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We investilgate the pointing accuracy obtalnable 1
with a con?1u1 system of the type used on the Apcilo Telescope ‘ “
Mount (ATM). Tt is shown that the current ATM design has a

' pointing errvor of lesys than 0.1 seconds of arc in the presence
ol' crew motlon and that the bulk of this error is due to so-
éalled breakout torgue in the gimbal torquers. Means are
discussed fo. reducing bre akout torque and other sources of

error to the extent that peinting errors not exceeding .01 arc ‘

5 are attainable with an ATM type system. Thus, such a
p* 1 meet : ’ointing requirements of a large (J mcter)
: te)e%cape. ; :

thc did of two mathematical
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SUBJECT: T'he Polnting Accurecy of an OATE:  February 17, 1969
Orbiting Gimbal Mounted
Telescope FROM: P, G, Smith

TM=bY=1022-2

TECHNTCAL MEMORANDUN

1.0 INTRODUCTION

e s B B
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Large orblting astronomlcal telescopes are potentially
capable of diffraction-limited performance.* To realize this
goal, however, it ls often necessary to lsolate the telesgope :
from motlionsg o! the spacecraft that carries 1t, One means of i
providing rotational lsolation ls that of mounting the telescope
to the spacecraft with a set of gimbals whose axes nominally
pass through the masgs center of the telescope. Luch an
isolation scheme is belng used on the Apollo Telescope Mount
(ATM), and it i1s also beilng consldered for some other manned
astronomy misslons. '

1.2 Purpose
It is the purpose of this memorandum to lnvestlgate

the ATM type gimbal mount and the assoclated attitude control
systems to determine: (1l)the pointing accuracy#® to be expected
from the ATM Pointing Control System (PCS), (2)the significant
system parameters so far as telescope pointling accuracy is H
cnnccbned and 3)the ultimate pointing accuracy attainable with

a gimbal mounted telescope on advanced missions,

l.3 Problem Statement

: ATM spacecraft attitude is malntained by means of
two Interactaing feedback control systems, one that controls
carrier vehicle attitude and one that points the telescope
relative to the carriler., Control Moment Gyroscopes (CMGs)

¥ The resolution of ground based telescopes with apertures
of over 12 inches 1s limited by image smearing resulting from
the light passing through the earth's atmosphere.

#%¥The term "pointing accuracy" in this memorandum refers
to the accuracy of malntaining a certain telescope attitude,
in contrast to the accuracy with which this attitude was initially
acquired.
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are to be used for ATM carrier attitude control, ...a CMGs will
probably be uysed on advanced manned astronomy misslons as well.
Telescope attlitude 1s controlled by torquers located directly
on the gimbal azes. _In addition to thoce produced by the
torquers ,there are torques exerted across the gimbals about
the gimbal axes by the gimbal pivots themselves and by cebles
crossing the interface,

Analys.s and computer simulations of the ATM PCS

have shown that of all the disturbance forces and torques acting
to influence the attitude of the telescope, crew motion disturbances®
result in the largest pointing errors. Thus for the AI'M, crew
motion disturbances are of prime importence Iln predicting

' pointing accuracy, and it is expected that this wlll also be
1 the case for other manned spacecraft with gimbal mounted

3 telescopes,

Crew motlions are represented here as time functlons
: possessing the essenllal features of single astronaut motions;
i similar represencations are belng used to design the ATM PCS,

! (sce Reference 1), The effects. of comblned and continuous crew
| motions are currently being studled by means of & stochastic

J process crew motion representation, and the results of these
¥ studies will be presented later,

el ' At this point it is suggested that the reader
A review the Conclusions (Page 33), whilch are organized so
o as to provide an outline of the intervening material.

2,0 THE EVWFECT3 OF CERTAIN INDIVIDUAI, SOURCES OF ERROR

2.1 'The Governing Eguations

The telescope polnting accuracy attainable with the
PCS depends largely on how succesgful one 1s at reducing certaln
sources of error that exist 1in the gimbal mounting and the
gimbal control system. Provided that cne is not doing offset
pointing (e.g., observing the sun's 1limb), the followling four
sources of error appear to be most impHrtant:

Mass Center Offset -~ Thls 1s the distance between the mass
center of the telescope and the.point at which the gimbal
axes intersect.

¥For a massive spacecraft, it is adeguate to represent crew
motions as forces and moments exerted on the carrier vehicle rather
than as additional bodies moving within the vehicle. Other
disturbances are those due to gravitational, aerodynamic,
magnetic, and solar pressure phenomena.
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friction, flexure pivots are used in the ATM glmbals,
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In these equabtions
the telescope X-ax

angular displaceme

chiar

lre . Hysteresls - A
1000 wires crosses the AUM glimbals,
acteristic of

addition to
pivot spring

rable of approxlimately

''hne torque vs.
the harness exhlbits

a spring constant, which

constant.

nearlities The ATM glmbal torquers
call threshold or breakout torque,
le hysteresls,
ons governing motions of a carrier and a
l by two degree-of-freedom gimbals are
e 2, In Appendix 1 of this memorandum
e rendered into a form that allows cne to.
Tl Dotwe nolntitg accuracy and the
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(2.2)

tche carrier and

and Y is the gimbal
L axLe | .T.l ane L. aye Lhe
.

respective carrier and telescope centroidal moments of inertia

about the x=-axig,

and gquantities m ana M

depend on the masses

off the two bLodies; Pys Py p3 locate the masg center of the

carrier relatlive Lo

the gimbal center of rotation, Ay dpo q3
“ €3

gpecify the mass center offsel, and Be B Dy-90 i B Ol e o)

E: hrx’ Kox’ Kr]’ Kel are the control system gains; forces and
£ sl e

#3ee (I-27) and (I=31) in Appendix 1.
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Lorgues exerbed on the carrvler due to crew motion have the
EYF CTTY T Al ers ¢ A 4 r\ imn e < " ¢ —
measure nunbers 11y’ hLJ’ blf’ 1y JlJ Piz’ torguer non
linearities are uccounted Ior Ly the funcetlon (1), which
spacifien the raelationshdp between cuanunded and actual
torgue; lastly, Tgl denotes the gimbal plvot torques other

than those produced by the torguers Appendix I glves more
complete definitlions of the quantitla% appearing In (2.1),
| o (2.,2).

: Por the v-axls (for the ATM this axis 1s normal
i to both the Workshop long axis and the telencope optlcal
1 axls), equations (1-28) and (I-31) ave appllcable.

: @ ] N ! = MU LW g & T4 o, . N
§ Lﬁl+m(pl“14p9”g)J *h w +hcuw M( 1lx“2*11y J) 4 llz | (2.3)

[N

[Ky=m(aq sy ta,8.,) ] y-tly) = ~ (P Poan )y, o+ MOF q o (2.0)

2 ge

where J = -K ol = Kegw

. 1] ,
Previously undefined quantitles are ¢ and i, the carrler and
telescope wz-axis rotation angles; v,, the glmbal angular
. b

digplacement about the z-axls; Kl and KQ, the respectlve carrler
and telescope centroldal moments of inertla about thls axls;

 and K, _— he&, sz, and K. 62 the aahOuiated control system
galns., : T ' ' ‘ _
2.2 'The Tovqu S¥y Characteri Lié'

| It is assumed that tho tovgu re béh&vé‘iﬁéally QXCupt'
for a so-called breakout torque, which j% modeled as coulomb
frietion.*  The resulting oharxctewiﬁtgc* :jcjgivanfby th&

functions

e : _r1"“ *v'.kf;‘“
_,T(L>3. -ty sen




BELLCOMM, INC. -

T T VA e

\:!
4

l\

ffor the first.and s¢cond 5Imbwl axes, respectively, where tJ

and qu are the magnitudes of the breakout torques and where
. .

sgn £ = ¢/]¢| ; £t 0
e 0 ’ &“O
Note that (2.%) render (2.2) and (2.4) linear differential

equations,* thi. being advantageous in that the various sources
of error may be studled independently.

rn

2.3 System Cons’ants and Crew Disturbances
In order to determine the telescope pointing error

attributable to the various sources of error, numerical valles

must be assigned to the vehicle propertlies and control system

parameters that enter into equations (2.1) - (2.4), and the crew

motions must alsgo be defined analytically. Vehicle proverties

used are tvhose for the current ATM as given on p, A-9 of Appendix I,

It is convenient to express the crontrol system galns in terms of

the undamped natural frequency and damping ratio of (2.1) - (2 i

thus, we define

. nfpl_ﬂm‘"__“. : 2 Q'V/”Kez 2 o
i : ‘ n BatDA,8
(] B ) T [] .
b x Z“x 1]+m(p2s2+p3s3) pa 2“2 K1+m(plbl+p252)

vhich apply to the carrier vehicle control system, and

¥We assume that |¢|<<|¢'| and consider y,=¢-¢' to be independent
of ¢, B0 the term Tbl sgn Yl is considered as a forecing function

rather than a nonllnear term in ¢; similarly for the relation between
Yo and w.

