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Introduction

A N Earth-pointing spacecraft that is not at rest in a local-
vertical-local-horizontal reference frame can, after a time, be

brought nearly to rest by means of a device known as a magnetic
damper consisting of a sphere, in which a permanent magnet is fixed,
placed inside a spherical cavity attached to the spacecraft. The radius
of the cavity is slightly larger than the radius of the sphere and the
space in between is filled with a viscous fluid, typically silicone oil.

In what follows, three methods of numerically simulating mo-
tions of a spacecraft with a magnetic damper are compared; results
obtained with the first approach are in general agreement with those
based on the second approach, whereas results from the third method
are incorrect unless the spacecraft is nearly at rest in a local-vertical-
local-horizontal reference frame. We present a function that can be
used (in the way an integral of equations of motion is sometimes
used) to test the results of numerical integrations performed in con-
nection with the first approach.

First Approach
The first approach, taken in Refs. 1 and 2, involves integrating a set

of exact, coupled, nonlinear dynamical and kinematical differential
equations of motion governing the behavior of the system S of two
bodies shown in Fig. 1: a spacecraft C and a damper sphere D,
in which a magnet of net dipole moment m is fixed. Z)*, the mass
center of D, is fixed in C and coincident with C*, the mass center
of C. Body C moves in Newtonian reference frame N.

We assume that C* travels in a circular orbit around E*, the mass
center of E., the Earth, regarded as a particle for the purpose of
computing gravitational force. In that event, Eqs. (6.1.2) of Ref. 3
lead to six dynamical equations of motion for S in N, three of which
are satisfied by a single vector equation

I.Nof + NwcxI- Nuc - 3<320, x / - fl! - KcuD = 0 (1)

where / is the central inertia dyadic of C and Nof and Nuc denote,
respectively, the angular acceleration and angular velocity of C in N.
The term 3£22«i x / • a\ is an expression for the moment about C*
of the gravitational forces exerted by E on C, where a\ is a unit
vector in the direction of the position vector from E* to C* and $1
is a constant angular speed in TV of a reference frame A in which
a\ is fixed. The set of contact forces exerted on C by the viscous
fluid can be replaced by a couple whose torque is equal to KcuD,
where CCJD is the angular velocity of D in C and K is referred to as
a damping coefficient.
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Fig. 1 Spacecraft and magnetic
damper.

The remaining three dynamical equations governing motions of
S in N are all satisfied by the vector equation

K CUD = 0 (2)

where / is the central inertia dyadic of uniform sphere D and NotD

is the angular acceleration of D in N. The set of magnetic distance
forces exerted on D can be replaced with a couple whose torque is
m x B, where m is the net dipole moment of the magnet fixed in D
and B is the local magnetic field vector. The gravitational moment
acting on D vanishes because D is regarded as a sphere whose mass
is distributed uniformly.

The behavior of S in N is governed by several kinematical equa-
tions of motion, in addition to the six dynamical equations to which
we have just alluded. Solutions of kinematical equations provide
time histories of the orientations of C and D in A, which can be
described with whatever variables the analyst finds convenient: ori-
entation angles, direction cosines, Euler parameters (quaternions),
or others.

The analyses undertaken with this approach in Ref. 4 make use
of a variable step-size numerical integration algorithm designed
specifically for systems of stiff ordinary differential equations; sim-
ulation results reported here have been obtained with the variable-
coefficient ordinary differential equation solver.5

Checking Function
One may gain confidence in the results of numerical integrations

of equations of motion by evaluating a checking function and veri-
fying that it remains constant at every step of a solution. An affirma-
tive result, although it does not guarantee validity, indicates that the
equations of motion have been derived, encoded, and solved cor-
rectly. In some cases mechanical energy, angular momentum, or a
Hamiltonian can serve as a checking function, but not in the present
case. References 6 and 7 describe a way to obtain a scalar checking
function C for any mechanical system. The validity of solutions of
Eqs. (1) and (2) are checked with the function

C = ± la,

(3)

where the angular velocity of A in N is given by N(jjA = Q«s; unit
vector «3 is perpendicular to «i and fixed in both A and N. The
first four terms appearing on the right-hand side of the preced-
ing equation are equivalent to the rotational Hamiltonian given in
Eq. (3.5.21) of Ref. 8: it is an integral of the equations of motion
of a rigid body whose mass center travels in a circular orbit, sub-
jected solely to gravitational forces exerted by E. 73 and I\ denote,
respectively, the largest and smallest central principal moments of
inertia of body C. The final two terms appearing on the last line
represent the contribution of the magnetic damper to the function
C. Z is governed by a first-order differential equation,

= ,D /N. .D A ,C\ N,j • ( U — W ) — (j (4)

which must be integrated simultaneously with all other equations of
motion.

