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Motion and Stability of a Dual-Spin Satellite
with Nutation Damping

P. M. Bainum,* P. G. FuecHseL,T AND D. L. Mackrison{
The Johns Hopkins University, Applied Physics Laboratory, Silver Spring, Md.

The damping and stability characteristies of a dual spin satellite system are analyzed. The
system consists of: a slowly rotating main part; a high speed rotor whose spin axis is parallel
to the nominal main body spin axis; and one or two pendulous type nutation dampers, pivoted
about a torsion wire support and constrained to move in a plane that is perpendicular to the
nominal spin axis. After development and linearization of the equations of motion, the
necessary and sufficient Routh-Hurwitz stability criteria are obtained. The damping sys-
tem design is optimized by repeated examination of the roots of the system characteristic
equation. Numerical studies using the nonlinear equations are conducted to evaluate the
spin axis pointing error attributed to the dynamic mass unbalance of the main body in a
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torque-free environment. It is found that this results in a noticeable degradation in nuta-

tion damping performance.

Nomenclature

= composite moments of inertia about the z, y, 2z axes,
respectively

= unit vectors along the z, y, 2z axes, respectively, (1 =
1,2,3)

coefficients occurring in linearized equations

moment of inertia of main body about the b; axis

moment of inertia of rotor about its b; axis

moment of inertia of the pendulous damper(s) about
the b; axis

the restoring spring constant of the torsion wiresupport

K /mr %02, dimensionless form of K

the damping (rate) constant

k/mr2Q, dimensionless form of k

height of damper plane above z, z plane

the applied external torques about the 5; axis

the mass of the main satellite and the rotor

the total system mass

the pendulum end mass

the generalized forces occurring in the ¢; equations

the distance from the nominal spin (y) axis to the
pendulum hinge point

the length of the pendulum

spin rate of rotor relative to main body

kinetic energy

time

potential energy associated with restoring torque
effects

nondimensionalized form of ws

nondimensionalized form of w,

principal axes of main satellite

variation of angular velocity, ws, from nominal value,
Q

nominal main body spin rate

damper displacement angles, (¢ = 1, 2)

orbital angular velocity
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w; = angular velocities about the z, y, 2z axes, respectively
(t=1,2,3)

T = Qfdimensionless time

Superscripts

( )" indicates differentiation with respect to »
() indicates differentiation with respect to ¢

Subscript
bs, ¢ refers to particular body axes, (¢ = 1, 2, 3)

I. Introduction

ASELTINE! and others at the Naval Ordnance Test
Station have treated the problem of nutation damping
rates for a single part spinning satellite having pendulous type
nutation dampers that are free to move in a plane that is
normal to the desired spin axis of the satellite. Initial per-
turbations will cause a “wobbling” or nutation of the spin
axis which would persist indefinitely in the absence of damp-
ing. By proper selection of the damping system parameters
it is possible to achieve very rapid damping -of the half-cone
angle associated with the initial nutation.

A dual-spin spacecraft may be considered to consist of
two bodies constrained so that the relative motion is re-
stricted to a rotation about a common axis fixed in both
bodies. A freely spinning system (consisting of two sections
which rotate relative to each other) may be stable in spin
about the major axis of inertia, if the larger body is con-
strained to rotate very slowly in inertial space while the
smaller connected body (i.e., flywheel or rotor) can rotate
very rapidly relative to the larger part. Furthermore, de-
pending on the spin rate, the system may be stable in spin
about an axis of least inertia in the presence of damping.
The stability theory and design of dual-spin satellites with
various types of passive and semiactive nutation damping
systems was discussed at a recent symposium on the attitude
stabilization and control of dual-spin spacecraft.?

A dual-spin Small Astronomy Satellite (SAS-A) is cur-
rently being designed and developed for the NASA Goddard
Space Flight Center by the Applied Physics Laboratory with
a 1970 tentative launch date scheduled. The satellite will
scan the entire celestial sphere to determine the location of
X-ray emitting sources relative to the fixed position of the
stars. It is important that the attitude of the satellite be
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precisely known and maintained in order to accurately deter-
mine the location of the X-ray emitting sources. The atti-
tude errors or drifts in a fixed time interval must be known
in order to accurately determine the position of an X-ray
emission which might be detected between any two star
sightings (nominally to be taken at 20 sec intervals).