- P S T P A Yy - TP T RSP 7 Sy S S 2 R S RPAPEPSPIR O (Y PTI  SPRTRVS S AN LTV S AR E AT S RRPAEVESIR R aTR MV TR R A
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which apply to the telescope control system. To be conslstent
wit! current ATM design philosophy,we assign

R T e e o

! ' J 1
i Wy W G M0, rad/sec > e e 8 )0
]
1 | ) ' :
; w, ® w_ = Hq rad/sec = = 1,0
i e rad/ ’ S Bg
'
The crew motion disturbances used here are those
defined in Appendix II of Reference 2. Results are presented
: for two disturbances, one representing arm motion of an
' astronaut located in the LM, and the other representing a
; wall push-off performed by an astronaut located at the bace
A of the Workshop. These two disturbances appear to be worst-
case single crew motions for the AAP Cluster vehlcle.
The arm motion crew dlsturbance is defined in terms o.
the time function shown in PFlgure 2.1.

£(t)

Figure 2.1

Time function fepresentation of arm motion

.

.
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This function 1is applied at the LM crew station as a force of
1% 1b amplitude to both the x- &nd z-axes of the veh'cle, and
it 1s appliied to the y-axls as a moment of 20 ft~lb amplltude.
This definition usually results in attitude excursions
predeminatly about the x-axils,
The wall push-off disturbance is defin-~d in terms of
the time function illustrated in IMigure 2.2, The function 1is
applied to the vehicle y-axis as a 12 1b amplitude force, and
this definition usually results in attitude excursions primarily
; about the z-axls,.
:
f(t
t (1)
¥
t ~ SEC.
Figure 2.2 ;h
Time functlon representation of a wall push-off é
| ,
L 2.4 The Effect of Mass Center Offset %
g Equations (2.1) and (2.2) and the arm motion crew _
motion disturbance Just defined are used to determine the :
effect of mass center offset on x-axls telescope polnting ek !
accuracy. Numerical calculation shows that the second term ;
| in the coefficient of ¢ is negligible compared to the first :
| ternm, 12, and since F1y=0 for the arm motion disturbance and
" P3<<Pys it i1s also spparent that q5 is a more influential )
o parameter than a3 If we consider only. q, as a source of i
fg} error (2.2) becomes, in view of (2.5), i

A T
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With the essumption that |¢|<<|¢ | this equation may be
written as
) . ; O | -
Io¢+ Ky ¢4 K,y ém (mpye = MFy) q
' and the introduction of
b bgp ™ 9795
i gllows us to write
d
} i ' Sy
i !(‘ :Q} (]."1 \.q‘, + ‘\(:1 (:(.{:? !—'I UII‘;;‘.“ L lf]‘_]'/, (H.'S)
‘J Results of numerical integration of (2.1) and (2.6)

‘3gj for arm motion in the LM starting at t=0 appear in Wigure 2.3,

*f@q Two curves are presented: in one ¢OP(t) L8 plotted directly,

.&fﬁé and the other gives the root mean square value, determined from

& H .

H t ) " . ﬂ
¢ (k) = N2 2., (2) dz (2.7)
qlrms t Qe ‘

0 e
. |
; The latter quantity 1s usually a more accurate indicator of
; telescope polntling performance than 1s ¢q9(t) itselfl, for the
o astronomical data gathering process 1s usually one of integration.
: As an example, suppose that the telescope has a 0.25 inch mass
center offsetl and that we deslire a 2.5 second exposure interval,
I'rom ["Aigure 2.3 one can see that a peek pointing error, of .012
o arc seconds occurs at t=0.,9 seconds, wherewus the rms pointing
o error over the exposure interval 1s only .005 seconds of arc.,




BELIL.COMM,

¢Q:'ﬂ'

INC.

e

e D——

Q8=
o3

w
(=
.

N2 -

01k
I
0l

HON1 /SOK0D3S ¥

-.03‘—

-.0u -

N——————

3.0

- d .

o

-.05

- SECONDS

TINE

-~

Figure

- e

r

Falal .
i RS g P

3

~
-

of mass center

N Ol el N O AR




e el s e e T R

W REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

d BELLCOMM. INC. v 10 - : 1

By proceeding es before, the followling equatlions,
analogous to (2.,6), are obtalned for the z-axls.

l,':.'*'l‘

ql ¥ag Yan M UK

1

"
.

bon ® WP, ¥+ My (2.9)

) S » p
ho Yz ® Bup o Lo

Since p. and p, are of about the sanme magnitude, there are
Il !l} & »

now two equations for determining the sensitivity of telescope
pointing accnracy to the two mass center off'setys Gy and PR

Mgure 2.l presents results of numerlcal integrations of (2.3)
and (2.,8), and Figure 2.5 applies to (2,3) and (2,9); both are
. based ecn' the wall push=off crew disturbance. One may observe
‘ : that these two plots are essentlially the same, i.e., that point-
ing securacy 1s equally sensitive to mazs cenuver offsels inithe
Mpeatien (a.) end >n the v direetlon (g,). Furthermore, .on
J [

a glven mass center offsel q., the wall push-off crew dlsturbance
¢

(Figure 2.5) results in only about one third the pointing error
of the arm motion crew disturbance (Figure 2.3).

ol

2.5 The Effect oi Pivot Spring Corstant

A

To investligate this effect for the x-axls equations

we let

" a1 |

where KyW is the spring constant. As before, other sources of
Ey ]
error are disregarded, and it 1s assumed that |¢|<<|¢ |. With
the substitution ¢y1=¢/K (2.2) thus becomes
) S

- E, S e el . > 3 3 % :
it S e s Tt e e St s S R it P e 5

gl

| | . : :
» : : S - ¢ ) ) (
| Lo ¢y @ Bun g #ongy fpy & 12,10)

s s W 8 S AR 8 A T PR TRO OTYY
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P g ure 2 € shows molutions of (2.1) and (2.10) for
IM arm motion cumenecing at t=0, ¥For the ATM, the flexure pivot
spring constant is about I prt-1b/radian and the wire harness
V?rinb Co £ ab ou Lwlce hWig wmount (Reference 3); hence
¢

{
) \sa
” 2
ipproximately, Ky_lxl;' ft-1b/radian, Ore may see from PFigure 2.0
2 ' —l‘
that this value results in a pesk polnting error gt only 1. 4TXL0
seconds of arc, and one may thus conclude that KG] 1s a relatively
v ]

insignificant contributor to pointing error.

For motions about the z-axis, an approach simllar
to the one above lcads to

Ba b o v ops B R o & |

Wiare ol 5y B s belng the pivot spring constant about the
AW [T by
Arasintlon ob (23 and g 1) for a waell push-off
disturbunce 1s shown in Figure 2.(, from which one obls lng &
, .

? 1 i Lol . i ) o Y LNty i) oI et A e vt -~ ¥ L 4 Ly R VL. Ly
peak polating error ol 5,90X 10 = are seconds when x.gl‘,,-«_lf’ ft-1b/
P esting o o

radian, . lThug, Kfr,, 14 a more significent source of error than
oo Ll
K

but i1t may be less slignificant than some of the other
J ¢

10
gl
aOurees (.f' 4""'!’:"\':';'}", :"a“('.}A) as (!‘i 0

2.6 'The Effect of Breakout Torque and Wire Harness Hysteresis

e o ot e R

Mechanlcal hysteresis in the wire harness 1is thought
to be due to relative slippage of the wires comprising the harness
gs 1t 18 deformed. This hysteresis 1s modeled adequately as
coulomb friection, just as the torquer breakout torque 1s, and
for the x-axls we have .

l(—'l‘\rl(:-—l\c.lq») + JE_‘,] = (-2.r‘1¢)—l\el‘;)) - ([b1+]h-l) sSgn Y]

1)
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w! | ts the hysteresils torque, [t 1¢ now assuned thit
1 ' :
. n'
,'I,r Y‘ oy { \ ,’]‘ L arad ' eR AT ) v rw:‘?r’ e 1 [ S nNreEs {"
G < | g » andca orn L/ d . ana v B gonsiLuera a8 s8Sourcess ol
- ! l'l ‘:l
O] . '‘guant ! | ( o' ) bDecomns

. . LI ]

+ K o od, Fosgn ¢ (2.12)

where

The escential character of the solutions of (2.17)
may be understood by examlining the eaouation l1tself., It is
tmportant to note, for cxample, that the nagnltude of the

-

polnting errcr atiributable Lo breskouv tovrgue and harness
hystaoresls 1o determined by the values of K“], wa, and 1

I
rather than by the crew motlon disturbance used, '
SolJutlons of (2.1) and (2.12) for arm motion crew
disturbances in the LM are presented in Migure 2.8. ATM vealues
Hn ) rn

of W\, and T, , are spproximately .08 f4-1b (Reference 4) and

01 ft-lb (Reference 3), respectively. Thus, it may be secen
that for the ATM the pointing error due to these effects 1s
about .05 arc second peak and also .05 arc second rms for
exposure intervals of over 0.5 second.

