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ABSTRACT

This paper studies two damping systems Which‘can be used as part
of the attitude control systems of geomagnetically, gravitationally,
or spin-stabilized spacecraft. The devices are active and passive
geomagnetic rate dampers that use the relative motion between the
spacecraft and an ambient magnetic field to produce the required
torques. The expressions for the torqﬁes generated by each device
are derived. To investigate the usefulness of the dampers, an
analytical study is made of the attitude performance of gravitationally
stabilized spacecraft. To verify the assumptions that were made to
make the dynamical problem analytically tractable, a digital simulation
study is presented. Good agreement is obtained. The characteristics

and applicability of each type of damper are also discussed,
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NOMENCIATURE

spacecraft position vector from center of mass of earth, meters
coefficients used to express magnetic flux density of the core
of an eddy-current rod in terms of the magnetic flux intensity
area., m.eter2

cross~-sectional area of electromagnet, meter2

magnetic flux density of ambient field, webers/meter2

flux density of a dipole geomagnetic field in the equatorial
plane at a radial distance from the center of the earth of
magnitude a , Webers/meter2

magnetic flux density in the permeable core of an eddy-current
rod, Webers/meter2

electromotive force, volts

energy, newton-meter

active geomagnetic rate damper sensor voltage output per unit

volt-meter-secs
amp-turn

time rate of change of magnetic field intensity,

“amplifier voltage gain of active geomagnetic rate damperl

magnetic intensity of ambient field, amp-turns/meter

component of the magnetic intensity of the ambient field,
amp-turns /meter

magnetic field intensity in the permeable core of an eddy-current
réd, amp-turns /meter

current, amperes

current ji1the active géomagnetic rate damper electromagnet,

amperes

- ixX -
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1,11,

gl §

1l

R

A A A
mass moments of inertia of the spacecraft about the i, j, k

axes respectively, kilograms—meter2
GM where G 1s universal gravitational constant and M is
mass of earth, meters3/sec2
length of eddy-current rod, meters
torque, newton-meters
mass of passive géomagnetic rate damper exclusive of fittings,
kgms
magnetic moment of the dipole representation of the geomagnetic
field, earth, weber-meters
magnetization of an eddy-current rod, amp—turns/meter
number of turns of electromagnet winding
cartesian frame of reference fixed in the spacecraft

= local vertical cartesian frame of reference
number of eddy-current rods along each axis of an orthogonal
set of rods
maximum radius of the permeable core of an eddy-current fod,
meters

Te
)

maximum radius of eddy-current rod, meters

r
S

A
resistance, ohms

resistance of electromagnet of the active damper, chms
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R = 6378166 x 1O7 meters, nondimensionalizing constant approximately
equal to the mean equatorial radius of the earth

t = time, sec

T = +time constant, orbital revolutions

v, = volume of the core of an eddy-current rod, meters3

VS = voltage output of the active damper sensor, volts

a = din-orbit plane angular displacement of spacecraft from local
vertical, rads.

aa = amplitude of oscillatory in-orbit plane angular displacement, degs.

as = din-orbit plane bias angle, rads.,

B = angle measured from the uniform ambient magnetic flux density
vector to the axis of an eddy-current rod, rads.

6c = mass density of the core material, kgms/meters3

GS = mass density of the conducting shell, kgms/meters3

g = unit vector parallél to axis of either an eddy-current rod or a
single axis active geomagnetic rate damper

31 = unit vector parallel to ith axis of a orthogonal triad;
i=1t%03
K B 2

Ll = ,O , nondimensional damper characteristic parameter
Ipe

) = aggle measured from the geographic pole to spacecraft position
vector, rads,

o = permeability of the core of an eddy-current rod, webers/amp—meter

- xi -
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e = permeability of free space, bm x 10_7 webers/amp—meter
P = resistivity, ohm-meters
® = angular velocity of eddy-current rod with respect %o uniform

ambient magnetic field, rads/sec.