The present analysis is based on a dual spin configuration
consisting of a slowly rotating (£ rpm) main body, a high-
speed rotor whose spin axis is parallel to (but not necessarily
collinear with) the spin axis of the main body, and one or two
pendulous type nutation dampers that are constrained to
move in a plane which is perpendicular to the nominal spin
axes of the main satellite. This system differs from others
previously considered in that the dampers are pivoted about
a torsion wire support that offers a restoring torque in addi-
tion to the dissipative (damping) torque.

II. Analysis

The satellite, rotor, and damper systems are illustrated in
Fig. 1. The satellite is comprised of three parts, 1) the
primary part of the satellite, assumed to be essentially a
right eircular cylinder where the nominal spin axis is the b,
body axis, 2) the smaller rotor or flywheel which is assumed
to be connected near the center of massof the primary part,and
whose spin axisisalso along or parallel to the b body axis, and
3) the pendulous-type nutation dampers which are attached to
the primary part and are constrained to move in a plane a dis-
tance [ above the bi, bs plane (determined by the body axes
perpendicular to the axis of symmetry). It is assumed the
dampers are hinged or pivoted about a torsion wire support
which offers a restoring (spring) torque in addition to the
dissipative torque.

A. Eguations of Motion

The development of the equations of motion follows that
of Haseltine, with the following additional kinetic energy
terms due to the small constant speed rotor

TRotor = %[IRQ(wZ + 8)2 + IR1w12 + IR3w32] (1)

where the rotor is assumed to be spinning about the y or b,
axis, with a relative angular velocity s with respect to the
main spacecraft and (wi,ws,ws) are the inertial angular ve-
locity components of the main body. The complete ex-
pression for the kinetic energy is given in a recent report.

TORSION WIRE BALANCE

PLAN VIEW

ROTOR

Fig.1 Schematic of satellite, rotor, and damper.
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The equations of motion for this case can thus be ex-
pressed in terms of the quasi-coordinates (w;,ws,ws) and the
angles swept out (¢.) by the pendulous dampers according
tot

(d/dt) DT/bwl - wst/Ow2 + wng/bwg L1
(d/dt) (0T /dws) — 0T /0ws + w0T/dw, = Ly
(d/dt)(bT/Owg) - wng/aun + wle/Owg == L3

(d/dt) QT /od;) — dT/d¢p; + 0F /i = Q,; i=1—N

@)

where N represents the total number of pendulous dampers;
the viscous drag on the pendulous end masses, which varies
linearly with the angular velocity ¢: can be derived from
the Rayleigh dissipation function &. In this case,

5 Z (kid:®) 3

1—1

The restoring torque on each damper provided by the torsion
wire support is represented by @; = —0OV/0¢; where the
potential energy V is proportional to the square of the
angular displacement from the equilibrium position

Kip:? 4)

"MZ

1
V=3,

Equation (2) may be expanded and simplified with small
angle assumptions made relative to the magnitudes of the
¢i, and with the further assumptions that w:/ws « 1, and
¢i/wy < 1. The following first-order equations result for the
case of N = 2 dampers:

Ban + ows(d — ) + mri(ry + ro) (¢ + ¢2) = Lo (5)
Aoy 4 wws(C — B) — wil ms — 2men(IM /1) X
(1 — ¢ = L1 (6)
Cas + (B — 4) + wlrs — mn(M /M) X
(b1 — ¢2) + manri(IM/M)(pr — ¢2) = Ly (7)

. Mg, IM
(1— >¢1 7 mry 7170034-

mry(ro + r)we 4+ w?mry (7'0 + > —

2 M s
we2ry2 mM@ + mwary —ﬁoj = —k¢1 — K¢ (8)
®
y  SPIN AXIS
—{ + -

L 4]

K r/ \
ROTOR

Fig. 2 FElements of SAS-A attitude control system (rotor
displaced from spin axis).



