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" NOMENCLATURE
‘ao S ' . ; " = accelerometer gain, Eg. (5)-
a . o 7 o = accelerometér output, Eg. (5)
Ix'Iy’IzA » T C = moments of inertia about principal axes -
' . .. . .. = least common multiple of TS' TQ
N = torque, Egs. (1), (3)
N - -~ . = torque, Egs.. (2), (3)
T, = spacecraft spin period
TQ =_spacecraft nutation period
o Lo ' o = -1/t + iQ, complex energy. dissipation, .
e g R ‘ ~ Eq. (14) ,
A A, ' . = angular position of. control thruster with
- B ‘ ' respect to spacecraft axes.
AD - T - =.}3..~Aitlthrust_9ulse d.uratjib'hi'ehibrés-éé;i in
' B - B radians or degrees
At v ' a —_— = thrust pulse duration, in seconds
M ) » o - =. accelerometer angular pbsition, Eqg. (5)
o A - = nutation phase angle at initiation of
thrust pulse -
o - ' = measure of moment of inertia ratio
' ' between transverse and spin axes
T ' S ' = energy dissipation time constant
= TR, ':T"‘:"‘:’fr”""f': - :'::z‘:"’;:’“;”‘é&ﬁﬁfﬁisﬁ: angle, Egs. (4), (ey .= — 77
w(t) _ : = transverse angular velocity _
o, . ' = initial condition on ¥ in Egs. (9), (11),and (14)
S ' o = spacecraft spin rate '
Q = nutation frequency
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THE USE OF PRECESSION MODULATION FOR NUTATION e
CONTROL IN SPIN-STABILIZED SPACECRAFT A T
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- University of Missouri—Rolla, Rolla, Mo.

Richard J. Donnerz. : o

McDonnell-Douglas Corp., St. Louis, Mo.

Vehbi Tasar3

University of Missouri-Rolla, Rolla, Mo.

~ ABSTRACT

This paper analytically derives'the relations which determine
the nutation effects induced in a spihning spacecraft by periodic
precession thrust puises. By utilizing the idea that nutatiop.
need only be observed just before each precession thrust pulse,

a dlfflcult contlnuous time derlvatlon is replaced by a 51mple
discrete-time derivation using z-transforms. -The analytlc results
obteined are used to develop two types of modulated precession
controi laws which use tﬁe precession menedver to COncurrently
-control nutation. Results are illustrated by digitalvsimuletion

of an actual spacecraft conflguratlon.
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I. INTRODUCTION

-Spln:stabilization is.used to“inertially fix a spacecraft‘s
thrust vector durlng a transfer ellipse; however, spln about an
ax1s other than that of max1mum 1nert1a results in an unstable
equillbrlum condition. Energy-diSsipation resulting from flu;drh
.motion”ln'heat“pipes and fuel'tanks causes the nutation angle to
increase. Furthermore, durlng the transfer elllpse, if it is |

‘necessary to precess the. spacecraft s spln axis to reorlent the
‘thrust vector, th1s maneuver can also cause the nutatlon to lncrease,
| This paper analytlcally derlves the relatlons which determlne
the nutatlon effects induced in a spinning spacecraft by perlodlc.
,preceSSLOn.thrust pulses. By utlllzlng the idea that nutatlon need

nly be observed.just-hefore each:precession thrust'pulse/ a
tedlous, unmanageable‘contlnuous—tlme derivation reduces to a 51mple
" discrete-time derlvatlon whlch can be ea51ly solved through the use
of z—transforms,
| The analytic_results:ohtained are used to develop two'types of
"modulated‘precession cOntrolflaWS‘Which use“the'precession'maneuver
hto’concurrently control nutation..
,Section IIvbriefly‘revieWS-nutation‘in_spinning spacecraft and

active nutation control.i'Section ITIT develops the relations which

L T T e S T TS - SSte ST TS iTOS T SEm A mmam o me L Se sThemme D CASISDSISE S Sews me T S T SS@s o DR v mE = S S )

determine the nutatlon effects induced by periodic prece551on thrust

pulses. Section IV develops the,relatlons requlred to modulate the
precession thrust pulse seéuence so thatjnutation is reduced. Sec-
tion.v describes tWo-types'of.modulated precession nutation control
laws which are demonstrated in the digital simulation of a Synchronous
Meteorological'Satelllte‘(SMS) configuratioh. Finally, Section VI

presents conclusions.