= denotes unit wvector

() = denotes time derivative

(.)S = denotes time derivative with respect to the OS reference
frame

(ﬁ) = denotes vector quantity

(> = denoteg average value

- xii -
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Introduction

The repeated success of geomagnetically and gravitationally stabilized
spacecraft has promoted incfeased interest in the use of these technigues
for future satellite missions. In a geomagnetic stabilization system, a
magnetic moment generated within the spacecraft interacts with the geo-
magnetic field to establish the preferred orientation. It is the inter-
action of the inertia ellipsoid of the spacecraft with the second derivative
of the gravitational potential vwhich establishes the equilibrium orientation
of a gravitational stabillization system., Both of these techniques require a
damping system to remove excess librational energy that is introduced by
disturbing torques and a nonpreferred initial orientation. In thils paper
two dampers, one active and one passive, are discussed which can be used with
geomagnetically or gravitationally stabilized spacecraft. Both of thesge
dampers can also be used to remove undesirable gpin momentum induced in a
spacecraft by a spin stabilized launch vehicle, In addition, the active
damper can also be used in a spin stabilized spacecraft to increase or
decrease ihe spin rate or used in a closed-loop mode to mainbain a specified
rotation rate with respect to the geomagnetic field,

The two torque producing devices that are studied here are entitled
the Passive Geomagnetic Rate Damper and the Active Geomagnetic Rate Damper
even though the active system is not restricted to energy dissipation. The
passive damper consists of eddy-current rods which have a highly permeable
core encased in a shell of conducting material as illustrated in Fig. 1.

Angular motion of the device with respect to an ambient magnetic field is

-1 -
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CONDUCTING SHELL
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—
Fig. 1 SINGLE-AXIS PASSIVE GEOMAGNETIC RATE DAMPER
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resisted by a dissipation of energy through eddy-current loss in the conducting
shell, The active damper illustrated in Fig. 2 consists of a sensor which
measures the rate of change of the component of the ambient magnetic field,
sensor electronics, and an amplifier that drives an electromagnet whose axis

is parallel to the sensor axis. The magnetic moment of the electromagnet is
maintained proportional to the time rate of change of the measured field.
Angular motion of the device with respect to the ambient magnetic field is
resisted by the torque generated by the interaction of the magnetic moment

of the electromagnet with the ambient magnetic field.

The use of eddy-current rods to despin orbiting earth satellites has
been studied and proposed for use with geomagnetically and gravitationally
stabilized spacecraft in [1]. A study of their applicability for the GEOS-II
spacecraft is presented in [2] in which an averaging technique is used that
gives neither an explicit expression for the torgue nor a measure of the
induced perturbations. The active damper can be used as an alternative to
the passive damper, and an active geomagnetic rate damper was proposed by
F. F. Mobley in [3]. However, the system discussed here differs from that
proposal in that a phase lag need not be explicitly introduced by the instru-
mentation. This should simplify the implementation of such a system. The
active damper discussed here was conceived by the author as a result of an
attempt to improve the damping characteristics of the passive geomagnetic rate
damper. The technique was formulated independently by F. F. Mobley and
B, E, Tossman of the Laboratory for use as a nutation damper on a spin stabil-
ized spacecraft. This author is unaware of any discussion of the active geo-
magnetic rate damper in the literature but the conceptual simplicity of the
device Implies that it may have been proposed elsewhere,

" The analysis is initiated by the derivation of the torque exerted on

-3 -
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Fig. 2 SINGLE-AXIS ACTIVE GEOMAGNETIC RATE DAMPER
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each type of single axis damper by an ambient magnetic field. For a mag-
netically linear core material it is ghown that the torque expressions for

a set of three mutually orthogonal dampers of either type are mathematically
equivalent. The attitude performance of a gravitationally stabilized space-
craft is then investigated. Analytical expressions are developed for the
transient and steady-state performance of a satellite in a circular and geo-
graphically and geomagnetically polar orbit. These results are then verified
by a digital simulation of the nonlinear differential equations which do not
include the approximations that were requii 1 to make the equations analy-
tically tractable. A discussion of the relative merits of the passive and

active dampers concludes the paper.