692 BAINUM, FUECHSEL, AND MACKISON

m\ . = m¥p IMw
mh?(l — ]l—_/f>-¢2+ ]_lll 1 -l—mﬁff3 +

mr
(o + 1) @+ womry <7‘0 + 1?[1> ¢ —

202 m2¢1 mwgrlllt[col
AL 7 N 7

= —kds — K¢ (9)

where the total inertia terms have main body, rotor, and
damper components

A=be+IR1+Idn E=Ib2+IR2+Id2
C_' = Iba +IR3 +Ida

for symmetrical arrangement of dampers about the nominal
spin axis ¢ = A. Equations (5-9) consider a system with
two nutation dampers which, when in equilibrium, will be
collinear. For small motions of either or both pendulums
the system center of mass shift will be very small and need
not be included as long as the pendulums are considered to
be arranged in collinear pairs; the limiting case considers
one pendulum free to move and the other member of the pair
acting like a fixed counterweight. If a second pair of pendu-
lums were considered there would be two additional equa-
tions of motion similar in form to Eqgs. (8) and (9).

Figure 2 illustrates the actual design of the SAS-A attitude
control system. It should be noted that the rotor will be
displaced from the system center of mass and that the rotor
spin axis will be parallel to the desired main body spin axis.
In the event that a perfect static mass balance is not achieved,
the axes of symmetry are not the principal axes. The non-
linear equations of motion for this system have been modified
in order to represent the general misalighment of the principal
axes from the geometrical axes of symmetry.?

The applied torque terms (Ii, Ls, L3) include gravity-
gradient, solar pressure, and other externally induced effects.
For example, the gravity torque terms for the special case
where the spin axis is nominally perpendicular to the orbital
plane and the system center of mass deseribes a circular orbit
can be written,

L= 3wo2(C_’ — B)G cos¢
Ly = 3w?(C — A) sing cos¢ (10)
Ls = 3w*(4 — B)f sing; for K 1

where 6 is the “roll” angle eorresponding to motions about
the b, axis, and ¢ represents angular displacements about
the by or spin axis and is not necessarily small; the symbol
wy refers to the orbital angular velocity.

The nonlinear equations of motion including the effect of
mass asymmetry and the géneralized gravity-gradient torques
have been programed for numerical integration with the
IBM 360/91 computer. A subroutine has been added which
gives the orientations of the spin axis in terms of the geo-
centric right ascension and declination angles or, alternatively,
in terms of a prescribed set of Euler angles relative to the
local vertical system.

To consider the performance of the system damping for
reducing initial nutations in a torque-free environment, Eqs.
(6-9), with Ly = L, = L; = 0, were linearized following the
procedure of Haseltine.! The angular velocity about the
nominal spin axis may be written as ws = Q + « with Q, the
nominal spin rate as a constant, and regarding «/Q as small.
Equation (5) can then be used to eliminate & from the other
equations. The resulting set of linearized equations with
constant coefficients result

Cw' + Cw + Cs(dh” - ¢1) + C4(¢2” - 4’2) =0 (11)

Cou + Cov’ 4 Ci(p) — @) =0 (12)
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Csu’ + Cov + Cu” + Cudy’ + Créy +
Cugps” + Cu = 0 (13)

Cuu’ + Cigv + Cud” + Cipr + Cragp” +
Caps’ + Cugps = 0 (14)

where the angular velocities w; and w; have been nondimen-
sionalized as follows:

U = leg/]WhQ; v = lAMwl/lWTlQ

and the constant coefficients can be related to the parameters
according to

C.=1.0; Co=[B— A+ Is/Q)/A
C; = —m(IM/M)2/A
Ci= —0C;; Cy=—0Cy; Cs=10; C; =20
Cy= —10; Co=1.0 ‘
Co=1-— m[l/M 4+ (o 4+ r)¥/Bl; Cu = k
Cp = ro/r +m/M + K; Cu=2m/M —1 4 Cy
Cu=—m/M; Cs=10; Cx=—10; Cuy=Cy
Cis = 014; Cy = Cm; Cyp = Cn; Cy = Cp