-~




II. NUTATION AND ACTIVE NUTATION CONTROL-

-In 1968 Gragshbff (1] published thg original .work on a
control law which ¢an be used £o sense‘and remove nutation auto-
‘"méticaily.' Grasshoff's basic differéntialvequétién for the;trénsj

» .‘verse angular'véldgity of'the spinning spacecraft is

o (t) +1i§2w(t) =N (1)

and the solution for a control thrust duration of (t -t ) seconds

’ 2 1
is given by
' o ' ‘ N it
) ~i -t.) . -3 —
o (t.,) _ W ,)e lg(tz tj.) L 0 [1-e 19(t_p tI)] . (2)
: - : ’ iQ -
where N in (1) is defined by Grasshoff as :
N =N et : | - (3)

and X is the éngular pbsition of the thrustef in the spacecraft's

- coordinate éjstem. Thus, if a thrust pulse is initiated at the

- proper time and_for ;he proper durétion,'w(tl)-is less than w(t}),'
and the transverse angular Velodity is<reducedf ' |

Grasshoff proceeds to define the nutation angle as S

0= w(t) /). | | (4)

f’=*=5“%-4Nutation=is‘sensedbe“an‘accelerometer‘wtth“seﬁsitiveﬁéxis*“*”’ o
parallel to the spacecraft's spin axis and'is removed by properly
‘timing the firing of a small thruster whose thrust ‘axis is also

parallel to the spin axis.

The sensed acceleration is given by




“resents

a = aoe‘sin (Qt + u) ' A -(5)

in which 6 is the nutation angle, y is the'phaSe angle that

defines the pésition of the accelerometer with respect to the
poéition of the thruste;, and a6 is a'gain that’is a function

of the ‘accelerometer's radial position and the spacecraft's spin
fate. | -
Energy dissipation due to liquid movement in. fuel tanks and
heét pipes of the spinning spacecraft causes nutation to contin-
ually increése. Fbr éméll pertubations,.the incfease in nufation

angle} 9, causeq by energy dissipation is generally represented

-

[3] as B j o : . Y

6(t) = eoet‘/f, - - (6)

in which T is the time constant of energy dissipation.
Due to the relationship in (4) between 6 and w(t), energy

dissipation can béAincludéd in (1) to give
~ w(t) + (—? + 1iQ)w(t) = N - (7

Figure 1 illustrates a simple, nonoptimal, nutation control
law investigated by Taylor [2] for the International Ultraviolet

Explorer (IEU) spacecraft. A threshold is established which rep-

the amount of. nutation that can be. removed by a properly
phased thrust pulse of duration equal to one spin period, i.e.,
2ﬂ/ws. Nutation is sensed by the accelerometer. When the next

zero-crossing of the acceleration sinusoid occurs, the thruster

fires and reduces the nutation to near zero. Illustrations la anrd
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15 shb; the nutation éqntrol for a‘small initial-nﬁ;ation, and
lc shows the series of repeated thrust pulses that are required
for a large initial nutation.

‘The nutation control law présently plénned for the IUE_

bperates>in the same manner except that the thrust pulse is of

a duration equal to one-half the nutation period, i.e., ©/R.

~III. NUTATION DURING UNMODULATED PRECESSION

Precession of the spin axis of a spinning spacecraft can be
effected by using the same thruster that is required for nutation
control; however, in this case, precession in a uniform direction

is the result of a train of thrust pulses which have a frequency

equal to the spin frequency of the spacecraft. This section shows
how precession affects the nutation of. a spaceéraft with and with-

“out energy dissipation.

Precession Without Energy Dissipation

'Equatidn (1) describes the change in transverse angular
velocity, and by virtue of (6), the change in nutation, angle without

energy dissipation, as a result of the forcing function N.

o =

.- . Consider-a-precession-maneuver consisting~of a thrusting sequence

of equally spaced thrust pﬁlses that are At wide and have a

period TS = 2n/ws. Thus,
N, n-T <t<n«T  + At,

G(E) + 10w (E) n=0,1,2... (8)

0, n-Ts+4t5t<(n+l)Ts.

TN TSy
A R




The continuous solution for Eq. (8) is complicated“hy,the
essentially infinite pulse train. For example, the Laplace 
transform of Eq. (8) is given by

~Tg s

y -

o N(l-e
stin . T

s(s+1Q)(1 -e
Where Wo is the 1n1t1al condition on (8).

(See reference [4] for a dlscu581on of the Laplace transforms of

(9)

- e : O wis) -

pulse trains.) The transient portlon of-Eq. (9) has poles at
' s;=‘Q, s = -iQ, and s'='fiZnﬂ/Ts, n = l; 2, 3.... |
iAThe inverse Laplace transform of Eq. (95 is extremelylcomplex
and tedious hecause the pole at s = ;iQ.iies on therimaginary axis
and cannot be separated by a contour from the Doles at. +12nn/T ;
. Thus, a‘contlnuous tlme-domaln solution is formidable and not worth
‘ the effort because a bound on Eq.'(8)~will suffice. |
| A?he.soiution of Eq. (8) is straightforward if.it is sufficient
.to know only.the”result at discrete times, for.example, at the diSf'
Crete point ';nTs, justAprior;to the neXt thrust pulse. Thus, Eq

(8) .can be changed to the flrst -order, dlfference equation

- I -iQT_ . N iQAat, -iQT .
w[-nTs] = w[(n l)Ts] e s‘+‘I§ (l'e e 8., | (;0)

(See reference [S] for a-discussion of.difference equations and
z-transform theory.)