Damper Torque Expressions

Passive geomagnetic rate damper

If an eddy-current rod of the type illustrated in Fig., 1 is inserted
into a magnetic field of intensity ﬁé » & change in the component of the
field along the rod will introduce an electromotive force in the conducting
shell. The electromotive force is given by Faraday's law to be

a
e = - — B dA (1)
dt IACORE r

For a magnetic flux density that is uniform over the core

¢ = - Br ACORE - Trrc2 Br (2)
The current in an elemental ring of the conducting shell is given by Omm's
law to be

aT = = (3)
if the resistance is assumed to be much greater than the inductance. The

resistance, which 1s equal to the resistivity times the length of the

-5 -
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conducting path divided by the cross-sectional area of the conducting path,

is given by

R = poX (%)

Then the current in the conducting shell is given by substituting FEgs. (2)

and (4) into Eq. (3) so that

2 .
Ty ) r, ¢ T
I = [ %ar=- = log, —= (5)
r C
C
or
I = -k 4B (6a)
r
if 5
I'C I‘s 6
k = 20" log, ;; (6b)

If the conducting shell constitutes a standsrd solenoid (one in which the
length to diameter ratio 1ls very large) the magnetic field intensity is
uniform over the cross-gection and is given by I/z which, by Eq. (6a),
is equal to (- k ér)‘ With this approximetion the sum of the ambient and

induced megnetic field intensities in the rod is given by

H =H -kB (72)
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where

H =H - ¢
er e

(7o)

If the magnetic flux density of the rod is relgted to the magnetic flux

intensity of the rod by the power series expansion

n
B = z: a, H J
T Jr
3=0

then Eq, (7a) can be written as

n
H =H -kH Z ja, B 97F
T jr
j=0

(8)

(9)

Eq. (9) is a first-order nonlinear differential equation for H, . 1In the

applications of interest here
n
- . J-1
H_>>kH Ja, H
er r Jr

3=0

so that an approximate solution to Eq. (9) is

(10)

(11)

(12)
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Since the core is ferromagnetic,

Br Br
Moso - Hepm s (13)
He He
50 that
- vc I =
L =— B ¢ x B (1ha)
L T e
e
where

n n .
. 1
o= ) sl ) -kg @ -8 ) e (@ DI ()

Egs. (14) give the desired result, the torque exerted on an eddy-current

rod because of relative motion with respect to an ambient magnetic field,

In the case of a magnetically linear core material, that is, one in

which
ao =0
al = W
a2=a.3:. =0

Egs. (14) reduce to

- —_ .AA - -(_i_ .A A
L =k, (H e)exBe-Kgdt(ﬁ’e e)exB‘e (168)
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where
= B
Kl = v, (16b)
e
2
K, =v, = k (16c)

(0]

The validity of Egs. (16) can be established since the average rate
of energy dissipated by an eddy-current rod rotating in a uniform magnetic
field has been derived in [1], For rotation of an eddy-current rod about

an axis normal to the ambient field as illustrated in Fig. 3,
A ‘
B+ e=H_ Cosp (17)

e

so that the torque exerted on the rod as given by Eq. (16a) is

L = (k, H, Cos B) o x B, + (X, Heé Sin B) ¢ x B, (18)
The rate of energy dissipation is given by

E =T -3 (19a)
which becomes, after substitution of Eq. (18) and O = é & s

. . ¢2 . 2
E =-K, B_H_P SinpCos B -K,B, H P Sin® B (19b)

The average rate of change of energy over one complete revolution, assuming

_9-
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S

Fig. 3 GEOMETRICAL CONFIGURATION OF SINGLE-AXIS PASSIVE GEOMAGNETIC
RATE DAMPER IN UNIFORM MAGNETIC ENVIRONMENT
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that the angular velocity is a constant, is given by