The prime indicates differentiation with respect to the di-
mensionless time 7 where 7 = Qf. Equations (11-13) are
valid for N = 1 damper, while Eqs. (11-14) describe the
system when N = 2,

B. Stability Criteria

The stability criteria of Routh-Hurwitz® yield the necessary
and sufficient conditions for the stability of this linear system.
Likins and Mingori® have recently discussed the difficulties
in applying Lyapunov techniques to freely spinning systems,
pointing out that this method will yield both necessary and
sufficient conditions for stability only when the system damp-
ing is complete in all the indicated state variables. Since the
Routh-Hurwitz algorithms will always yield both necessary
and sufficient stability criteria for a constant coefficient system
regardless of the coordinates selected, it was decided to use
this more traditional approach.

For stability of the small amplitude oscillations it is found
that positive damping must be present and in. addition if
Cs > 0, the only other condition not automatically nor
trivially satisfied is

7o 2m = (l/lW/M)z

If C; >0, ie,

B+1Ips/Q—A>0 (16)
the term in brackets in Eq. (15) must be positive or,
ro/r1 + 2m/M + K > 2m(M/M)2/(B — A + Izs/Q) (17)

It is interesting to note that Eq. (16) will be satisfied if 1) the
nominal spin axis of the main satellite is the axis of maxi-
mum inertia and the rotor is a) spinning in the positive sense,
b) not spinning at all, or ¢) spinning very slowly in the
negative sense (positive sense implies a rotor spin with the
main body spin); or 2) the nominal spin axis of the main
satellite is the axis of minimum moment of inertia and the
rotor is spinning rapidly in the positive sense, compared
with the nominal main body angular velocity 2. If only one
pendulum is uncaged, then inequality Eq. (17) becomes

ro/rs + m/M + K > m(IM/M)*/(B — 4 + Irs/Q) (18)

In this case, a second stationary mass m might be placed on
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the rim opposite the null position of the free damper to pro-
vide a dynamic balance when ¢, is small. This counter mass
could, for example, be the end mass associated with a second
(caged) pendulum. The stability criteria presented here
correspond identically to those given by Haseltine! when the
effects of the torsion wire and of the rotor are omitted.

For the case when C» < 0, it is seen that condition Eq. (15)
is automatically satisfied. The principal necessary and
sufficient conditions for stability in addition to positive
damping are

Co< —1 (19)
T, m -~ ;M (IMN\?2 _ 3m (IM\?
7‘1+]T7+K+C2ZZ<I]7> > I <M> [(1+Cy)] (20)

while the following necessary condition must also be satisfied:
ro/rs + m/J + R + C:2Co > (3m/A)IM/IDH2(1 + C))
@

When the system has two dampers free to move, m should
be replaced by 2m in conditions (20) and (21). Typically
m/M <« 1 and Cy =~ 1.0; thus condition (20) is the
stronger condition for C; «< —1. The significance of condi-
tion (19) is that if the main part of the satellite is spinning
about the axis of maximum inertia, and if the rotor spin is
opposite in sense to that of the main body, stability is insured
only for high rotor spin rates.

The system characteristic equation was developed for the
case of one damper (with counterweight) and for the case of
two freely moving dampers. For the case of the single
damper, a fourth-order polynomial results in terms of the
original constants

f(S) = (010 + Cs>84 + Cus® +
[Cr + Co*Co — 3G, + Cs)]s? +
0220;18 + CCol+ C3) =0 (22)

For the case of two dampers, the characteristic equation is a

sixth order polynomial having a pair of separable damped

normal modes of oscillation with the frequency A where
(ro/r1 + K)12Q

{1 = 2m(ro+r)/Bl}

A =

32 ‘ l

$= 141 rod/sec

28 ro/rp = 0.1
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Fig. 3 Variation of maximum damping time constant
with spring constant (rotor on).
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It appears, therefore, that the inherent undesirable effects
associated with forced resonance could be avoided by revert-
ing to the single pendulum case. If not, care should be
taken in the design such that N /@ = (N)*!; and also: A\ =
(N)*1wg, where N is an integer, to preclude forced motion by
perturbations induced at harmonics of the orbital frequency.
It should be noted that redundancy could still be achieved
by using a second collinearly mounted pendulum as a counter-
weight, with the provision that either damper may be caged
so that only one is free to move at a given time.