For motion about the z-axls, the equation

corresponding to (2.12) is

o Vpp ¥ Ko Uy + Kop by = 58D Y (2.13)

K

in which wT?=w/(Tb?+Th?). Figure 2.9 displays a scolution

of (2.3) and (2.13) for a wall push-off disturbance, and
since Keq 1 &lmost eqgual to K one mny see that ¢T] and
s 5

el’
Vipo @re almost equal in magnitude, as was predlcted previously.
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3.0 I'Hii DPRECTS OF COMBINED SOURCES OF ERROR

3.1 The Flexlble Carrler Model

Although Equations (2.1) = (2,4) lead to useful
results so far as individual sources of error are concerned,
their validity may be questioned since several assumptions
were required to obtain them, In this gection the pointing
error of a gimbal mounted telescope 1s investigated by means
of a more comprehensive mathematical model, two of whose
features are of particular importance:

1, It 18 a full three dimensional model, as opposed to
a single axis one.

2. 'The carrier vehlicle 18 modeled as a flexible hody
rather than a rigld one, Thls 1is especlally important
for certaln vehicle configurations, such as the AAP
Cluster,

This model j“ not discussed in detall here, since it
dif'fersg i'rom the one degeorlbed in Reference 2 only in the ollowing

l. Jl.oads due to aervdynamlc and gravlity-gradient effects
are neglected, These loads are of such low magnitude
and frequency 1In comparison to those exerted by the
crew that thelr effect on telescope pointing accuracy
gs-negliglb ey

2, The carrier is flexible rather than rigid. This is
handled analytically In terms of the mode shapes and
frequencles of the carrier vchicle.

3.2 'The Modal Data

Modal analyses of the AAP Cluster have been perfovmed
by the Martin Marietta Corporation. The analysis reported in
Reference 5 1s used here to represent the dynamics of the AAP
carrier vehicle, and for lack of such information for future
vehicles, thls analysis 1s also used to provide typical modal
data for an advanced vehlicle, 8o far as the influence of crew
motlon on telescope polnting accuracy 18 concerned, computations
based on the modal data indicate that the following twenty-five
modes are most significant (listed in order of decreasing
glgnificance); 1y By 3y U, 8. B B, 7, 16, 11, 18, @86, 27, B4,
11, 15, 10, 14, &8, %1, MM 18, 26 13, 42, hése twenty-five
modes, whose frequnncies range from .038 to 2.275 Hz (excluding
the rigid body modes), are used in the model, and it is assumed
that 1.0 percent ol critical damping dacts on each mode.
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Compariscrn of Results for Flexible (

3.3
- .
node ls

The flexible carrier nodel does have the capablility
for evaluating all sourcer of error acting simultaneously. How-
ever, before using the model's full potential, it 1s instructlive
to evaiuate the gttitude excursions due to the scurces or error
acting individually so as to be wuble to compare results wlth the

simplified model used in Section 2,
such a comparison,
column, the types of attlitude érrors

The sources

of error

are

The following table provides
listed in the
considered are given at the

left

top, and the numbers in the Jormat (flexible body error)/(single

axls crror)

sgources of

error have

are

vhe attitude excursions in the units given,

-

5 x i ‘) M /vadd n m T wm ’_'il =.()‘: ','—. 5,
: }\{_',"I I\“‘,= 12 fhadb/radian; Tyt ™y Ib‘)!l 9 ft-1b
!

; ,

Carrier

Telescope

The

the numerleal values q.,=q,=0.25 1in.,
» [

R T . ¢y o - )
Telegocone 3

. pources Pe ak Pelescope Max RMS = : ..(."t
TR i T ARl s krror ;

;* ol BYrol Error Pegk Error peron Rl Errol In

: ,’ (seconds (milllseconds (milliseconds (milliseconds

Arm Motion
Uy

Kal

of arc)

6.88/4.,65
6.88/uL.65
6.88/4.65

oy

of are)

$95b/ Llve
i8E /115
50.1/50.1

arm motion and 12.0 seconds for the wall push-~off.

of arc)

le T b
16 /.10
41.9/50.1

of arc)

$27/17 .8
32 /.08
38.6/41.8

‘Wall Push- §
ofif %
1 a, 1o, 2188, | mic1/3.m5 2.69/2.50 1.19/1. 74 |
¢ q, 124 ,/323, 3.58/4.22 g.12/2.50 1 80/1 T8 g
| Ky o 124.,/123, | 3.98/3.96 2.85/2.,82 2.84/2.82 i
j Tyotly, || 124, /123, h9.8/49.7 h9.8/49.7 §7.6/49.7 |

|
. #t, 1s the time at the end of the crew motion - 1.0 second for :
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quite good for the wall push-off crew disturbance, which was in
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are 31 to U3 perceint lower when the single axls model 1is used
than when the flexible carrier model 18 used. Most of thils
difference may be explained as belng due to two contributions:
First, the pointing error gilven for the single axis model is
only that about the x-axis, whereas the pointing error for the
flexible carrier model is the vc or sum#* of the errors about

@)

N

= s PRl y O e 4 e ' EEPE Rt B L A ~ onmid . v e
the x- and z-axes. Az the arm motilon disturbance actually leads
' N 8 n" " ! - @ v 114 B A N B oy e 'y .
to substantial motions about both axea, ohe cal expect single
e
' \ - | { 3 “ 0 . 1 2 . , ;) Va1 i o] N 7 2|
axig results to be up to <% percent (I=l/ ¥V 2) lowen; Phe gecond
i g . N A } ! 111 13 4 v 4 LG ] r e e A

e ebalvi i ed o b RvE e ig 1§ dus o o the] AR R PR O R L R P el B 8RB G g !ww}\.ti',“ Ol
the ATM ceprrier vehicle, The LM, upon which the arm motlon

B Jaed Y s4s ' I 4 o | ¢ * | (565 0¥, (S | A ]
disturbance 18 .¢ ted and whioh the ATM 18 attached, 18

1 } Y Pt : . Yooag [ y v . Ty X wyi .
connected to the remainder | 193, carrier by means of a relatlively
t - K3 A e | <-4 cipm b 40 . AR 24 | S A7 Y ,‘_.u e G i
\3'.'11.5‘.'("‘!1‘ dock i = = i e N 7LD B G B nence, avtl UUGe excurslons of he
telescone niounting are lavger than they would be 4in the case of
Leles mounting arg ; WED . il ¢
CRE R B | ' y
i \
i) 1 } X
) e ! (60 1 \ | ! ( 5 | t ) { I I

1itions, we present hei
polinting accuracy
¢ Control

Based on the foll owing
prediction of the
1 the 1]

an analytilca

= g i 4 y J i N A e A N Yyr % 1
obtalnable wit current A sSystem,

1. aReaulte | sented in this section are for observation
of the radiometric center of the celestlial body belng
observed. So-called offset pointing 1s treated
independently in Sectlon U,

N

.’-1,\

The prediction i1s valid only for the single crew

disturbances defined previously.
to be, in some sense, wWorst case

Certain phenomena which influence
Saouracy not included 19 this
presently seems more s atigfactory
independently. These are

” '1'7(\

s ——— e e e AL S

Small

rotations assumed.

T S e 2 e e i

These are thought

sirigle disturbances.

telescope pointing
study because 1t
to conslider them
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a, - Attitude sensor anomalles.® For the ATM thi
x”(":.‘\ ."[' YIV}.:‘\‘ZIZ.A" ! Vil no = 111 t}' 41
sSun Sensor, and it causes less than 0,1 arc
second »ms polntling error,

b, welescove vibrational aistortion.* This effect
has been shown to be negligible for the ATM,
provided that one uses control system gains no
larger than those given In Section 2.3

; (Reference 0).
¢, Telescope thermal distortion, Although this
l)l'(v)}l]('.".‘ has 1‘(::['] exceluded "1¢m this f'»t,['kf|', 3 it
~ may well 1limlt the polnting accuracy attalnable
: with the ATM as well as other orblting telescopes,
eapecially solar telescopes,
! In eddition to the conditlons Just gtated, results presented in
: this sectlon are based on the numerlcal values used earlier in
thig work fop ihe sounrees. of Grnon.
G, & Ay Doids Ao, G G4 gt ieh
-’ [ /
! Roam B w2 fL=1b /radlen
: & E ¢
¥ m €M ) g m = ¢ b Pkl
: 1hji t P lb? + Ly o FOLC RS ol
0k |

: Pigure 3.1 presents the predicted attitude behavior
for astronaut arm motion in the LM starting at t=0, and Figure 3.2
presents the same lnformation for a wall push-off at the base of
the Orbital Workshop. The curves have the same interpretation as
those in Sectlon 2, except that the polnting error is no lonhger
due to Just a single source of error, and pointing error no longer

f# represents rovetions about Just a slrgle axis, Tn addition to the
x| gurves, each [lgure gives numarical values for four parameters of
i the motion, the definltions and signifiicance of which are now

glven

¥ These items are currently being studied at Bellecomm in
connection with a gimbal mounted one meter stellar telescope.