. aon/p
<ﬁ>=§% f Edt (20a)
0
ﬂrcu 4 62 “2 He2 rS
= - TS log, 7 (20b)

C

For a thin conducting shell, Eq, (20b) can be approximated by

ﬂrc3 4 ée u2 g 2 (r -1r)

(E ) w - %e 5 ¢ (21)

where the negative sign indicates that energy is being dissipated.
Eg. (21) agrees with Eq. (38) of [1] if one takes into account a typo-
graphical error in the latter equation which makes it too small by a

factor of ten.

In an actual application, any number of eddy-current rods can be
employed. The total number, their relative directions and their charac-
teristics are best determined by the individual spacecraft configuration
and mission objective. The first term of the energy expression as given by
Eq. (19b), which follows directly from the first term of the torque ex-
pression can justly be characterized adversely as primarily providing
disturbing torques while the second term can be characterjized as primarily
providing damping torques.

When using the passive geomagnetic rate damper with a geomagnetic
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stabilization system, Hq. (16a) indicates that by placing the eddy-current
rods either parallel, normal or symmetrical with respect to the axdis which
is to be stabilized, it is possible to obtain a disturbance free system.
When used with a gravitational stabilization system, a disturbance free
system cannot be realized. BExcept for a geostationary trajectory, when

the spacecraft is stabilized there will still be relative motion between it
and the geomagnetic field. However, it is possible to minimize the perturb-
ing effect of the damper. If the same number of rods of identical charac-
teristics are placed in the spacecraft along each axis of an orthogonal

13
triad, denoted by e, (i = 1 to 3), then

3
= A A
Z (H, -+ ;) ey =8 (22)
i=1
so that the torque expression given by Eq. (l6a) becomes
T -=-ak = (®) x3 (23)
e’s ]

The subscript s denotes that the derivative is taken with respect to the
frame of reference fixed in the spacecraft. This particular selection of rod
orientation has succeeded in completely eliminating that portion of the eddy-
current rod torque which generates a perturbation without damping. Of
course, it is not necessary to use rods with the same characteristics as

long as the sum of the Kl's of the rods along each axis is identical,

- 12 -
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Active geomagnetic rate damper

The sensor output of the active geomagnetic rate damper illustrated
in Fig. 2 is a voltage that is proportional to the rate of change of the
component of the ambient magnetic field intensity along the axis of the

sensor and is given by

Vv o=t (@ - 8) (o)

The voltage output of the linear amplifier is g VS and the current which

passes through the electromagnet is

T = s (25)

T =NIA6ex3
mm m
or
- 4 A A =
I = -K3 o (ﬁe €)s € X B (26a)
where
N gfA
- m m
K, = E (26b)

A comparison of the torque expressions for the two single-axis dampers as
given by Egs. (16) and (26) is informative. The term in the torque expression

for the passive damper, whose function was shown to be detrimental, is absent

- 13 -
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in the torque expresgion for the active damper. The damping terms of each
expression have the same mathematical form.
If three single-axis active geomagnetic rate dampers are oriented ortho-

gonally the torque expression becomes

= d -
T o= K g (I?Ie)S x B, (27)

It is interesting to note that the torque expressions for mutually orthogonal
dempers of either type, as given by Eqs. (23) and (27), are mathematically
equivalent. Consequently, it is possible to generalize the torque expression

and write

- a - -
L = -K (Be)S x B (28a)
where
(
3
o active geomagnetic rate damper
e
K = < (28p)
gk
2 . .
Ef— , passive geomagnetic rate damper
e
\

This makes it possible to investigate the performance of both damper systems

in terms of the single parameter K.