HI. Numerical Results
A. Optimization of Damping System Parameters

The roots of the characteristic polynomial Eq. (22) were
determined with a computer routine using parameters con-
sidered representative during the early design phase of SAS-A.
The satellite was considered to have a mass of 114 kg, a
polar moment of inertia of 20.4 kg-m?, and a transverse
moment of inertia of 20.0 kg-m2. The rotor moments of
inertia were taken to be 0.015 kg-m? (polar) and 0.00775
kg-m? (transverse); the mass of the rotor is assumed to be
incorporated within the 114 kg. These moments of inertia
give a composite ratio of polar moment of inertia to trans-
verse moment of inertia of 1.02 (denoted by B/A). The
length of the pendulum was fixed at 20 ¢m while the distance
from the pivot point to the polar axis was considered to be
2 cm, thus giving a ratio 7o/ry of 0.1. The pendulum end
mass was selected as 0.25 kg. The remaining physical
parameters were varied in a systematic manner to give the
best damping (i.e., maximum damping of the least damped
normal mode of oscillation).

Figure 3 shows the variation of the damping time constant
corresponding to the least damped mode with variations in
the torsion wire spring constant and with variations in the
height of the plane of the damper. The constant speed
rotor was assumed to be operating at a relative spin rate of
141 rad/sec with the nominal spin rate of the main satellite
of 0.00875 rad/sec. The improvement in damping per-
formance with increased height of the damper plane I is
noted. However, as ! is increased, care must be exercised
to see that the stability criteria Eq. (18) is not violated;
an upper limit on this height with the present set of param-
eters appears to be about 50 em. In addition, restrictions
on the payload dimensions would also limit this parameter.
From the figure it appears that the optimum dimensionless
spring constant is between 125 and 150 with the best damping
time constants of the least damped mode of about 40 min
for I = 30 cm.

The next study was conducted to determine the optimum
damping rate constant using a value of K = 130.6 (or K =
1 X 107*nt-m/rad with the aforementioned parameters).
The results of this study are given in Fig. 4 for three different

24

A

S = 141 rad/sec ! =15em
[ B/A= 1.02 /0
Z 20 Fegle=00
[ Q= 0.00875 rod/sec
z K = 130,
Sua e + =
w z
=0 o~ = 20cm
=2 12

I
2o "
4 |
<, 8
. f = 30em
z |
ER
>
-«
=
0
10 14 L8 22 26 3.0 34 38 42 46

DIMENSIONLESS DAMPING CONSTANT, k = k/mr2Q

Fig. 4 Variation of maximum damping time constant
with damping rate constant (rotor on).
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1x 107 l

I— s=0
B/A=1.02
— ro/ry = 0.1
Q= 0.0262 rod/sec
{ = 20cm
( K= K/mry2Q2
1x 108
- \
k=7

1x 108

MAXIMUM DAMPING TIME CONSTANT, 7, SECONDS

ix 10° \

[ K= 0.728

N
\.

K = 00728
1x 0%
0 2 4 6 8 io
DIMENSIONLESS DAMPING CONSTANT,

k= k/me 20

Fig. 5 Variation of maximum damping time constant
with spring constant and damping rate constant (rotor
off).

damper plane heights. The rotor and main body spin rates
are the same as in Fig. 3. It is seen that the maximum time
constant has a less pronounced minimum than in the previous
case with values of & between 1.0 and 2.2 appearing to give
optimum performance. A value of £ = 1.0 corresponds to a
dimensional damping rate constant of 0.875 X 10~*nt-m-
sec/rad for the present set of parameters.

In the event of failure of the rotor system it is important
to maintain the stability of the system and at the same time
optimize the damping system performance. It is noted
that to maintain stability in the event of rotor failure either
C: > 0 or C; < —1.0. From design consideration of the
SAS-A satellite where there is little difference between the
polar and transverse moments of inertia, it is clear that
C: > 0 is the criteria to be considered. Thus from Eq.
(16), B/A > 1.0 which means that the nominal spin axis of
the main satellite must now be the axis of greatest inertia. .