¥¥) negative sign 1s assigned to g, so that the sources of
FJ [ A2

contribution to pointing error; cf. Figures 2.5, 2.6, and 2.8.

error ., Q. and » wlll make the largest possible total
i 2 g2

S PR R GRR W
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Figure 3,1

Predlcted telescope response to arm motion
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Figure 3.2

Predicted telescope response to a wall push-off
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. reak later : the telescope angular veloclty
is resolved into components parallel to and normal to the line of
sight, we define the maximum magnitude of the latter component to
be the peall latersl rate.® 'Thls parameter 18 of importance for
Instruments eguiring small excurslons for only a very short tilme
interval, an example of which would be the photoheliograph, some-
times called the Zirin telescope, currently being developed at the
Jet Propulsion Laboratory for an advanced ATM, A typical exposure
irterval for this instrument is 265 milliseconds, and ~ne can thus
see, by reference to the peak lateral rate given in lagsure 3.1,
that the telescope will move rno more than ,015 second of arc

\!Ll}'.l!;{‘, SUCil arl eXposule.,

L rate

Yeak axial angle ~ 'his refers to the maximum
angular excursion of the telescope (and the carreir) about the
line of silght, ‘ltugives an indloarion of dmage motlion dt tlie
periphery of A large fleld of view,

Fegk gxial rete -~ Simply the time depivatlive of the

Hegalk eppnien arg This 48 the maxinum ettitude
excursion of the carrler at the telescope attach point about
any axig normal to the llne ol gight, If the telegcope mounting

gimbals are capged (locked), this quantity is also the peak
telescope polnting erpor. Yegk cgprier angle then, 1n combinatlon
with the pe&ak pointing error (uncaged), provides a figure of merit
for the gimbal mountling, Tor 1t shows how effectlve the gimbals
are in removing carrier gtiltlude execursions:.,

Figures 3.3 and 3.4 exhibit the pointing behavior
for arm motion and wall push-off, respectively, under the j
assumption that the carrier vehicle is rigid. Comparison of ?
Flgures 3.1 and 3.3 sBhows that the telescope pointing error
18 quite similar for the flexible and the rigld vehlcles,
except that carrier motlion and telescope pointing error at
the beglinning of the crew motion (t<0.2% second) are larger

e e A g e B U A

¥ : ; ;
Note that the maximum velue of the time derivative of
polnting error provides g lower bound on the peak Jateral rate;

for if the poilnting error is denoted e!'e =\/¢2 ) w2 s and

i (b + ) /e i\/¢2 + ¢2 , as may be demonstrated.

AT TS N L TR e
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for the flexlble vehlicle,” -
one finds the two -cases even more similar, except that now
the telescope polnting error at the outset (t<l.0 second) 1s
smaller for the flexible carrier, The difference between the
results for arm motlon (Figures 3.1 and 3.3) and wall push-
offs (Figures 3.2 and 3.4) for smaill t may be explained wilth
the type of argument Introduced at the end of Sectlon 3.3.
That 3s3, 1f the docking structure 1s relatively complaint, as
i8 the case for the ATM carrier vehlcle, then crew motions on
the ATM slde of the dockling structure, e.g,, LM arm motlon,
would usually result in larger displacements on the ATM side

Fy ' T \ 7oy r e v e @ o L [ B ’ b | )|
itk G OTHD @ XL E S el le LD S R - 8 e (8Tl o T

of the docking structure than wculd be exparlericed by a rigid |
carrier, whereas the docking structure compliance would !
: usgdally provide some lsolatdion from disturbances not on the ;
: ALM side of the ocompliant structure, e.g., wall push-offs, :
{ é
i As one may see by compaving Flgures 3.1 and 3.2, g
: the telescope polnting error appears %o be relatively independent ;
4 of Lthe magnltude of the caprrier excursiong, This belng the cage, :
Flgures 3.5 and 3.6 are presented to show the polnting behavior
tor arm motlon and a wall push-otf, respectively, when certaln é
‘¢ paremcterg sspoclated With carriely giotlon are asslgned particularly |
: conservative values, The echanpes from the basic case (Figures 3.1 :
: and 3.2) arve these: . ;

1. The CMG feedback galns, which have heretofore had the

values assigned 1n Section 2.3, are set to zero. The

CMus are primarily Intended to.cope wlth low magnitude, ;

low freguenay torques, such as those due to gravity,

rather than the torques resulting from erew motion.

Since the CMGs are in fact ineffective in responding

to crew motion, and since there 1s some disagrecement j
§ as to how completely the CMGs need be modeled, we ;
+ propose to determine telescope polnting accuracy :
g o wlth no CMGs. %
i §

. ———

no

All twenty-~filve modes listed in Section 3.2 are used to ¢
determine the carrier motion; previously; only.the first t

. i

twenty modes llsted had heen used. The accuracy of !

! these additional modes 1z questionable, but they do i
! involve frequenciles hlgher thah those previously used, i

e

#¥The flexible vehicle could show a substantial increase in
pointing error when acted upon by continuous crew disturbances,
due to lightly damped carrier resonances.

A T B R e R P T S KA it
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Regponge Lo arm motlon ‘for a rigld capryrler
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Response to a wall push-off for a rigid carrier
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3. “Strvectural demping for all carrier modes 18 set to
zero, Since our crew motions are not repetative,
the amount of damplng should be unimportant. How-

ever; this provides a sel, of worst case numbers for

qudntltiO' whose exact values are unknown,

Conmparison of Figures 3.1 and 3.5 shows that the
telescope pointing error is generally about 10 percent higher
for the more conservatlive set of parameters, although the
latter ylelds about 70 percent higner peak carrier angle than
given Iin Pigure 3,1, The Insensltivity of telescope pointing
error to changes in parameters that affect carrier motion is
even more dramatlc when the wall push-off 1s conslidered: the
more conservative parameters generally glve less than a 10 per-
gent ineveage in pointing ervopr and they actually yield &
decreuase 1n peak lateral rate (compared to Figure 3.2), desplte
the f'act that the peak carrier angle l1s 2.5 times greater in
lgure 3.6 than in Figure 3.2,

olrting Performance of o More Advanced Gimbal Mounting

=
f

S22 e e S Ml
J \
LA',‘ILYI ".'- [\LA

An analytlcgal prediction of the polnting capabllity
0f the current ATM u<L given in the last section. Irom that
discusslon 1t should be clear that the most promJOLng route
for obtalning even more accurate pointing 1s by reducing the
sources of error wilthin the telescope gimbal mounting, rather
than by trying to reduce the carrler vehlcle excurisions, l.e.,
rather than by use of improved CMGs or better structural design,
for example. Using thils approach, we show here how the pointing
error of the ATM could be reduced to the vicinity of .01 seconds
of arc, A set of aumberical values for the sources of error that
wlll meet this objective 1s now given, along with a discussion’
of how the sources of error might be reduced to these values.

Mass center offset 4y=q4=, HChen B Y Q.= -,05 In, This inplies

" for the ATM an unbalance of 270 in-lb about each axis. The:
experiment package can be balanced to within thls tolerance -
before launch (Reference 7), although balancing in orbit 1is
also possible. The difficulty with balancing in orbit lies
in measuring unbalance in free fall ("zero -g'"), but schemes
have been devised for doing this.t

O 4+ —— - ates o e

%¥See Reference 8 for a description of such schemes,
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Pivot spring constant K .mK .= K fr«lb/radlan,
. png) % S 35, [;! i?f"
nivots with adjustable spring constants have recently been
- (% ‘ : J

4

\

4 i 4 y M PP Yol rnm e P N )
{neorporated into the ATHM deslgn, rhese can be adjusted to
1 | y 4 . . / re 4 1 Yo ] v o ¢ ) ' t
e 8 R B Kok ant as de (02 4 erhanps even a negavlive
) 3

Ll G ‘ i ) g o 2h0 M & S 3 0] "ne
value to partially compensate for the spring constant ol
the wlre harness.

g m m el m i
g Tyt otiys

&3
01 ft-1b. As discussed in Appendix II, there are several
means availlable for modifying the ATM gimbal torguers so

Breakoul and wire hysteresis torqgu

as to achleve an order-of-magnitude reductlon in Th] and T
Wire harness hysteresig could be ellminafed by removing the
wire havrness and handling the transfel of power and data by
some other means, such as &a chaln link transfomer (Referenc
8, Kleo, one might be able to bulld By route the harness
o ga to reduce breakout torque,sposslibly al Che expense

of pivot spring constant; the lncreased spring censtant
could' Lthen be compensated, as explained above,

0}

. S S Q wed a4 P B L 1
bl T UG LS s oand 3.0 poreray Lhie POLIIL behavy

the sources of eyror Just gpecified due T0O the arm motlon ant
wall push-off disturbances, respectlvely, These figures, which
are regpealively comparable to Figures 3.l gmd. wd Tem . GhE
standard val es of the sources of ¢rror, exhiblt a peak polnting

]

» P g | 2 S e RG] wa Bat A - > - y P 0 ~ % 7 . BN SR 3 0 e e e IR B )
‘epror of approximately Ul Becoids ol &I¢ LoD both c¢rew motlions.,

4,0 THE POLNTLNG ERROR ASSOCIATED WITH OFFSET POINTING

e e

I, Introduction

' Tt has been tacitly assumed in the foregolng that
the two gimbal axes are initially perpendlcular to the telescope
line of sight. This condition ensures that any motion of the
carrier about an axls normal to the line of sight. can be removed
by rotations of the two gimbals, However, because af tnevitable
small misalignments, the line of sight 1s not precisely normal
to the gimbal axes, and moreover, one may wish to do offset
polhving, which also violates the perpendicularity conditlon.