- 1h -~
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Damper Performance With Gravitational Stabilization

The attitude performance of a gravitationally stabilized spacecraft
with an orthogonal set of dampers of either type is studied here. To make
the equations of motion analytically tractable, so that preliminary design
formulae can be obtained, several restrictions and simplifying assumptions
are made. The spacecraft is taken to be on a circular and geographically
polar orbit. The geomagnetic field is approximated by a dipole aligned
with the geographic poles so that it coincides with the dally mean position
of the dipole component of the true field. Consequently, the geomagnetic
field at the spacecraft will lie in the orbital plane. For librational
motion in the orbital plane the time derivative of the geomagnetic flux
density vector will also be in the orbital plane. It follows from Eq. (28)
that the damper system will introduce a torque about an axis normal to the
orbital plane. This means that the in-orbit plane libration of gravitation-
8lly stabilized spacecraft which is uncoupled from the out-of-orbit plane
motion in the presence of gravitational forces remains uncoupled in the
presence of the damper torques.

The large spacecraft inertia required for gravitational stabilization is
usually obtained after the spacecraft is in orbit by the extension of tubular
stabilizing booms. Extension of the booms usually occurs when the period
of the attitude motion is of the order of the orbital period. The large
change in inertia which accompanies boom extension will reduce the angular
velocity of the spacecraft in inertial space to near zero except possibly

for the component about the longitudinal axis in a dumbbell configuration.

- 15 -
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Since a gravitationally stabilized spacecraft in its equilibrium position
has an angular velocity normal %o the orbital plane of one revolution per
orbital revolution, in-orbit plane motion about the equilibrium orientation
will result. Whether there is any out-of-~orbit plane motion depends on the
varticular orientation of the spacecraft at the time of boom extension. This
can be made small by proper selection of the instant at which the booms are
extended or by a technique employing geomagnetic stabilization prior to
boom extension. For these reasons the analytic study is restricted to the
in-orbit plane librational motion of the spacecraft in order to character-
ize the transient and steady-state performance.

The components of the geomagnetic field in the OV reference system,

ag illustrated in Figs. 4 and 5 are given by

. A
o -BO [Sine €q

el
1l

+2 Coso ¢] (29a)
where

B
o

il

M
-{% (29b)

a

For small in-orbit plane libration amplitudes, the geomagnetic field in the

spacecraft frame of reference OS 1s given by

1 o -«
= ~ =>
(B.)g 0 ol (B),
@ 0 1

- 16 -
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Fig. 4 ORBIT CONFIGURATION AND LOCAL VERTICAL REFERENCE SYSTEM
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so that

Ee = -B_ [(8ing - 20 Cosp) 1+ (0 Sing + 2 Cose) k] (30)

The derivative of ﬁe in OS is

(ﬁé)s = —BO[(é Cosg - 20 Cosp + 209 Sing) &
+ (& 5ing + 08 Cose - 28 Sing) K] (31)
The damper torque, as given by Egs. (28), (30) and (31), is
T =K 302 [26 - & (1 + 3 Cos®e)] } (32)

The differential equation for the jin-orbit spacecraft motion is given in

[41 to be

3k
g+ a) - —& - in 20 =
Ip(e + Q) 3 (Iy Ir) Sin 2 L (33)

so that for a small amplitude libration

"o 2 2 . .2 . 2 *
I O+KEB (1 + 3 Cos“8) & + 3 § (Ir - Iy) @ =2K B " 6 (35)
By defining

- 19 -
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g
o= —————-——rI Y (363)
P
()'e%()ﬁ%() (360)
fin =
n=—, (36c)
I$
P(s) =4 (1 + 3 Cos“p) (364)
R = (30)Y/2 (36¢)
Q = 2M (36£)
Eq. (35) can be rewritten as
o' + 2P(g) a’ + R°a = q (37)

Eq. (37) is a second-order linear nonhomogeneous differential equation with
a periodic coefficient. The parameter denoted by 1 is a nondimensional
representation of the damper characteristics. Eq. (37) can be reduced to

a homogeneous form by defining

=7 + % (38a)
R
=g +%g (38b)