(ST T

2 s=0

- B/A= 1.02

4

F3 rg/ry = 0.1 i
8a 12 %=l

wz k= 0.76.

8 Q= 0.0262 rad/sec
Fw

ow 8

EX

o

5 2

o : 4

b3

2

= ——l

% [}

<

= )} 5 10 15 20 25 30

ELEVATION OF DAMPER PLANE, { (cm)

Fig. 6 Variation of maximum damping time constant
with elevation of damper plane (rotor off).
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Figure 5 illustrates the variation of the maximum damping
time constant with changes in both the spring constant and
damping rate constant under the assumption that the rotor
has been turned off. The degradation in damping perform-
ance is immediately apparent as the best time constants are
at least an order of magnitude greater than those shown in
Figs. 3 and 4. It is seen that the best damping performance
is obtained with the spring constant as small as possible.
Furthermore, the damping is not significantly improved by
increasing the dimensionless damping rate constant beyond
3.0. It should be noted that with the rotor off the nominal
main body spin rate will be increased by a factor of three to -
further improve damping performance. The capability to
vary the spring constant (or stiffness of the torsion wire) is
strongly recommended in order to improve the damping
characteristics in the event of rotor failure.

Figure 6 verifies that with the rotor off the improvement
in damping with increased height of the plane of the damper
is also maintained. When! = 0, it can be seen from examina-
tion of Egs. (6-9) that the first-order coupling between the
motion of the dampers and the transverse angular velocities
of the main satellite is removed.

The results from these parametric studies of the linearized
equations of motion were used as a basis for input parameters
to the Dynamic Simulation Computer Program. This pro-
gram numerically integrates the nonlinear equations of motion
of a dual-spin satellite with a pendulous nutation damper
system. The main limiting assumption in this model is the
small amplitude motion of the nutation damper; the program
has been modified to include the presence of mechanical
stops which limit the damper displacement amplitude to
+=20°.

1.0 | [ 1

DAMPING CONSTANT = 0.0001 nt—m—sec/rod
SPRING CONSTANT = 0.0001 nt—m/rad
THEORETICAL MAXIMUM TIME CONSTANT =

0.8 0.314 HOUR (FROM LINEAR ANALYSIS)

ROTOR ON, $ = 209.4 rad/sec (2000 rpm)
{=035m

o

o 06

Zw

b4

a3

Y =

- 04

>

z

0 \
[ 1 2 3 4 5
TIME (hours)

+8

+6

+4

+2

DAMPER ANGLE,
@) (degrees)
o

-4

-6

-8

0 10 20 30 40 50 60 70 80 90 100
TIME (minutes)

Fig.7 Transientresponse for initial nutation angle of one
degree (rotor on).
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DAMPING CONSTANT = 0,00020 nt—m—sec/rad

SPRING CONSTANT = 0.0000005 nt—m/rad

ROTOR OFF

f = 0.350m

THEORETICAL MAXIMUM TIME CONSTANT = 21.7 HOUR
(FROM LINEAR ANALYSIS)

1.0 A~ T ]

/\

NUTATION ANGLE,
y (degrees)
=]
o

0 1 2 3 4 5
TIME (hours)

+8

+6

+4

+2

DAMPER ANGLE,
9y (degrees)

L

0 10 20 30 40 50 60 70 80 90 100
TIME (minutes)

Fig.8 Transientresponse for initial nutation angle of one
degree (rotor off).

This study of the transient response of the attitude was
made to observe the behavior of the damper angle and the
decay of the nutation angle (angle between the spin axis of
the body and the total angular momentum vector of the
system). Several runs were simulated varying the spring
constant, damping constant, and setting the rotor on or off.
External perturbations such as magnetic and gravity-
gradient torques on the main body were set to zero.