In offset polnting, one biases,elther electricasly or optinally,
the telescope attitude sensor signal so as to move the iine of
glght away from the line to the radiometric center of the objectl
being observed, and thus the line of sight 1s no longer normal
to the gimbal axes.

=S —rt 4 e d 8 4 TPy ne s o w + rmt e
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Off'set polnting is used in the ATM to make detalled
observations of any selected point on the solar disc, the
diameter of which 18 approximately 32 minutes of arc., In this
section we determine the telescope pointing error assoclated

' 4 ¥ri oa 12 4 s : ¢ ™ © ¥y ‘or + \ { 4
W 1 LIl ihhadlihd 3'.(" ) P'VaL.LOTl Ol Vil L) \‘LJ‘\“" Qi al'\.‘ 30 l:!,‘“ B g

ey SR TP e R e T

h,2 Definition of Polnting Error

S " S

The telescope pointing error, denoted by E, depends
on the telescope rotation about the x-axls, denoted by ¢, and
the rotation about the z-axls, denoted by y:

P, "
2w Va2 4 42 (h1)

So long as all of the angles involved remain small enough, ¢
and ¢ may be determined sufficiently saccurately fromt

’ o oy Yo fd by

To study offset pointing we require equlvalent expressions which
allow for sufficiently large values of Yy #nd y.j Buuh eXpresglons,
..

derived in Appendix l1ll, are

#
,008y1)'

Ly P # ' #
¢ = %L¢ (cosy, +eosy,) cos (yy=yy) + 6 (cosy siny, +siny,

= G, b p # LY :
$ (sjnylsiny2+sjnygsiny]) + (cosY2+cosY2) sin (yl—yl)] (M,;)

1 [} .

e ] 1 @18 4 # ~- ’ 4 -3 f :
b= 2y sin (yg-vq) 8in (ypymyy) -6 (siny1+slny1) cos (y2~y2)

”

}

.

¢ ' # # ¥ ¥

é + (COSyl+COSy]) cos (y2-72) + [1+cos(yl~71{] sin (72-y2)} CHl)

. ' :
*The symbols ¢ , v,5 ¥ , and y, are defined in Section 2.1,
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Here 0 18 the angular rotation of the carrler gbout the y-axls,
i.¢ about the telescope line of sight when y sy =0 pand y. "
and y ,)* are the desired values of the gimbal angles (as opposed
[
to the actual values y. and Yo) o Angle: ¢ and ¢ are rotavione
I p &
about the telescope x~- and z-axes, respectively, and they arc
S * 13
defined such that ¢=0, y=0 whenever ¢ =0 =y =0,y]ny],y?=yp.

4.3 Results

Crew motions that resuvlt in large angular excursions

P o s 4o . y vy st ca o v |4 A . 1 e i VA 6y 4 vy ! e
about the y-axis are ol itnterast when QAoll Of { noLknLing,
. " VY T g | ) (N Yot | e N 1 o e
This type of motlon can be srranged by redetining the wall
t the force is applied parallel to the z-axls,

push-off so that tl
;,.114'1;‘;\1, Lhé'“ !,ﬂ “;.;'.’ ’ (.'} t'() tl}‘,", : e £) 'y.} 8 3 as (j‘ '} €2 ?)}"w'\’..l \']“\.!;', 1 :,' .

Figure 4,1 shows the telescope polnting error for

o = \ A ] s d e p p 1 A it o | e &N i
this crew motion disturbance and for the gimbal angles ‘t." =
OOV arC [CCOMNUE , value: that YO PeERDONIG GO O Vil Cil )
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Figure 4.1

Telescope pointing error when viewlng the sun's 1imb
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L

]

sunts limb, Part of the difforenen batween this plot ©~d@

of the precedin
the constant t

8 ome

ng ones; e.g,, rigure 3.2, 18 apparently due to

orques KV]\]* anc LF"Y°+ exlsting about the

gimbal axes by virtue of the relativel y large values of Y

and y?*. Figvre 4,2, which 1s obtalned by setting Kp]=K8q=O,
. . [ =8

demonstrates the significance of the plvot spring torques. In
order to determine the influence of off'set pointing on pointing
accuracy in the absence of plvot spring torques, Flgure 4,3,
for which y]*ﬂypﬁuo, is provided, Comparison of this figure

with Pigure 4,2 shows thut, indeed, the pointing error
attributable to offset ;ointln“ 1s mostly due to the consatant

C )T - Sl L T i e 7"'0
t o QU ‘o] 'y ale £1;K'\

#

The effect of K .y.% and K_,y.* on the telescope
8 L g2'e

attitude warrants further examinatlon. By substituting equations
(o, B inbe (222 and ...1 ), respective 1/, and by replacling the
gimbal torques TV7 in (2.2) and TF“ in (2.4) by the constants

B .'.{
Kooy ¥ andi B Ay ®, respectdvely, 14t may be seer that thi

e ‘ Ink &

telapcope avtituae regp
oK R
Y il Koy
l{’ = ‘.’ ,,y ) /h r

A . @ 'S ¥ ¥ .r~ - e - v . S
That is, Llel and Kg2y2 result in constant attitude displace

ments ‘of the telescope. Now according to the definlition of point-,
ing asccuracy given in a footnote in Sectlion 1.1, these constant
displacements may be assigned to the catagory of acguisition error
rather than pointing error, and 1t may be said that' the pointing
error due to an offset of a (uarter of a degree 1s negiigible in
comparison with that due to other sources of error, even when the
spring constants Kg] and Kgp are consldered.

i oM 8o et 2 WD S P

5,0 CONCLUSIONS ‘".

sets of llnear,constant ceefficlent differential
equations are presented in Section 2 for each of the two gimbal
axes., These equations are solved to give the approximate point-
ing error, but more importantly, they provide one with insight
into the nature of pointing error and of 1ts dependence on the
sources of error. For example, one sees that to a first
approximation the effects of sources of error may be added.
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Numerical results are presented in Flgures 2,3 -~ 2,9 in the
form of sensitivities of the polnting error to each source of
error, The information prescnted In these flgures may be
summarized as follows: the gensltivity of telescope pointing
error to mass center offset ls less thal .05 are seveond per
inch of offeet; the sensitlvity to plvet spring rate 1s at
most .0004 arc second per ft=lb/radian; and the sensitivity
to wire harness hysteresis or breakout torque is less than
0.6 arc second per ft=1lb., Although these numbers apply
speclfically to the ATM confiiguration, they provide’' a guide
fcr other types of spacecraft as well; and 1t should he
stressed that undeyr certaln clrcumstances, e.g., short e¢xposure
intervals the senslitivitles can be much lower than those
given,

S@ctlon 3 presents resulits obtalned from a nore
glaborate, threy dimensionals flexible body model,  The table
glven in Section 3.3 shows clearly that for the ATM, torquer
breakout torque ls & larger contributior to polnting error
than mass center offset, piveot spring rate, or wire harness

hysteresis. Results presented in Pigures 3.1-3.6 show that
piie pointing eryor of fhe cunpent AN deslgn sholld be less
khan 0.l seconds of aro,y  However, thig nunber deoes not include
the error due to sensor anomalies or thermal dilstortion, elther

ol whieh could be slgnlficanty 4t gseemy more catlsfactaory to
study these phenomena separately, inasmuch as they are not
problems unigque to the glmbal mounting or even to manned
spaceevalt, PFigures 3.3 and 3.4 indicate that the AYM carrler
vehlicle flexibllity doeg riot have a algnlflcant infliuence on
telescope pointing accuracy; moreover, Figures 3.5 and 3.6
show that certain other parameters having to do with carrier
vehicle motion have little effect on telescope peinting error,
even though their effect on carrier motlon 1ls large.