By taklng the z-transform of Eq. (;0

' z—transform, the discrete time solution-is
e—lﬂ(nTs)
iQT

S

- w( nTl=w,e” 1Q(nT Yy lg (1-e

iRAty, -iQT 1 :
Je _s[ e *

1(11)
l-e S l-e :
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- The dynamlcs of (ll) are more apparent if,constant. parameters are comblned

to give g | a; + 0 -4 LTy .

w[nTS] = | _j : : S .'i.. _ - (12)

e e e

in which k, is a constant glven by

__N sin (1l/20af) | |
Ky ="% sin (1/20T_) o (13)

OMJ o, = i’_ﬂ(”z‘”At)“{”, Tz , 3= KL 72 are Loty c:;mg/avls
o Co e Equation (12) is perlodlc

with period, %, where £ is the least common multiple of [Ts, TQ],'

7 ."and T. is the nutation period 2r/Q. In Eq. (13), kl is'boundea

Q
except for the singularity that occurs when T *ﬂ/Q which is the -
case when the spin period equals one-half the nutation period.

' Thus, nutation resulting from precessidn, in the absence of energy

dissipation, is bounded except at one singularity.

Precession With Energy Dissipation

Equation 17) describes the change‘in transverse angular
velocity, and consequently nutatibn,'with enerqgy dissipation.

As in the case without energy dissipation} ‘the use of the z-

.

transform to prov1de a discrete-time solutlon offers the most

= o e B fomzacm s moger S IS R A ST SE Swe -

':faA"‘“'stra;ghtforward approach ' Thus, the discrete- tlme solution of
Eq. (7) is

-0At, A;GT
Jje

w[nT$]=woe a(nTS)+(N/ Yy (1- e

where a = -(1/1) + iQ
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Equatlon (14) can be 51mp11f1ed by thezeplaxmwnts
‘("//&) M&TS(’ > A )/(/" _OLT) and Lk, = k>-_°t7- "7Lo give

(nT ). 1Q(nT )

_ S T S 'h- | ;
w[nTsl = (wO kple + h¢, S o (15)

inywhich'wInT;] islﬁhbcunded unlesslwo exactly equals kg,‘which |
':’is onlyltheoretically’pdssihle{' | |
‘The-conclusions are.that with no energy dissipationpand with
l,eviudicious choice of iﬁertla/'ratics, Which determine the rela-

tlonshlp between T and T nutation resﬁlting from unmodulated

Q'
preces51on is bounded and perlodlc and -can be kept at tolerable
3_3 1evels. With energy d1551pat10n,'nutatlon resulting from unmodu-

lated precession is unbounded.

IV. NUTATION DURING MODULATED PRECESSION‘

{ » o . . S -
Because prede351on and‘nutatlon control can.use the samef

thruster, prece551on thrust pulses can be selected that w1ll con-
_currently reduce nutatlon.
The effect of a 51ngle precession pulse cn nutation can be

demonstrated by a graphic’ representatlon of Eq. (l)>shown in - ,:.

eP=S21(¥2-%)
Flgure 2a. In thlS figure,  1is the. duratlon 1nz?d1anscﬁ'the
thrust pulse dunng each nutation cycle: »Thus, for an initial w(t )

_ 2
at _an angle @ 1,EQQQE&;hg;;gﬁlgenceﬂofgalthrustmpulse;of&gfqﬁt)f;s§<e=z

redians in duration, w(t ) is the resultant of the fixed thrust
. < o '
vector plus w(t ) rotated through the angle A®. For the conditions
. . - 1 . . . ) N - - . . )
shown in Figure 2a, w(t ) is greater than w(t ), i.e., nutation has

: 2 . : 1
increased. :

Figure 2b shows the locus of w(t ) for a thrust pulse of given
. a2 : N




duration as a function of w(t ) and the initial angle ¢_ . Note
. - 1 . ‘ S
"that nutation is reduced whenever w(t .) occurs_in the hatched

2
area. -

Figure 2c is essentially the same as Figure 2b except that
circle A and circle B are scaled to show the initiel angle @o.:
‘The Qisplacemenf of the scalesron circle A and circle B reéults
from the value of A®. Thus, for a thrust pulse- of duratlon A®=90°,
startlng when the tip of the w(t ) vector 1s at ¢ —0° on c1rcle

1

B, the result w1ll be an w(t ) vector with the tlp at 0° on 01rcle
2

A. Figure 2c¢ also shows the range of ® for whlch the thrust pulse

will reduce‘nutatlon, i.e., w(t_)fw(tﬂ)t. In this case,
S . a2 1 S
: . 0°<d <29° :
: - O— : : :
w(t )<wl(t ) for , (l6)
Z v * 239°<0_<360°. -
The range of @’ canAbe analytically derived frcm .Eqg. (2).
-id

§ ’ After trlgonometrlc manlpulatlon, replacement of w(tl) by w(tl)e 0,

{ - e . . .A T . T
i - { : e e e 1L e e, . I
§ andngrz—tl) by Ad glves » ZNo 1(A " —2) : ,

‘ -i¢ + = 51n, e
;% ‘ ’ w(t ) - U.)(t )e oe ~-iAd Y] ( 2)- e (17)
3 E&ngion ?EbfmzehGrasshoff s equatlon (4)[11, but restructured SO,“
f that tne pound on ¢  for which w(t, ) < w(t ) can be determined.
3 : e
% The expression for the range of ¢, for which w(t )<w(t ), is
' 2