Figures 7 and 8 show the transient response for an initial
nutation angle of 1 degree. Figure 7 represents the optimum
nutation decay with the rotor on, whereas Fig. 8 illustrates
a case near optimum with the rotor off. The following
quantities were used as common input and represented early
SAS-A design parameters: M = 114 kg; I, = 20.8 kg-m?;
Ib‘ = Ibs = 20.00 kg—m2; IRz = 0.0101 kg-m2; I}z, = I}gs =
0.00508 kg-m?; m = 0.2126 kg; r = 0.203 m; r, = 0.025 m.

The varied parameters for each case are indicated in each
figure, respectively. The difference in the time scale be-
tween the transient response of the damper motion and the
fransient response of the nutation angle should be noted in
Figs. 7 and 8. The transient response of all major param-
eters was observed over a five-hour period from initialization
of the problem. Because the observation of the nutation
angle decay was the principal objective of this study, it was
decided to adjust the CALCOMP computer routine accord-
ingly to plot only the nutation response over the full five hour
period.

It can be seen that the time constants obtained from the
decay of the nutation angle are in no cases larger than the
values predicted for the least damped mode of the linearized
system. (The time constant associated with nutation angle
decay is the time required for the nutation angle amplitude
to decrease to 1/e of its initial value).

B. Pointing Error Study for SAS-A with Asymmetry

The numerical results presented to this point have been
based on the assumption that the main body axes of sym-
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DAMPING CONSTANT = 0,00010 nt—m-sec/rdd
SPRING CONSTANT = 0.00010 nt—m/rad
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I EITETE ‘J,,, L

+5

ookl ol
o‘-vl~|n}»vvvv Y YLt LT
-5

0 10 20 30 40 50 60 70 80 %0 100
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Fig.9 Transient response for the case of initial transverse
body angular rates.

metry are also principal axes of inertia. Results of mass
balance tests have shown that there is a small unsymmetrical
distribution of the satellite’s mass with respect to this coordi-
nate system. A preliminary spin axis pointing error study
was made to determine the effects of dynamic mass unbalance
of the satellite main body in a torque-free environment (with-
out gravitational torques), and to see whether these effects
are within the mission specifications.” This was accomplished
with the attitude dynamies computer simulation which
numerically integrates the nonlinear equations of motion.

A representative set of moments and products of inertia
were used in the simulation. After a suitable similarity
transformation the elements of the moment of inertia tensor
expressed in the main body symmetry axis system (by, b, b5)
were caleulated to be in units of kg-m?: Iy = 28.07; I, =
0220, 113 = 0070, Iy = 112; Ip = 3113_; 123 = "—0095,
Iy = Is; Iy = Iss; Iy = 27.43, where b, is the nominal
spin axis.

The problem was initialized for several cases. The
satellite mass, pendulum end mass, the rotor inertia char-
acteristics, the lengths of the pendulum arm, and the dis-
placement of the damper pivot point from the b, axis were
the same as listed for Figs. 7 and 8. Other parameters that
were common to all cases considered here were: | = 0.30
m; s = 2000 rpm (209 rad/sec); @ = 5 rpm; k=1 X 10*
nt-m-sec/rad; K = 1 X 10~*nt-m/rad.

For this pointing error study, one is interested in the fol-
lowing parameters whose definitions are given™:

1) The coning or nutation angle v (gamma). (The angle
between the total angular momentum vector of the system
and the spin axis bs).

2) Af: = an angle between any two spin axis pointing
vectors taken at different time intervals. A6, is comprised
of contributions due to the following two effects—a) the
nominal change in direction of @, with respect to the invari-
ant line (L) as the body cone rolls about the space cone in

Table 1 Comparison of simulated and computed
steady-state coning angle

Steady-state

coni 1
Cross product of ning angte

Case inertia programed, Simulated  Computed
kg-m?
1 Tio=In = 0.22 0.05° 0.047°
2 Iy = I3 = 0.0948 0.02° 0.02°
3 131 = 113 = 00701 00 0°
4 All of the above 0.055° 0.055°
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Table 2 Study results

Allowed Simulated
¥ 0.2° 0.055° == 0.025°
Af: 1.5 arc min/20 sec time 1.0 arc min/20 sec

time

accordance with the Poinsot construction concept® for a
symmetrical satellite, and b) the deviation (wobble) in the
motion of @ from a) due to mass asymmetry where the b,
axis is no longer a principal axis of inertia.