Bioan s
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so that

7z + 2P(g) 2’ + R

Il
(@)

(39)

The removal of the first derivative term may be accomplished by changing the

dependent variable from 7Z to X through the definition

)
- P a
Z =X e Jﬂo () ar (k0)

If this change of variable is introduced in Eq. (39), then

X" +8(8) X =0 (41)
where
s(s) = B° - F(0) - P'(8) (h2a)
3 2
=30 +27 Sin 29 - gﬁ (59 + 60 Cos 20 + 9 Cos ko) (42b)

Eq. (41), in which S(e) is expressible as a Fourier series as in the case

of interest, is Hill's equation which has received considerable attention.
No simple method exists for obtaining a general solution to Hill's

equation, However, a simple criterion for boundness due to Liapunoff does

exist and is given in [5]:

- 21 -
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If 8(e) is real and continuous with period m and

s(8) £ 0 (k3a).
[ s(e) a0 = 0 (430)
[ Is(e)| ae <2 (43c)

then all solutions of Eq. (41) are bounded for - ® <8 < ® ,

For the 5(6) given by Eq. (42b), the stability criteria are that

o= g% T]2 (Mka)
2
I i 130 + % N Sin 26 - 25 (59 + 60 Cos 20 + 9 Cos Lg)| dp < % (4hp)

o]

The integration can be easily performed only for specific values of ¢ and

7 .

A simplified stability criterion can be obtained when
-1 ) << 1 (15)

In this case, the periodic coefficient given by Fq. (42b) can be approximated

by

S(e) ~ 30 +% 1) Sin 20 (16)

- o0 .
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The stability criteria given by Egs. (43) now give

o> 0 (k1a)

j”|3o-+-g-ns:m29] de S% (47b)

o)
If the independent wvariable is changed by the transformation

7

the differential equation of motion given by Eq. (41) can be rewritten using

Eq. (46) as
a® x
5+ (u- 2v Cos 2y) X = 0O (48a.)
dy
where
u = 30 (48p)
v s (48c)

Eq. (48a) has the form of the well-studied Mathieu equation which arises
in several different types of physical problems, Exact locations of
boundaries between stable and unstable solution as a function of wu and

v are readily available, e.g. [5]. For
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c>0 (49a.)

20 <N < 20 (49b)

the solutions to the Mathieu equation are esgentially stable with only
narrow regions of instabilities.

An approximate solution for the libration amplitude of the spacecraft
is possible when the periodic coefficient S(8) as given by Eq. (42) has
relatively small variations about a large mean value. This solution of

Eq. (41) is known as the WKBJ approximation and is given by

1

X =[G(8)] ~ 2 [A Cos ¢ (8) + B Sin ¢ (8)] (50a)
where

6

o(e) = [ a(e) as (50b)

6°(8) = s(e) (50¢)
if

67 > 1282 @3 (50a)

The primes denote differentiation with respect to the independent variable
@ and the A and B are the constants of integration that must be deter-

mined from the initial conditions. For S(8) given by Egs. (42), the
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librational motion is given by

2 3 s 1
-+ 17 (8 + 35 sin 28) -3 5
a=e ¥ [G(6)] “[a Cos o(e) + B sin 9(8)] + 50 (51)
The time constant of the motion, which is the time required for the libration

amplitude to reduce to e_l of its initial value, is obbtained directly from

Eq. (51) to be

2

T =g (52)

where T dis in orbital revolutions.
It also follows directly from Eq. (51) that the motion of the geo-
magnetic field relative to the local vertical frame of reference introduces

a steady-state bias of megnitude

o, =21 (53)

The time constant and steady-state bias angle given by Egs. (52) and (53)

are illustrated in Figs, 6 and 7 as functions of the damper parameter 1) .

Comparison of Analytical and Simulation Resgults

, The formulae developed in the preceeding section for the time constant
and steady-state bias angle are particularly useful for preliminary design.