- : . e : z .
4. ..~ .. _given by = e e e e e
§ ’ T SeEA T T S e et s e v~'1j"=:;:-,_'.:-. e ' (18)
T SRS e L . T e e e
; ’arccos[-m SLn(A®/2)]II—R (A¢/2)<@ <arccos[—m 51n(A@/2)]III -2~ (A¢/2),
R ’ i'—“*"“”f"f"‘ o S
% T ' — BN U
% in Yblch arccos [ ]II and arccos [ ]III refer to angles in
i the IT and III,quadrants, respectively, and m is given by

m = (NO/Q)(l[w(t ). _ : (19)_

4

Equatlon (18) Verlfys the graphlcal regul s'of Figure 2c,W§ﬁothin*(l6), forad =
1800, and m= 0.375. _ : : -




Physically, m is the ratio of-the radius of the thrust pulse -

lobe and the initial nutation.

For a given preoession maneuverj all variables in (18).
and (19) are fixed except for w(t.) which is linearly related to the nutation’
‘angle .. 9, at the heginninngf ;hprecession thrust pulse.
‘To summarize, Eg. (18) shoﬁs that a relation exists which
. can be used to.modulate, or gate, the precessioh pulse train so
that only precession pulses ate,allowed which conourrently reduce
nutationf In fact,.the.nutation sensing accelerometer'discussed
in Section'II‘end a threshold derived from Eé. (18) oeh be used A
to prov1de preces51on pulse gatlng
| Flgure 3a shows the use of the accelerometer output for: tlme—
‘optimal nutation control. The duratloh of the nutation removal
thrust pulse is n/ﬂ, which is ohe-half'thefnutation»period. Fur-
thermore, any thfust, which has egpulselduretion of less than T/
but occurs'during_the negative'half—cycle of the accelerometer
output, will ‘also reduce nutation, but suboptimally; |
' Figure 3b is a-block diagram of a ﬁodulated, precession, -
nutation“control. The end result is that‘only‘precession pulses
*-*-;M~;~‘that*concurrently’reduce nutatlon“are “passed’ to “the~thruster: ="
To substantlate that a nutation control law of the type
shOwn in Flgure 3 will control nutatlon over an extended perlod
-of time, it is necessary to determine the average and maximum
time'betueen modulated precesSion pulses. Beceuse precession:

pulsesAare used for nutation control, the nutation removed by a

'precession pulse must be greater than nutation buildup between
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precession pulses resulting from energy dissipatioﬁf"As nutation
increases,'théigate widﬁh in Figure 3b increases to 1805."Thus,
on the ‘average 50 percent‘of the precession pulses will be passed
gnd SOApércent'will be blocked.' Nutation can be controlled if the
nutation increase in time 2Ts, where Ts is the spin period, is
léss than the nutation removed by one precession thrust pulse.

The maximum time between gated precession thrust pulséé is J-
'diffiéult to show analytically,andAdepends on the rat.io‘bf.TQ tof'
Ts-which may be irrational. Computer solution for the séaceCraft
described in-Table i shows that for avgate width of 50'p¢rcent,
maximum precession pulse sepafatioh i§13TS. Furthermore, for the
- spacecraft of Table 1, modulatéd precession pulses can maintéin

the nutation angle at less than 6 milliradians for precession pulse

separation up to 50 to GOTS.

V. MODULATED PRECESSION NUTATION CONTROL

-This sectién deséfibes_tﬁo contrél laws which use modulated
precession pulses.to control nutation. The corfesponding figures
show digital computer simulation results of these control laws
.appliedvto_the-SynchrohousAMeterological:éatellite=(SMSJ<cdnﬁiqura-= - -
tion.specified in Table 1. !
of the two precession modulaﬁion nutation control methods'ﬂ

described below, the first provides continuous precession modula-

tion, and the second allows unmodulated precession until nutation

increases to a threshold value at which. time the precession is
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modulated. Figure 4 shows the behavior for_the'éontinuous pre-

cession modulation nutation control. 'Because the gate width,.as

given in (18), varies -directly:r with nutation, the precession

increase and nutation decrease will be fairly rapid initially. As

the nutation reduces, fewer precession pulses are passed, and the

- increase in precession with respect to time reduces to the constant

rate shown. .

| Figure 5 shows the Behavior for the nutation control léw which
allowsvunmodﬁléted preceséion until putation increases'ﬁo a thres- .
hold value at -which time the precéésion is modulated. Thus, the
pfeéession and nutation increase -until the hutation threshdld is
reached. At this time, precession modulation occurs. The slppe
of the precession iﬁcréase dimihisheé.as the result of precession

modulation, and the nutation. is held near the threshold level.

..

VI. CONCLUSION

This paper analytically derives the relétioné which determine

the nutation effects induced in a spinhing spacecraft by periodic

prepeésion»thrust pulses. By utilizing the idea that nutation

1need1only»beLobserved;justabeforeﬁeach.precession;ihrust:pulséqsmu;nﬁu

a tedious, unmanageable continucus. time derivation reduces to a

simple discrete-time derivation which can be easily solved through

. the use of z-transforms.