As a check on the simulation, the computer program was
initialized for several cases that could be easily verified by
hand computation. The spacecraft was given zero initial
transverse angular body rates and each of the cross products
of inertia was programed in turn to observe their effect on
the coning angle. The coning angle can be approximated for
gero transverse angular body rates and a torque-free en-
vironment by tany =~ [(I,2 + L;®)/L[.2]Y? where Ly =
‘“I]zwz; Lz = 122(4)2 + IR?S; L3 = —I;:,g(;}z. The results are
summarized in Table 1.

Case 4 is indicative of the nominal steady state motion of
the system in a torque-free environment. The small sinus-
oidal variation about the steady-state cone angle of +0.025°
that was observed can be attributed to a cyclic gyroscopic
precession torque. This torque results when a component
of the rotor reaction torque on the main satellite is at right
angles to the satellite’s angular momentum vector.

To observe the transient behavior, the satellite was given
an initial transverse angular body rate to simulate a nominal
cone angle of 0.65°. Figure 9 shows that the initial rate of
decay of the coning angle (gamma) is on the order of 0.1° per
hour. Comparison with the transient decay of gamma
shown in Fig. 7 for the case of mass symmetry, indicates that
the simulated mass asymmetry degraded the performance of
the nutation damper by a factor of almost ten.

The sensitivity of the nutation damping system perform-
ance to changes in the moments of inertia was also supported
by results of a parametric study of the linearized equations of
motion with mass symmetry for a different configuration.
In this study the moment of inertia ratio (ratio of polar
moment of inertia to the transverse moment of inertia) was
varied as were the spring constant and damping constant
of the system. These results, indicate that an increase of
69% in the moment of inertia ratio can decrease the damping
time constant by at least a factor of three.?

The ¢Af: predictability was computed for the worst case,
assuming that the sense of rotation about the nominal spin
axis was opposite to that of the steady-state precession, that
the coning angle was a.maximum of 0.075°, and that the
period of spin axis precessional motion was 6 min.

The results of the study to examine the effects of mass
asymmetry on the orientation of the nominal spin axis are
summarized in Table 2.

For the values of mass asymmetry given and for a torque-
free environment, the satellite is predicted to perform within
the specified limits of v and Af. However, the addition of
gravity-gradient, aerodynamic, and solar pressure torques
to the simulation will provide more realistic evaluation of v,
Af,, and the spin axis drift rate. In addition, the presence
of mass asymmetry noticeably degrades the performance of
the nutation damping system. '

J. SPACECRAFT

IV. Conclusions

As a result of the present analysis and numerical results
the following conclusions can be made in conjunction with
the design of the dual-spin attitude control system considered
here:

1) System performance is optimized by using only one of
the two pendulous dampers at a time. If redundancy is
desired, the second (caged) damper could serve as a balance.
In addition the capability of varying the stiffness of the
torsion wire support will result in greatly improved damping
in the event of rotor failure.

2) For the case there is little difference between the polar
and transverse moments of inertia of the main satellite,
system instabilities may result when the rotor is spinning
very slowly in the negative sense, i.e., the rotor angular mo-
mentum vector is opposite in sense to the direction of main
body angular momentum.

3) The predicted minimum time constants of the least
damped normal mode of oscillation with the rotor on and
no mass asymmetry are under 40 min; the predicted min mum
time constants when the rotor is off and the spring constant
adjusted are between 20 and 30 hr.

4) The simulated effects of mass unbalance of the satellite
in a torque-free environment indicate that the steady state
amplitude of the coning or nutation angle of 0.055 = 0.025°
is within the allowable amplitude of 0:2°. In addition, the
maximum angle between any two spin axis pointing vectors
taken at 20 sec time intervals is slightly less than the allow-
able 1.5 min of arc. The presence of mass asymmetry
degrades the optimum performance of the nutation damping
system (i.e., maximum time constant), by approximately an
order of magnitude, with the set of moments and products of
inertia used in this study.
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