telescope flexibility character=~
istics could be specified so that if adhered to by the pay-
load designer would result in satisfactory system stability
and pointing performance once integrated with the IPS,
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