The analytic results obtained are used to develop two types

of modulated precession control laws which use the precession

maneuver to concurrently control nutation. In the first case the
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control law passes only those preceSSLOn pulses that concurrently
reduce nutatlon;‘ Consequently,'as’shown»ln_Flgure 4, 2000 seconds;
are:reQuired.to precess 30°, but aftér the'first ten seconds of
the.precession maneuver:nutation remains below 2 nilliradians.

In the secondlcase the controlrlaw_passes all precession{'
pulses until'nutationibuilds up to .a threshold of 5.48’milli—
radians. For nutation above the.threshold only nutation reducing p

prece551on pulses are passed. Precession is faster and 2100 ‘séconds are

’ .required to process the entire 180°

‘By -way of contrast, a 51mulatlon of a. conventlonal control.

law which allows nutation ‘control or prece581on, but not con-
currently, for the SMS cOnfiguration described'iniTable l‘requires;

"1990 seconds to precess 180° The: fuel budget for the modulated

prece551on control law shown in Flgure 5 is 278 9 seconds of

s

thruster fuel. For the conventlonal type of precessxon and nuta-

:tlon control the fuel budget is 307 9 seconds of thruster fuel.

In conclusron, for spacecraft such as thos e described by
Grasshoff [l]; and Taylor'[Z], for the<SMS,-and-others emphasiZing

active on—board‘nutation control‘with an accelerometer as the

| nutation sensing element the mechanlzatlon of the control laws

described herein is stralg tforward and requires little additional
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TABLE I

"SMS SPACECRAFT CONFIGURATION

Mass Properties

Mass =-42.8 Slugs

I = 244.4 Slug-Feet’ |
iy = 246.9 31ug—Feet2

IZ = 97.3 Slug—Feet2
. O =

0.6039

Angular Velocity

w 90 RPM (spin axis angular velocity)

.
9]

5.6916 rad/sec (nutation frequency)

Thruster Properties

Thrust . = = 5 1lbs.
Moment Arm = 3 Feet
= 1/12 seconds (45° of spin périod) for Precession

Duty Cycle

:0.552 seconds (1/2 nﬁtation period) for nutation

- = ="= Energy Dissipation Tifie Coni§tait = ~

f = 180 seconds.
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. FIGURE CAPTIONS

Figure 1. (a) Nutation Control for Small Angles (Phase Plane)
l(b)_Nutatlon Control for Small Angles.:
(c) Nutation Control for Large‘Angles.

Figure 2. (a) Graphical Interpretation of. Equation (1).
(b) Nutation Reduction Area '

L . o (c) Nutation Reduction Area Scaled to Initial Angle Qo

Figure 3. (a)- Nutation Sensing Accelerometer Output

z A (b) Modulated Precession-Nutation Control

:Figure 4.‘.SMS Simulation Results for Full Modulated Precesslon
: Nutation Control

Figure 5. SMS Slmulatlon Results for Full Prece551on/Threshold
' : - Modulated Precession'Nutation Control .
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- ABSTRACT

This-NASA,Grant Final Report is divided iﬁto twé_iZ)

parts. -fhe first part'summérizes the main effoft‘pf the grant--
'fo inveétigatevand develop precession haneuver control'laWé
‘fﬁr sihgle-spin spacecraft so that nutation is conqurrently con-
trolled.' Analysis has led to the development of two (2) types
of control laws employing precession modulatioﬁ for concurrent.
nﬁtation control. Results have.been'verified-thrOugh digiial
_simuiation'of a Synchronous Meteorological Satellite’(SMS)_cdn-~
figufafion. ~ | ‘ | | |

- ab-139 )5y '
| _Ip the 'second part’-an’additiqn researqh effort, not
' ofigiﬁally'cpnsidered,‘was undertaken to investigate the
cause aﬁd élimination of nutation anomalies in dual—spin-
spacecraft. A lifératﬁre searcﬁ»hasAbeeﬁ conducted and a -
duai—spin configﬁratioﬁ has been simulatedAto ve:ify that
,nupaéional anomaiies are not predicted by.the existing non-=.
linear mbdel; Atxthe terminafion:of the grant, the'dual—'
.spin research'is'stii1 preliminéiy and no conclusions can be
drawn as to ﬁhe cause of tﬁé_observed hut&tioﬁél ancmaliés in

dual-spin spacecraft.’
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FOREWARD

‘The reéearéh ccvered by this report is.supported'by NASA
;fGrant;NGR'26—003;069, "Nutation Control During'Précession of
-a Sbiﬁ—Stabilized Spaéecraft". The work was performed by Dr. -
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a This report represents the Final_Report for this projeét'
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PART I. NUTATION CONTROL IN SINGLE-SPIN Si’ACECRAFT

.The purpose'of'Grant NGR 26;093—069 was to investigate
variations,in the bésic précessiop:maneuver control laws
for singleéspinAséaceqraft so that nutation is concurrently \
éonfrolled. Nutation:iﬁduced by precession was analyzed in
detaill SuSsequently, two control laws employing-precessipn