Second Approach
A second approach is based on the assumption that the resultant

moment about D* is zero and, therefore, that NOLD also vanishes.
(The idea for this approach is not ours. Credit belongs to the Astro
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Space Division of General Electric, Valley Forge, Pennsylvania. Un-
fortunately, we have been unable to obtain an appropriate reference
to cite in this instance.) This assumption is used as a justification to
jettison dynamical equations of motion associated with Z), namely,
the three obtained from Eq. (2); it leads to a relationship

= (mx B)/K (5)

used at each integration step to recompute CCJD, which is then em-
ployed in kinematical equations for variables describing the orien-
tation of D in C. Moreover, Eq. (1) gives way to

(6)

after substituting from Eq. (5).

Third Approach
In the third approach, set forth in Refs. 9 and 10, D is presumed

to move such that m is always parallel to B\ hence, dynamic and
kinematic equations associated with D are left out of the picture
entirely. This approach is based on the approximation

dt (7)

where b is a unit vector in the direction of B and cdb/dt represents
the derivative in reference frame C of b with respect to time. Equa-
tion (7) appears as Eq. (22) of Ref. 9; from there, it can be traced to
Eq. (18-64) of Ref. 10, and then to Eq. (9) of Ref. 11.

The third method replaces Eq. (6) of the second approach with

/ • Nac + Nwc x / - Nuc - 3n2fii xI-ai-Kbx—b = Q (8)dt
In Ref. 9, motions of C are partitioned into two categories: a

despin or transient phase and a stabilized or steady-state phase.
Equation (7) is shown to follow from Eq. (5) [also numbered Eq. (5)
in Ref. 9] after the motion of C has been stabilized. Only then is it
likely that m will remain nearly parallel to B,

The third method is the basis for results of simulations of the
motion of Space Station Freedom contained in Refs. 11 and 12; it
is claimed in Sec. VII of Ref. 11, without substantiation of any sort,
that the third approach produces results comparable to those from
the first method. Absent from these two articles is a clear description
of the circumstances, if any, under which m and B remain parallel.
Furthermore, since the third method fails to provide any information
whatsoever about the orientation of D, one never knows to what
extent the direction of m differs from that of B.

We show presently that Eq. (7) leads to reasonable results only
when C is nearly at rest in local-vertical-local-horizontal reference
frame A, and to incorrect results when C tumbles in A. Spacecraft
such as the Long Duration Exposure Facility and Space Station
Freedom must contend with plumes from a Space Shuttle's reaction
control jets, which might induce tumbling.

Illustrative Examples
We now examine results from simulations based on each of the

three approaches just described, to investigate their relative merits.
Letpi,/?2» and/?3 be three dextral, orthogonal unit vectors fixed

in C, parallel to central principal axes of inertia of C. Central
principal moments of inertia of C are Ii = 60, 511, 72 = 314, 126,
and 73 = 326, 518 kg-m2, where Ir=pr-I -pr(r = 1,2, 3).

The central principal moment of inertia of Z), used in connection
with the first approach, is J = 0.146 kg-m2. The magnitude of m is
1,125 A-m2, while the value of K is 6.78 N-m-s.

If magnetic dampers are absent, C can remain at rest in A when, as
is discussed in Sec. 3.5 of Ref. 8,/?i is parallel to a\ (local vertical),
and/?3 is parallel to #3 (normal to the orbit plane). Each simulation
begins with this orientation of C in A. The orbit of C* has a radius
of 6783 km, which corresponds to an angular speed of £2 = 0.0646
deg/s. The angle between the orbit plane and Earth's equatorial plane
(inclination angle) is 28.5 deg. The initial latitude of C* is 0 deg,
and the initial longitude is —68.4 deg.