To establish confidence in the formulae it is necessary to obtain a measure
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Fig. 6
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of the effects of the assumptions that were made to make the dynamical solution
analytically tractable. This is accomplished by a comparison of the analy-
tical results with those obtained from a full scale digital simulation of the
nonlinear differential equations of motion. The simulation used for this
purpose is a general purpose Digital Attitude Simulation developed at the
Applied Physics Iaboratory and is described in [6]. As used for the current
study, the simulation is operated in an abbreviated mode in that the majority
of the optional . capabilities are not exercised. The center of mass of the
spacecraft is constrained to a circular and geographically polar orbit. Only
torqueg that arise from the interaction of the inertia ellipsoid with the
Newtonian component of the geopotential and the interaction of the damper
with a realistic model of the geomagnhetic field are considered. The geo-
magnetic field is represented in a rotating earth-fixed coordinate system

by the eight leading terms of the spherical harmonic.expansion discussed in
[7). The model has an rms residual of 9 percent when compared with satellite
measured geomagnetic data. The three second-order nonlinear differentisal
equations are integrated numerically by the fourth-order Runge-Kutta-Gill
method. The characteristics of the spacecraft and orbit that are used in the
simulation are given in Table T.

The results of the digital simulation are superimposed on Figs. 6 and 7
so that a direct comparison can be made with the analytical result. Excellent
agreement is obtained. To determine the transient response from the simu-
lation, the initial conditions were selected so that the spacecraft was
aligned with the local vertical at the geographic north pole with zero

angular velocity in inertial space. This is typical of the conditions that
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Table 1. Spacecraft and orbit characteristics
for digital simylation

Mass properties

Ip = 500 kgm—meter2
Ir = 500 kgm—meter2
Iy = 20 kgm.—meter2
m = 70 kgms

Orbit characteristics

semimajor axis = 1.2 earth radii
eccentricity = 0

inclination = Q0 degrees

argument of ascending node = O

argument of perigee = 0

mean anomaly = 90 degrees

epoch 67 80 0.0 year-day-sec
mean motion .943 x lO_3 rads/sec
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prevail when the mass distribution of a gravitationally stabilized spacecraft
is achieved by extendible members. The time constant i1s computed from the
libration history over 39 orbital revolutions of the satellite which corres-
ponds to approximately three days. To determine the steady-state dynamic
behavior from the simulation, the initial conditions were selected so that
the spacecraft was aligned with the local vertical at the geographic north
pole but with an in-orbit plane angular velocity equal to the orbital mean
motion. In the absence of perturbations the spacecraft would remain aligned
with the local vertical. The mean in-orbit plane bias angle is computed
from averaging the peak libration amplitudes over the last 13 orbital rev-
olutions out of a total of 50 revolutions. Fig. 75 represents the amplitude
of the envelope of the oscillatory libration about the mean bias angle that
is present in the simulation results. For a specific value of 1 addition
of the ordinates of Figs. Ta and Tb gives the maximum deviation from the

local vertical.

Damper System Characteristics

The choice between the active or passive damper will in general be
determined by the particular stabilization requirements and spacecraft
constraints. Mass, volume, power requirement, reliability, and flexibility
are the more important damper characteristics that will influence the choice.

The active damper can be implemented in several ways. The function of
the sensor is to determine the time rate of change of the geomagnetic flux
density. This can be accomplished by time differentiating the output of a

vector magnetometer or by detecting the magnitude of the current induced in
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a coil of conducting material. The function of the electromagnetic is to
generate a dipole moment which interacts with the geomagnetic field to
produce the damping torques. Either an air or iron core electromagnet can
be used in either a continuous or discontinucous mode. In the continuous
mode the output of the amplifier electronics is fed continuously into the
electromagnet so that it has good fidelity with the sensor output., The
discontinuous mode utilizes a chargeable electromagnet so that pulsed charging
of the electromagnet results in a dipole moment that is a step approxima-
tion to the desired function. This would have the advantage of minimizing
power consumption.