) In fection 3.5 18 prescnted a set of reduced values
for the gources of error which, if achlevable, would reduce the
ATM polnting error to the viecinlty of .01 seconds ¢’ arec, These
values 1ladicate the magnitudes of the gources of eivrcor that can
be tolerated consistent with .01 arc second pointing aeccuracy.
There soems Lo be l1lttle doubt rhat such valueg,or even smaller
values, are 1n flact achlevable, The encouragling results just
given do not imply that the -ost satislactory means of achleving
01 arc second polnting 1l t  reduoing the sources of error in
the ATM: at least two other approaches warrant conslderation,
One 1s an entirely dlifferent lsolation scheme, such as suspension
of' the telescope by electromagnetic devicesi the other ratains
the gimbals but incorporates more sophisticated control 1 inctions
that could reduce pointing error without requiring reductions in
the values of the sources of error.
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The subject of of'fset pointing ia treated in

ction Y4, where 1t 1s shown that the ATM pointing error is
untniinlly the same for observation of the edge of the solar
disc as it 1s for observation of the center of the disc, A
“iDuL11<;xt di fference between the two types of observations
s that offset polptling results In a constant telescope
attitude error due to the pivot spring being displaced
through the relatively large gimbal augle. However, this
constant attlitude error does n»nt affect the data gathering
process, and herice, it 18 more accurately referred to as an
acquisition error rather than a pointing error., It should be
rioted that certain angular misalignments in the sensors and the
gimbals result In a condition equivalent to offset rointing,
l.e,, 8 cordition in which the glimbal axes &re not perpendiculiar
to the line of sight. Our statement about the insensitivity of
polnting accuracy to elimbal offselt can thus be extended to
include insensitivity to these angular milsallignmenrts, provided
that the latter are less than t lxc: sun's apparent angular radlus
(about 16 arc minutes).
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APPRIDI A 1

Derivation of Simplifled Equations of Motlon

Reference 2 presents a set of differential equations
representing the attitude and control dyn..nies of the system
described 1n Sectlion 1.,3. 1In this appendix these equations are
rendered into tractable form by making certaln assumptions about
thelr behavior. Some of these assumptions are clearly justifilable
and others are less so. It 1s thereforc necessary to check
the results cbtalned from the simplified equations agalnst ;
numerlical solations of the complete equatioris in order to verlfy
the valldlty of the assumptlons,

IR AR

& Problem Statement

e,

Consider two rigld bodles, a carrier B. and a tecles-

B

- N 1 . - L T P 3 A e e ] ., f - \ ) e P 1 2 Bl 1 o
cope B,, that are connected by means of a set of rigld, masslens;,
‘ ; {
two degree~of-reedoin ginmbals, A shown '

: i I
o 3
of mutually peppendicular axes X. v, 2., i=l,2, avre fixed in B

W

Figure I N E
The dynamlcal model “
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The telescope optilcal axls 1s parallel to Yo and the two gimhal
axes are respectively paresllel to X4 and.zg, Yq and Yo being the
corresponding gimbal rotation angles; XoVq%q ¢ and XaVol, are
aligned when y1u72=0. Let the gimbal axes 1hLCPb00L at 0. The
locatlion of Cl’ the mass center of Bl, relatlve to 0 is specified
by Pys Pos and Y the X1¥q%, measure numbers® of th¢ relative
position vector; likewilse, qQys Ao q3 are the measure numbers
with respect to X,y.%., of the location of 02 relative to 0O,

J
bt 8

The opientation of Ha With pegpect to the lneprtislly

i
fixed axes AyvZ 1l specified by means of the angles ¢.0, and y,
generated as follows: initially a]ign)x?ygzg wlth XYZ; rotate
5%n about 2 5 by an amount y; follow wlth a rotation about y
of -amount o; thenh periom a rotatlion of magnitude ¢ about x.,

‘

X o) J ?

pringing X.y.2: 1nto e anal negltion,  Uag Poaregolng proceduns
4 [ s

i scometimes Kkriown as a 3, 2, 1 Buler angle sequence involving
the angies (. 6. and 4, VEEDOALIVEIlY,

Linearized Equatlons

The equations of motion from Reference 2 are first
linearized in ¢,0,0 3Y13Yo and their derivatjvea“*° the result

may be written in the form

(Ay + Ay) U = Gy(E) + G(t) + G;(t) (Tt

. 0 e e Ay 0 0 S

# A measure number 41s simply the dot product of a vector of
interest (e.g., the relative position .ector) with unit vector
having the indicated direction (e.g.,, narallel to xl). The term

"neasure number" i1s digstinguished from the term "component'" in
that the former 1s & gcalar, wheregs the latter 1s a vector,

##Linearization is a suitable approximation here because
¢, 0 g,YJ,ﬁq may be chosen so that they remain small and jt is

reasonable to assume that thelr derivatives also remain small,

1 g Uy RO 5 L 17 A TPy 0 YRR




BELL.LCOMM. INC, A3
in which Ay and A, are 5xb constant matrlces, u 1s a 5x1 vector
"— !
vhose elements are GaOaVsY aYys respectively, and 01’ }?, 03
are H5xl1 vectors. Matyix Al 1s symmetric, and 1t depends on my
and oy the magses of Bl and Nz, respectively:
S -
s2+52 -6.8 “8.8 ] 8
g b G b E8%0 rats - Pyl
8 & 9 {-¢2 -8 8 [ ]
il 71 Rg My P2 P2%3
- .“.‘.1.“‘ L g 2y
1 iy fals b U] X B Pate | (onR) %
“PqpB,~P P.8 Pz"‘P “PyD
i B rhail a1l 23 1
& pl.‘«:3 p/fJ ] 1---1‘;2 ) P]})j ])]“)2 5 {
where
B o= pitiase b diliE0, o (1-3)

Matrix A? is also symmetric, and 1t depends on the centroldal

moment§ of inertia Ii’ Ji’ Ki’ iml. 2, of B1 about the axes

X4¥4%q0 respectively (It is assumed here that the principal axes
are suffleclently well aligned with X4Yq%y that the products of
inertia may be neglected). :

T e St S
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1
Column vectors d], U?. 03 account for the forces
torques exerted on Iﬁl and B,. Let P} » 1=1, 2 denote the
j [ gy §
acting on 131‘,” and let b} <5 }ﬁ,,r, 1“152 be the measure numbers

F, with respect to x 2,. 'The torque acting on B, s

g yi’

and

force

of

] J
T,-T =T ,and that acting on B, is T,+T , where T 1s the torque
o 2 -2 =g’ el ©

e BT
exerted on the CMGs by the spacecraft, EF

1s the torque exerted

on-B. by Bl about the gimbal axes, and Ei and 12 are the torques

[

exerted on Hl and By,reﬂpcctively, due

dynamiec, and crew motion disturbances, Let the measure

of quTq"Tﬂ with respest to Ray Vay By be donoted by T]x’
' A v _’,’ y G X
1 regpectively, lLikewlse 1y b i 3% ST F ¢ the
122 bt y' 4 ¥ oy 2yt .ty lenote th

measure numbers of 2?+gg with respect to %., Yos %y

]
G], 8 Gi may now be defined:
. ¢ o
f" F‘ o w h’
- R e
Ao
e P e
1%% 37 NS

1 : .
G t v . - 11‘ 5 4 I'i &
LG ) L

Flyp3~plzp2

' . B FixPa-F

lypl.J

B el L

]
¥The forces and torques F,, F,, T;, Ty, T,, and T are
in detail in Reference 2, Section 3.2,

to gravitational, aero-

numbers

Ly !

Matrices

(I-5)
(1-6)
defined

P —-— TP PSR - vy nempema e

s Bt SO M T (1 A Y U CRRA  R
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fp !
o e | 1'/‘ .
Control and Disturbance Torques |
i
If the CMG gimbal angles are small, the CMG control "
system behaves esgsentlally as a linear feedback control, and Tc g
may then be expressed as a linear comblnation of carrier attitude j
grooy and gpprep nata,  To vthig ently 1eg whd attitude of the j
carrier relative to the inertially fixed axes XYV be specifled ;
in terms of a 3, 2, 1 Euler angle sequence involving the angles ‘
! ! ! ;
P, 8 , ¢ .. Orient the XYZ axes such that they are aligned with
the Xq¥q4q axes when the carrier is 1in the desired orlentation.
Now, the ATM vernler gimbal angles Yq and Yo are limlted to small
values by mechanical stops, and the PCS 1s designed to keep
excurslons of the carrier from its deslred attitude small, Within :
the approximation of the linearization carried out previously, we
thus have that ; f
(] (] L : i
g e g, 8 e ey (1-8) :
Therefore, for small CMG gimbal angles, Ec has measure numbers :
g K -y + K b=y
| pebio=y,) ox{4=Yy)
$ .
i K 8 + K
| ry ey ° |
: g :
i K e - i i
rz(‘p Y2) Kez("J Y2)
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with respect to X ¥q%q The quantities denoted by K =

rx’;

N
]
y? Ke? denote t

va arc the rate fecdback gains and K

error feedback gains,

.
N,
he

4
x? he

Telescope attitude 1s malntained by a linear fced-
back system called the Experiment Polnting Control (EPC) that
ideally applies torques 28 about the gimbal axes in response to

"]
a linear combination of telescope attitude error and error rate.
In reallty, because of torquer breakout torque, the torque
comnanded 1s not the torque actually delivered. lLet 1(1) be
a function that defines tue torauer characteristic, 1.e., the
actual torque resulting from a commanded torque 13 1 1s not
necessarily a function of 1 alone. The actual torquer output,

1  thus has measure numbhers
-8

'l'("Kr:l. Ql - K

Wirlun 2 Byp V)

with respect to x, and 2%

1 i

Crew motlon disturbances account for larger peak
polnting error than other sources of disturbance, such as
gravitational or aercdynamic effects., For thls reason, the
latter effects are neglected; vectors F, and 21 then arise

solely from crew motion disturbances, and F,=1,=0.

It i1r now possible to write equation (I-1l) in a
form more useful for our purposes:

A u +.Kr b K le Gl(t) + G3(t) + H (T<9)

Here A 1s simply the sum of matrices A1 and A2:
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‘J | L.n(r»z/i:.}) »*l.a:,jt.;’
: : g0
—mwjﬂy J]4Jz1m(sj+53)
At i Ll s

»ll~m(p232+p393) mp,8,

[ P84 mp, &,

whe re

(!