Simulations based on the first two approaches begin with m in the
same direction as B, and cu>D = 0. In the case of the third method,
cdb/dt is initially 0.

The results that follow are obtained with a geocentric dipole
model of the geomagnetic field [Eq. (H-22) of Ref. 10], and nu-
merical values of the Gauss coefficients given in Ref. 13.

The absolute value of the checking function, which begins at zero,
remains smaller than 2.3 x 10~n N-m throughout the integrations
performed for the first approach.

Spacecraft Nearly at Rest in Frame A
Simulation results from all three approaches are in agreement

with one another when C is nearly at rest in frame A. An example
of this kind of behavior can be produced by using the initial values
Au>c -pi = - 0.01 deg/s, Auc -p2 = 0.01 deg/s, and Auc -p3 = -
0.01 deg/s. Figure 2 shows a time history of 0, the angle between/?!
and a\. Figure 3 depicts oscillations in ft, the angle between m and
B, with an average value of 10 deg. Curves representing results from
the second and third methods are absent from Fig. 2 because they
are indistinguishable from the solid curve. Likewise, Fig. 3 does not
contain a separate curve for the second method.

Although the phrase "nearly at rest" gives some qualitative indi-
cation of the circumstances under which the third method gives a
valid solution, a precise discriminant is not readily available.

Vigorous Motion of Spacecraft
In this section we provide an example in which results obtained

with the first and second approaches are in conflict with those from
the third. Initial values Auc -pi = - 0.10 deg/s, AUJC -p2 = 0.10
deg/s, and Auc -pi = — 0.10 deg/s lead to motions in which C
pirouettes and tumbles in A. C is said to tumble when 0 grows
larger than 90 deg. The first and second approaches lead to the curves
for 0 shown in Fig. 4 where tumbling of C is in evidence almost
immediately and continues for approximately six orbits. C performs
a number of complete somersaults, after which 0 approaches 0 deg,
rather than 180 deg. Figure 5 shows that ft reaches 55 deg during the
first orbit, a signal that there will be trouble with the third approach.

Figure 6 reveals a marked difference between time histories of 0
obtained by using the first and third techniques. The discrepancy is
apparent shortly after the second orbit. The first approach indicates

Method 1

4 5 6
Number of Orbits
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Fig. 4 Vigorous motion, methods 1 and 2.
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Fig. 6 Vigorous motion, methods 1 and 3.
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Fig. 7 Methods 1 and 3, 40 orbits.

C is right side up during orbits 6-10 because 9 is less than 90 deg,
whereas the third approach leads to the erroneous conclusion that
C is upside down during that time.

The simulation mentioned in Refs. 11 and 12 employed fixed step
numerical integration; steps of 0.2,0.1, 0.05, and 0.02 s all produce
the broken curve in Fig. 6, but they lead to different solutions after
the 12th orbit.

The problem of numerical stability notwithstanding, another de-
fect in the third method comes to light upon examining results be-
yond the 15th orbit. In view of Fig. 7, the first technique predicts
excursions of 0 to be approximately 20 deg in the neighborhood of
orbit 40. The second method, whose results are not illustrated here,
yields basically the same prognosis. In contrast, the broken curve
shows that the third method, together with a step size of 0.02 s,
leads to the mistaken conclusion that the excursions of 0 are less
than 15 deg at that time.

An earlier version of this Note14 inadvertently displayed results
for the third method that, in the case of vigorous motion, were
obtained with K = 1.36 N-m-s. Only the broken curves in Figs. 6
and 7 contained the mistake, and they are now correct.

Conclusions
Two methods of modeling the action of a magnetic damper on a

spacecraft, which take into account the motion of the damper sphere,
produce simulation results that are in general agreement. A checking
function for equations governing the motion of a spacecraft and
damper sphere is used to bolster confidence in results of numerical
integrations required by the first technique. A third method, in which
the motion of the damper sphere is completely ignored, furnishes
unacceptable results unless the spacecraft is nearly at rest in a local-
vertical-local-horizontal reference frame. Solutions obtained with
the third approach are shown to contain significant errors when the
spacecraft tumbles. In the absence of a precise quantitative criterion
that indicates whether a particular simulation will produce valid
results, it seems best to dispense with the third approach altogether.
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