" "modulation fo; concurrent nutation'cdntrol were dé?eloped

and verified through digital simulatioh-of a Synchronous
Meteoroldgicél.Satellite.(SMS)'confiéuration. Results wére_-
reported in the Semi;Annual'Status Report "Nutaticn Contgol ,

During Precession of a Spin-Stabilizéd Spacecraft" in December

¢

1973.
- Manuscripts describing the research performed in this paft
of the gfant effort have been submitted to the American In--

stitute of Aeronautics and Astronautics Journal of Spacecraft

and Rockets in their Synoptic/béckup paper format. Apéehdix

<A cdptains thé}Synopticimanuscript and Appendix B contains

the backﬁp paper.manuscripf;'both entitled, "The Use of Pre-

cession Modulation for Nutation Céntrol in Spin-Stabilized

Spacecraft", | |

The grant to the'Univefsity of Miésquri - Roila, throﬁgh

direct financial aid or research involvement, sﬁpported'the
¢ obtainment gf the Master of SciencéAin Computer Science degree

by Mf. Vehbi Tasar and the Masﬁer of Science»in Elect;ical

Engineering degree by Mr. Richard J. Donner.
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PART IT. NUTATION ANOMALIES IN DUAL-SPIN SPACECRAFT

As an additional- research effort not eriéihally con-
51dered in Grant NGR 26=003-069, a prelimihary Stuay was .
undertaken to investigate the cause andvelimination of
nutation enomalies.in duai—sbin spacecraft. The intent was
tq look at anomalous hutation behavior in duel-spin space4
craft, in general, and, in pattic;}ar, with feéard to three
NASA spacecraft, ITOS-D, ITOS-F, and AE-C. This behavior -
is characterized;bf either the,deeéy or gtowth of induced
nutationLto eome non-zero terminal'value.

A 11terature search was undertaken and a partlal blb-
.llography is 1ncluded in Appendlx c. The publlshed litera-
'ture.on'dual-spin dynam@CS'generally fails to provide in-
sight_into meqhanisms'whieh might be responsible for this
ehemalous nutetion behavior. However,l[16] deScribes an
effort.to'detetmine the cahse of apparently similar behavior

- for a'particular dual—epin spaeecraft. Mechanical cross-
'coupllng due ‘to d1551patlon in the bearing assembly connectlng
the two spinning bodles was 1dent1f1ed 1n/thls case as the
probable_cause.. ‘ S

Yet anetherhstudy [20] pin pointed the cross-coupling
ﬁechaniSm.as electronic- in nature. Here nutation influenced
the pesition sensor and produced errors in the despin control.
torqﬁe. | |

Communications with NASA regarding ITOS-D, ITO$4F, and

'AEéc have also suggested the interface between the spinning




bodies as
generated
dual- spln
51mulated
.dicted by

anomalies

the area whereln anomalous nutatlon behavior is

. Prlor to 1nvestlgat1ng the interface model the
configuration descrlbed by Phllllps {20] was

to verify that nutational anomalies were not pre-
the existing nonlinear model. No nutational

were observed in the simulation of the dual-spin

' model of [20].

At the termination of Grant NGR 26—003—069, the dual-

spin research was still in a preliminary. stage and no conclu-

'sionS'could be drawn as to the cause of the observed nutatlonal

:anomalles

in dual-spin spacecraft. _ . -
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APPENDIX A

- AIAA-JSR SYNOPTIC--THE USE Of’- PRECESSION MODULATION FOR

. NUTATION CONTROL IN SPIN-STABILIZED SPACECRAFT
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THE USE OF PRECESSION MODULATION FOR NUTATION
CONTROL INtSPIN—STABILIZED_SPACECRAFT

Javin M. Tayldrl

" University of Missouri-Rolla, Rolla, Mo.

Richard J. Donne'r-2

McDonnell-Douglas Corp., St. Louis,~Mo.

Vehbi Tasar3

University of Missouri—Rolla,-ROlla,tMo.

NOMENCLATURE

a, ' ' =, accelerometer gain
a . = accelerometer output
le,]'.y;Iz'_~ = ‘moments. of inertia about principal axes -
- NO - o | ‘ = torque
. T, . T '=:- spacecraft spin period
-Té S ' = sgpacecraft nutation period
o - = '—l/T'+_iQ; complex energy dissipation
A ' . = -angular position of control thruster
with respect to spacecraft axes.
A = thrust pulse duration, .in angle of
' nutation cycle :
" Received : ; synoptic received ' . Full paper
available from National Technical Information Service, Springfield,
Va., 22151, as o at the standard price (available upon

request) .

Supported by NASA Goddard Space Fllght Center, Grant NGR26—
003-069.