The 53 o rices Kr and K
galns:
hrx 0 0
0 Kry 0
Kr = 0 0 KPZ
—hrx+Kr1 0 0
o, {
ey 0 Krz+l
~ K 0 0
ex
0 l‘(e‘V 0
Ke = 0 0 Kez

A~T
"I 6y ’-I_l»nx(1)2r<24 P';“jj) mp s .
nmxsz Mpzsl P8 5
K, K.t ?! 2) K
K\l‘ \2 ["(.»l H 2 ln!p..‘nl - ,\'l"hl(, l“‘.‘ x»z,‘;z)
mp.,8 1 +m(p2+p2) “mp,p
< | 1 473 153

~L1~m(p18]+p282) -~mp]’p,J

m.m,
A

5 i s

m]+m?

composed of the control
-K s
j 40y 4
0 0
¢ Ky
er 0
2 0 hx'z o
—Kex 0
0 0
0 —Kez
Kiv 0 '
0 Kez =~

;
Kl11u(p]-&p?) |

(1I-10

(I-11)

(I-13)
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Let ':‘I‘,, '1'”, ‘i‘],/ denote the measure numbers wilth respect to

X135 Y19 %4 of the crew disturbance torque '3»‘_] vhen the crew

disturbance forece .’.,".j 18 applled to }‘.l ot C.'. Then
} e Al -y
: qlx
§ m ’
*1y
‘ (&Y m oA
! 03\1) = Ly (I-1h)
Fix
" ’
. L =Ty -
4 The 5x1 vector H accounts for the gimbal sugpension torques
'
T -7 that are exerted between B, and B, about axes x. and
L ] 2 1
P Iy ¢ Ak . ~ o ,)’: » ) m yom o ' Y 1
‘w’ 2, in oddition to the EPC L()l(]?. Lo 155 lgﬁl and 1552 are the
& - ' 2 0 €8 B | - ? &1 ] B £ ) “‘hor
s X, and z, measure numbers of lg ig, then
o O -
0
H = 0 (1-15) {
fi
Pgl
e = 'I‘g2 o
) It should be noted that the torquer characteristic has been
neglected in (I-9), 1.e., 1t is assumed that t(x)=x, This
; function will be incorporated into the .equations later.
Single~Axis Equatlons
Solution of (I-9) would be facllitated 1f these
five differentlal equatlions could be written as independent
' (uncoupled) equations. Inspection of matrices Kr and Ke,reveals
that although these matrices do contribute to the dependence of
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the equatlons (because of the non=-42ero off-dilagonal clements),
the contributicns ar: irdependent about the x axis L. 10

the varlables U]ﬂ{‘:nKi u““w]). the y axis (ngnn), and the 2

axls (sz; and u‘t,ﬁ). Matrix A clearly does Lot posscss this
X J ‘

single-axis independence, but 1t will now be shown that those

elements of A corresponding to the zero elements of Kr and Ke

: are small 1n comparison to those elements of A corresponding to
5 the non-zero elements of Kr and Kc'
Tt 18 necessary to choose numerical ~.ta for the
veh'!cle in order to evaluate A; the data used are those for
i‘ the current ATM,as obtalned from Reference 10,
h Mqie 3367 =lugs n, = 171 s8lugs
T oS B il ; E e )
.[.] B 5. 771%10% sivdg=1t J‘? s 2,342x%x10 slug=It
| b N ey 3
A J1 = 3,649110° J il O T X0
5 oA ¢
. o ’ " ’ 6 7 o O "1 '%
Ll w3737 %10 ' h? @ 2 630
mm;;i @ :-_-...13. 86 rt’ a‘)ﬁp?g..f??.,f)ﬁ f't, s, :p3=_.16 £t

7?; u]4p1

For these data

Hn “on c0D0l e0y 0004 |
L0k . S JoBbs. L 0F .0006
Kelcioboll E.6hDE 0, 0004 -1, x10° 81lug-rt?
0.7 .05 ogpl . dor | oiooal
. opol .o 0006 ol witpoL 4.

Lf the elements of A whose value lg less than 105 slug~ft2 are

neglected, then A assumes the same form, 1.e., has zeros in the
same locations, as Kr and Ke' Equations (I-9) mey now be written

as three independant sets of equations, one set for each axis:
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. 5 8,
[I,4I,+m(s5483) ] ¢

4 (-KQX+K

f') : .
[J1+d8+m(s$+m%)l b o

~lh1+m(plsl+p252)] 4

where

1 e 1 o 2 o Y A

(R K b+ K
4 ( }\C‘Z }\6’?) U }07

A--10

Jdpﬂss)] Yy + K : ¢ -

[ 41 b S
l' ] “<¥(). C -

ﬁ . e i i
—[Il+m(p282+p303)] o + [11+m(p2+p3)] L ( er+Kr])

sl B HLo s B M(FlyFB—lep?)

Rt o Ley g = h(blxs3

Bl

- vy e
+ LLl+m(pllp2)} Yo + (=K s

n

Y? 5 1"1(1‘ -| XDZ"']‘ 1}1r)1)

- £ 4] “

M = - ]_'_,_,_”"__
Tk /
142Jn1,;n2)

-

B 111]7

.{,.

s

B

(Tw18)

ETwlT)

(Tl

(i=19)

(Tepi)

(T-21)
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For convenlence let

B e ;
a] & Tl + 12 4 m(32+o3) ’ b] = -1] - m(“k”a'Vﬁ")
I) ’
- - B atP LB ), + S 36
a, = J:| m{} o K+p5 3) ’ Ld = JJ m(p{) p3).
gt s K ’ b3 ® =Koyt Ko
ay = -K ’ by = Koy
fg XD ! bt shpe ¥ Bay
v:"l(, = "'}‘.C)‘ s b() = }\cx
g, m M(=I. 8 Bl e L (RN el N 0
v M }Iy 5‘112 5) ok b b/ M( 1yP3 11%1,) T ugl
y (1"4":' J;
{Notice thnt Qq9000y Bg, bl""’hﬁ are constants, whereas
a. and b, ere in general wvarisble.) The x-axls equatlons,
(I-16) and (I-17), may rnow be written
8.3 iy e d2 ’Yl + 83 ¢ -+ a“ y]"‘ + 8.5 ¢ + 36 y]. = {;1,{ (}_-_.2:))
7 : : ' : + & ]
bl ¢ + b2 vy * b3 ¢ + bu Yok b5 b 0e ¥4 bY (T~24)

By appropriate change of varlables and redefinition of Byseors
Bys Doseee, b7, the z-axis equations, (I-19) and (I-20), may

g0 be written in the form (I-23), (I-24), and Hence the
techniques to be developed to deal with (I-23), (I-24).may be
applled to elther the x-axls or the z-axls equations,

By further approximation, equation (I-23) may be

: ]
expresscd solely in terms of the variable ¢ . To thls end,
use (I-8) to elMminate ¢ from (I-23):

; o . ;
By ¢ Hlagiag) vy hB e (a3+au) v, +ag ¢ + (35+a6) Y, = &g (1.-25

)
/
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Note f'rom (I-22) that 1;3+ewiv:%)!n(f'0, and rewrite (I-2%5) as

o
-4, ¢ -+ (a.

T T 0
l+a2)(p 41]) | 2 § - gs b 0w oy (I-26)

If the carrier is "reasonably large" compared to the telescope,
then

and 1f the control system is properly deslgned, then

O . N}
|4 +yql=fal<<]e |

Tt follows that the second term of (I-26) may be neglected when
compared to the first term, The siuplified carrier x-axils
equation is thus

. " e
[Il+m(p232+p353)] ¢ + er ¢ + K T (r=27)

+F1z82) T A

AR MY

ex JySB

and the co?responding approximate carrier z-axls équation is

4 431 ! s \ hl m !
[g1+m(plsl+p252)J v+ Krz Yy Kez v & M(—les2+blysl) + llz (I-28)

The two preceding equations may be used to obtain
the approximate motion of the carrier independently of ie-
telescope motion. Although it would be convenient to have
similar simplified equations that describe the telescope motion
independently of the carrier motion, such equations would not be
descriptive of reality, since the telescope motion does depend
intimately on the carrier motion. Equations expressing the
influence of the carrier motion on motions of the telescope may

be obtained by adding (I-23) and (I-24):

.
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s
(d 4+ )91(u +J?)y]+(a3+b3)¢+(u“+b“)]11(u5+b5)¢+(h64b6)y]=ay+b7 (I-29)
Use of (1—25) yields
[12~m(q9524q333)] ¢ + m(p2q2+p3q3) Yy & Krl ¢ + Ke1 ¢
; = M(I ] ﬂq-h_ 02) + Pﬁ] (I~30) |
,? learrangement and lncorporation of the torquer characteristic f
: give the desired expresslon: *
; o e ..‘“" O ‘c’“.’ . oy & o :,‘
[1 m ( Ly 24q303)]¢ r{ hf]’ hclz) m(p2q2+p3q3) Y4 :
(]]yqj quz) A+ Igl (I-31) f
The correspondlng equation for the z-axls is ;
:
LEamnodys  haoke ] Matioh ot-Kop) ==l 9 #2050 1o |
" { 1 .'- .