It is obvious that the active damper can be packaged into a relatively
small wnit and can be made extremely flexible by incorporating the ability
to change the amplifier gain by ground command. The virtue of the passive
damper is its extreme reliability. However, for at least some applications
it appears to require an inordinate amount of mass and volume, The mass of
the.passive damper, exclusive of fittings, can be obtained from Eq. (36c)

which can be rewritten as

na 4’ Me2 (& )2 = B ?S) (o)
M = = r  log — Sk
2ke1/2p Ipa9/2 Mg c er,

For given values of 1 , Ip s ;c , b, a , and p , the problem is one of

determining the number of rods required along each axis from

1/2.9/271/5 = - 1/5
2o Ip k 7 a - L . r,

(55)
g Meg(u/ue)2 ¢

4 =

8e =
T
c
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subject to a constraint on the length of the rods. The total mass, exclusive

of fittings, is then given by

m=3qmn 23 [?Cd éc + (rs - T, ) BS] (56)
Repeating this calculation for several values of ;s results in the deter-
mination of a damper system of minimum mass.

It is instructive to compute the mass of the passive damper for a
typical application. Consider the spacecraft and orbit whose characteris-
tics are described in Table 1 and a mutually orthogonal set of eddy-current

rods that have a core material of mu metal whose properties are given for
r = .002
&
in {1] to be

10

~
|t
L —
i
=

§ = 7.86 x 10° kgm./meter3

For a conducting shell of copper

= 1.7 x 10-8 ohm-meters

©
I

8.9 x 10° kem/meters

o
]
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The mass of the passive damper exclusive of fittings for an 1T of .0025,
which is equivalent to a time constant of approximately 50 orbital revolutions,
as a function of the nondimensional maximum radius of the conducting shell
is given in Fig. 8. For a maximum allowable length of one meter a damper
mass of 45 kgms is required while for a maximum allowable length of 0.5
meters a mass of 57 kgms is required. Consequently, unless the permeability
of the core material can be increased appreciably the passive damper appears
to have limited application for missions in which the emphasis is on the
transient performance, For gravitational stabilizatlon it is possible, by
multiple boom extensions, to capture the spacecraft so that its initial
libration energy is small, In addition, digital simulationi studies as
well as experimental evidence accumulsted at the Laboratory indicate that
some gravitationally stabillized spacecraft will maintain good stabilization
in the absence of any damping mechanism for extended periods of time. Con-
sequently, in applications in which the steady-state performance is of prime
importance, so that a damping parameter of appreciably smaller magnitude

can be utilized, the passive damper may be competitive.

Summary and Conclusions

This paper studies the applicability of both active and passive geo-
magnetic rate damping to spacecraft attitude control systems. Torque
expressions which can be used in digital simulation studies are derived for
each type of damper. It is shown that a triad of mutually orthogonal single-
axis passive dampers with a magnetically linear core material has the same

mathematical form for the torque expression as a triad of mutually orthogonsl
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single-axis active dampers.

Design formulae are derived which characterize the transient and steady-
state motion of gravitationally stabilized spacecraft in geographically polar
and circular orbits. The validity of the assumptions that are necessary to
make the dynamical solution analytically tractable is established by agree-
ment between the analytical resuits and those of a detailed digital simu-
lation study.

It is further shown that for a typical.application that the passive
damper requires an inordinate amount of mass to provide good transient
performance so that its usefulness appears to be limited to applications in
which only a small amount of damping is required. The active damper has
good potential to complement the attitude stabilization systems of geomagnetic
and gravitationally stabilized spacecraft. TIts lack of moving parts implies
that good reliability should be attained. Since the characteristics of the
active damper can be changed by ground command it is an extremely flexible
device. It can also be used in a closed loop feedback mode to maintain a

specified spacecraft rotation rate with respect to the geomagnetic field.
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