Index'categories" Earth Satelllte Systems, Unmanned; Space-
craft Attitude Dynamics and Control.

l. Assistant Professor, Department of Electrlcal Engineering

2. Engineer and Master of Science candidate in Electrical
Engineering at the Graduate Engineering Center, Unlver51ty
of Missouri-Rolla

3. Master of Science candidate, Department of Computer Science




At - " '= thrust pulse duration, in seconds
b - .= accelerometer angular position
¢ o o - ,. = nutation phase angle at initiation of

thrust pulse

o . : = medasure of moment of inertia ratio
' ‘ ‘ between transverse and spin axes

T ‘ : ‘ j; = energy dissipation»time constant
6 T | © = nutation angle:
w(t) : - = transverse angular velocity
ws'l . = fspacecraft spin rate B
@ .- | . ,é "nutation frequency
| THEME

Spin stablllzatlon is used tovlnertlally flx a spacecraft s
'.thrust vector durlng a transfer elllpse, however, spln about an
axis other than that of max1mum 1nert1a results ln an unstable
equlllbrlum’condltlon Energy-d1551patlon resulting from fluid
motlon in heat plpes and fuel tanks causes the nutation angle to
1ncrease. -Furthermore, during the transfer ellipse, if it is
necessary to precess the spacecraft's spin axis to reorient the
thrust vector, this maneuver can also.cause nutatlon to incréase.

Th}s‘paper‘analytically deriues.relations_which determine the
‘nutation effects inauced'in a spinning spacecraft by periodic-
precession thrust pulses; By utillzing the.idea that nutation need
only be observed justAbefore each precession thrust pulse, a tedious
continuous tine_derivation reduces to a simple discrete-time derivation
which'can,be easily solved through the use of z—transforms.

The analytic'results obtained are used to develop two types of

modulated precession control laws which use the precession maneuver



. to concurrently control’nutation.

CONTENTS

In 1968-Grasshoff (1] published the ériginaiAwérk oﬁ-a control -
law whicﬁ can-be1USed to sense and remove nutation éﬁtoﬁatically.
-Grésshoff's bésic differeﬁtiai‘equation for the trans&erse'angular
-velociterf'the spinning spacecraft_is
| | i

w(t) + iQu(t) = Nge - (1)

and the solution forra control thrust duration of (tl—to) seconds

) fis given- by
: ' S N eik ) o

—;Q(tl~to) 0 e-lﬂltl—to)

+ —— [1—

H~Q(tl),= w,e 5 ]‘ (2)

. Grasshoff defines the nutation angle as the peak value of
0 = w(t)/ (w,-0). e &)
_Nutatioﬁ can 'be sensed by an'accelexqmeter with sensitive axis
jparéllel to the spacecraft's spin axis and can be removed by
properly timing the firing of a small thruster whose thrust axis-
is also parallel to‘the‘spiﬁ.aXis. The sensed acceleration is
given by

a =3

® sin (Rt + u). - (4)
Enérgy dissipation causes nutation to continually increase..
For small pertubations, the inéfease in nutation angle, 6, is
generally represented [3] as
9(t) = o,e™T, o (5)

in which 1 is the time constant of eneréy dissipation.




Due to the relatlonshlp in (3) between 0 nnd m(t), energy
' dissipation can be 1ncluded in (1) to glve
w(t) +'(—; + iQ)w(t) = NdeiA 4 ‘ Ké)

‘freceSSion of the‘spin axis of a spiﬁhihg spacecraft can be
effected by usrng the same thruster that is requlred for nutation
control. For a precessron haneuver con51st1ng of a thrustlﬂgvsequence
of,equally spaced thrust pulses that are At W1de and have a period
Ts;; 2n/ws, (1) becomes . | |

o : N, ansét<nFTs + At . .
wlt) + iQuw(t) = . o 'n=0,1,2... (7
' o O} ﬁ-Ts+At§t<(h+l)TS.' -

The COntinuous solution‘for (7¥-is complicated by the
»aessentlally 1nf1n1te pul e train. The inverse Laplace transrorm
of the. Laplace transform of (7) 1s dlfflcult because the pole at
sw=.—1Q cannot he separated by-a contour from the poles attilznﬂ/TéJA
'.n=l,2,3};.;.A(See,reference {41 for a discussion of Laplace trans- -
 forms of pulse-traiqs.) |

" The solution of (7) is stralghtforward if it ls sufficientl-
to know only the result at dlscrete tlmes, for example,»at-the dis—
crete p01nt k T just prlor to the next thrust pulse. Thus, (7)
can be changed to a first-order difference equatlon. .(See reference
[5] for a discussion of Qifference equations and z-transform theory.)
By'taking;the z—transform and then taklnd the inverse z—transform,

the dlscrete tlme solution for (1) is
ii .
Ny -i
e(l 1QAt)e-1 Ts[ 1 + & ;Q(nTs)] (8)
. - =1QT iQT .
. 1l-e s l-e s

1Q(nT )

win ‘l‘]s—wo

The discrete time'solution for (6) can be similarly obtained as



~ .‘ . . ix

. . _ N.e ) _ ;a(nT ) ‘
w[nT Jl=w _e a(nTs)+—2———(l—e—aAt)e O‘Ts[ 1 + S =) (9)
[ (o) a . -aT aT
. ) _ l-e s l-e s
where a =.-(1/t) + iqQ.