Equatlions (I-31) and (I-32) indlcate clearly that
teleqcope attitude 1s 1nf1uenced by carrier angular acceleration
(yl and y?), by loads applied to the carrier (le, Fly mz)’
and by torques imparted by the gimbal suspenslon system (Tgl and
Tg?). The reader should also observe that 1f three conditions
are all met, namely
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1) the telescope mass center, C,, coincides with the
[

intersection of the gimbal axes, 0, 1.e.,, q]=q?wq3s0
2) there are no gimbal suspension torquese, i.e.,
lll = ll| =
gl g2

3) t?e)torquers have an 1deal characteristic, i.e.,
1(X)=X !

then (I-31) and (I-32) reduce to

& I?I:\.”\I'] q--H\c] 4e2() ’ }\2U"i-hr‘,elp'l‘l(eglifao (I-33)

whose solutlons decay exponentially provided that Kr1>0’ Kr?>0'

: o
It should also be noticed that we now have a means for obtalning
an approximate analytlcal solution to the eqguations of motion
vhen 1(x)=x; following 1s the sequence to be followed in obtain-
ing a solution:#

1. Prescribe the crew motion disturbances E] and 23
as functions of time, :

2 Solve the linear, second'order, constant coefflclent
equations (1-27), (1-18), (I-28) for the carrlier

motion ¢ (t), e(t), v (t).

s R & T
-
-

' ' :

3 3. Reczll that in general |¢|<<|¢ |, |v]|<<|v |, and §
. ] ] ! 5

thus Y1=‘¢ ’ 723~¢ . §

i, Prescribe the gimbal suspersion torques Tg] and qu

i

as functions of time or gimbal angle.

R X
- -

i : i b, Selve the. . linear, seeond crder,. constant coelficient
equations (I-31) and (I-32) for the telescope motlon
¢(t) and y(t) by using y,(t) and y,(t) obtalned in

gtens 2 angd 3,

SaRANRIR S | IS

e AT

1 ' #The author has used this method to obtain the x-axis telescope
| moticn for the case when the crew motion i1s a square wave function
: of time and T

gl

is linearly dependent on Yqe
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Means of Redueing Terguer Breakout Torque*

The ATM gimbal tcrquers employ a permanent magnet
stator and a rotor with windings on a core ot magnetically
sof't material. Breakout torqgue is primarily due to magnetic
hysteresis in the core material, #¥

Since hysteresis loss gencrally variles as the 1.6
to 2.0 power of flux denslty, one of the most erfectlve
ways of reducling breakout torque jisg to reduce rotor flux
dencity. This may be done simply by partially demagnetlzing
the stator, and although this results Iin a reductlon of peak
torque proportional to the redustion in fluX density, the
ATM torduers are currently capable of producing more torque
than 1s requlred anyway. As an example, assume that we willl
g accept. a reduction In peak torque from the 1V ft-1b (fox
j both torguers) used in the ATM to the gquite adequate value
! of 1 ft=1b. The ATM torguers obey a 1.8 power relationship
: between flux density and hystercsis drag,®¥ and thus breakout
: torgue reduces from .08 ft~1b to 6.9 'x 107" ft-1b as peak
§ torque 1s decreased to 1/14 of its original value; i1f one
assumes @ more congervative 1,06 power relationship, breakout
E torque hecomes .0012 ft-1lb, st1lll well below the value consistent
4 with .01 are second pointing accuracy.

A AP b A

B = B SR ST

3 The scheme just described appears to be a quite
satisfactory means for reducing breakout torque since it is
¥ simple and since the loss incurred in peak torque is not

‘h detrimental to control system performance. However, 1f one
{ wlll accept an increase in torquer size, one can maintailn

4 peak torque while reducing breakout torque, this being

[ pessible because of the previously mentloned facts that

iq breakout torque varies as the 1.6 to 2.0 power of flux

! density, whereas peak torque varles only linearly with :
flux density. If one assumes a 1.8 power ralationship 3
: between flux denslty and hysteresis drag, a 10:1 reduction '
j in drag (.08 to .008 ft=1b for the ATM torquers) can be

: achieved by increasing torquer weight by a factor of about 18,

=} ' # This material is the result of discussions with
G. M., Anderson of Bellcomm and S. Noodleman of Inland Motor
Corporation, whose help is gratefully acknowledged.

#%® See Reference 11.
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, t.e,, one could increase both torguer dlameter and length
. by a fa:tor of atout 2,6, for example, Assumling the
: conservative 1.6 power relationship, we find that a 10:1
: reduction in drag results from a 1:46 incerease in torquer
; welpght, 1.e,, a 1:3,6 increase in both dlameter and length,
f'or example,
Breakout torgue can also be reduced by using a
rotor corc¢ material having less hysteresis loss than the
material (Jalox) used in the ATM torquers. Inland Motor
; Corporation has sugpested Mumetal for thils applicatlon,®
: since 1t has only about 5 percent of the hysteresis loss
t of Jalox (at the ¢ .me flux density).
¢
‘i
T .
i |
¢
B!
¥
ES
¥ L8
r 3
| ,f.
39
: % See Reference 11,
43 !
¢ A
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APPENDIY 111

Telescope Attitude Expresslons for Large Gimbal Angles

Let 1,, J;» k; denote a set of right handed, mutually

orthogonal unit vectors fixed in an inertial reference frame, and

106 3uy Jas k? be a set of right bhanded unit vectors respectively
o6 ¢ . = | ' '

parallel to Xo¥ 0o quantities ¢ ; 6 5 4 , Yqs and Y, are defined as

bc:i%yfm:.1' The two sets of unit vectors may be relasted by the trans-

formation 1,

o e '}
1, 1
- m
cj.(’ 3 4 J.'lw
| &, | | ky |
= ' 1 ' ' ' ' )
(¢ V" by 1" ‘,'?—} 0 8y l:,",'z) (¢ cy z-h' Y19 2--‘; Y8 2) (-6 cy ?.-i-(,’ ey, 8y 2~!~:~:‘,’ _l_w"?.)
' ) 1 !
I =) (~8y,=§ ey cy,+0 SY]CYZ) (-¢ sy tey ev,~¢ svlcvz) (0 SY2+v PYlCY?+bYJCY?)
] ] ]
i cv,) (-8y,=¢ cvy) (-¢ sy,teyy)
P

Here the notation CY,=CO8Y etc., is used, and 1t is assumed that
i A | ! ]

¢ , 6 4, v are small (consistent with the assumptions made in the

~carrier modal analysis). We define 1;, l;» g; to be a set of
inertially fixed uniL vectors that are respectively parallel to
11, ij, k when ¢ =0'—w =0 , Y48 Yl’ y2=y;, and we Introduce the
trxn,formdt*on :

e ¢ e 21 o ot

*Axee 2y2 2 and gimbal anglqs are defined in the Problem

Statement, Appendlix I; and ¢ b e ’ w are defined in Control and
Disturbance Torques, Appendix I.
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e -
¥ U L
- PY TS g eal
= 3 R Ry
J : -8y CY4CY, “Y1CVy
0 # "
5 -SY] CY1 |
wvhich satisfles the relationshlin
o " .e f o T
0 &y
# 0
I = 4 i
%*
| L }.{.jj = }
This transformation l1s orthogonal, and thus the desired relatlon-
ship 1s obtained:
i 1 e 1* -
;‘ ~2 i =2 ‘
f . % 3
; i st 4o
]
: #
| L L K -
r:' (28] * * * « oy o 2 e 4o e - " :
| ihe vectors i2, 12, 32 defiqe the decired attitude of
the telescope, and 1t is assumed that the telescope makes only
small excursions from its desired attitude. Under these circum-
stances, the telescope attitude may be expressed in terms of.
: ¥ # #
small rotations ¢, 6, ¢y about l2, 1?, 52, respectively, and the
unit vectors may be related epproximately by i
" E
|
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5 [ -
1. 1 ¢ .6 i,
Az | 4 &
H #
d wdl Ao
*
.‘f.') o 2 9 1« .‘5.;)

An expression for ¢ 1s obtalned as the average of the two elements

#m
ar i ] corresponding to the locations of ¢ In above equallon,
#p #r .
= fjvn i1 3 v
b % LOTP )00 e (DT TR0 AR
] ! =) i ' k- i
- [ ¢ (cY?+cyg) cos (y)wyj) + 6 (Cyluy?+8y2ﬁy])
! # % i B
+ ¢ (BY ':s*‘,r:‘)--!-:z (58 ""J) + (c ,'?~I (*-y;)) sin (v \ .--',])J

Simiitarly, AN eXxprempsion 1op. U i8 obtained,

%'l,'

&= mrp e |*T ’
v = [ (11 )12 - (T )21] /?

' # # ! # #
» 5 {=5 BRIN (yy=vy) sin (Yamvy) =0 (sYl+sYl) cos (y,=vy,

1 # #* # . ¥
-+ v (eyytery) cos (yp-vp) + [lteos(yy-vy)] sin (vy=v,))
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