The conclusions are that with no energy dissipation and with
a jud1c1ous choice of 1nert1a ratlos, which determine the relatlon-

Shlp between T and T nutatlon resultlng from unmodulated pre-

Q'
- cession is bounded and perlodlc and can be kept at tolerable levels.
Wlth_energy d1551pat1on, nutation result;ng from unmodulated pre-
cession is unbounded. lhus, some sort of nutation control is required
\during a precession maneuver. | |
Because precession and nutation control can use the same
'thruster,'precession'thrust pulses can be selected that will con-
currently reduce nutation. 'The_effect of a single precession pulse

.on nutation can be demonstrated by‘a‘graphic representation of (2) | g
shown in'Figure la. | | | |

The range of the 1n1t1al p051tlon ¢ "can be analytically derived

‘from (2). After trlgonometrlc manipulation, replacement of Wy by

-id%o0,

o . and (tl—to) by Ad, the expression for the range of @ for

~which w(tl)ﬁw(to) is given by
arccos[—m.sin(A¢/2)]II—A-(A¢/2)§¢0§.

arccos [-m sin(AQ/Z)]III—l-(A¢/2), (10)

in which arccos [-] and arccos [-] refer to angles in the II

III

and III quadrants, respectlvely, and m 1s glven by
m= (N /Q)(l/w(t )). an

To summarize, (10) shows that a relation exists which can be
used to modulate, or gate, the precessron pulse train so that only

prece551on pulses are allowed which concurrently reduce nutatlon.

+ .




'In fact, the nutation sensing accelerometer discussed previbusly
and a threshold derlved from (10) can be uscd to provide preccession
pulse gatlng

Flgure lb shows .the use of the accelcromchr output for time-
.optimal nutation control. Any thrust which has a pulse duration of
less than n/Q but occurs during the ncgatlve half- cycle of the
»accelerometerloutput, will also reduce nutation, but suboptlmally

| Figure '1lc is a.block diagram of a modulated precession, nuta-

tion control. The end result is that only precession’pulses that
concurrently reduce nutation are passed to the thrustef.

Two prece551on modulatlon nutation- control methods .are now
presented. The first prov1des contlnuous preces51on modulatlon,r
and the second allows unmodulated preceSSLOn untll nutatlon 1ncreases
to a threshold value at,whlch time the prece551on is modulated. The
dcorresponding figures show digitak cemputer simulation resulte of
»dthese‘confrol lawsnapplied to the Synchronous Meterolégical Satellite
(SMS) configuration specified as follows;'Amass‘preperties: mass =
42.8 slugs, I = 244.4, I, = 246.9, I, = 97.3, all in slug-feet?,
o = 0.6039;7angu1ar veloeity: wg = 90 rpm, Q = 5f69'rad/sec;
thruster properties: thrust = 5 1lbs., moment arm ¥ 3 feet, duty
' eycle for preceseion = 1/12 seeond (45° of spin period), duty cycle
,fOx nutation = 0.552 seconds (1/2 nutation period) ; eneréy dissipation
_time constant: 1 = 180-eecqnds.

figure 2a shows the behavior for tne continuous precession modu%
lation nutation control.. Because the gate width, as given in (10),

varies inversely with nutation, the precession increase and nutation

decrease will be fairly rapid inifially. As the nutation reduces,




"jfeQer preces51on pulses are passed and'the .increase in precession
"W1th respect to time reduces to the constant rate shown. Consequently,
as showh in Figure 2a,; 2000 seconds are required to precess 30°, but
after the first ten seCOhds of the precession maneuver nutation remains
below‘2 miliiradians., |

Figure 2b'shousuthe hehavior for the;nutation control;law which
alloWs}uhmodulated'precessioniuntil'hutation increases to a thres-

hold Value_of'5,48fmiiiiradiahsvat which time the precession is moduf

-lated. Thus, the precession and nutation increase'until the nutation
threshold is reached. At this_time, precession modulation occurs.

The sioperof the_precession increase diminishes as the result of
precession modulation, and the_nutation is heid near the threshold

:hlevel' | ‘ |

.In the second case the control law passes all precesslon pulses
until nutatlon bUlldS up to. a threshold of 5.48 mllllradlans. Conse-

.quentLy,'precessioh is more rapid. As figure 2b shows, 2100 seconds'

are.requiredvto precess the entire 180°.

By.way of.contrast,'a simulation of avconventional controi law

'Whichtallows nutation cohtrol or.precession, but not concurrently,
for the‘SMS confiouration described-requires 1990 seconds to precess

.186° The fuel budget for the modulated prece551on control law shown
in quure 2b is 228.9. seconds of thruster fuel For the conventional

type of precession and nutatlon contrOl the fuel budget is 307.9 seconds

- of thruster fuel. | |

in conclusion, for spacecraft such as those described by GrasS'
hoff {1}, and Taylor [2], for the SMs;Aand others emphasizing active
on-board nutation control with an accelerometer as the nutation sensing

element, the mechanization of the control laws which use the precession

o




maneuver to concurrently control nutation is straightforward and

requires little additional electronic circuitry.
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