Chapter 6

Satellite Attitude Dynamics

Chapter 5 develops the fundamental topics required to study the rotational motion of
rigid bodies. These fundamentals are relevant to a wide variety of engineering prob-
lems, and especially to the study of the attitude motion of spacecraft. An important
step in specializing the rigid body equations of motion for a particular application is
to develop a thorough understanding of the torques g that appear in the equations.
In this chapter, we develop the environmental torques that affect spacecraft motion,
and investigate some of the standard problems of interest to spacecraft engineers.

6.1 Environmental Torques

Important environmental torques affecting satellite attitude dynamics include gravity
gradient, magnetic, aerodynamic, and solar radiation pressure torques. We develop
expressions for these torques in this section, and in subsequent sections we study the
effects of the torques on attitude motion.

Currently this section only includes the development of the gravity gradient torque.

6.1.1 Gravity Gradient Torque

We assume a rigid spacecraft in orbit about a spherical primary, and every differential
mass element of the body is subject to Newton’s Universal Gravitational Law:

GM dm .

df, = — é, (6.1)

r2
where G is the universal gravitational constant, M is the mass of the spherical pri-
mary, dm is the mass of a mass element of the body in orbit, r is the radial distance
from the mass center of the primary to the mass element, and €, is a unit vector from
the mass center of the primary to the mass element. Note that e, for the mass center
may be expressed as one of the unit vectors in the orbital frame, F,, as €, = —03.
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6-2 CHAPTER 6. SATELLITE ATTITUDE DYNAMICS

Furthermore, we find it useful to write the position vector to a differential mass el-
ement as the sum of the position vector from the primary to the mass center of the
body and the vector from the mass center of the body to the differential mass element:

F=oF+ & (6.2)

This force acts on every particle in the body, so that we compute the force on the
body by integrating this differential force over the body. Thus

- GM |
fg = — /B 787» dm (63)
which can be written as au

or, expanding the position vector using Eq. (6.2),

2 GM

g B ’CO r 4+ cI,|3 (O ) ( )
In the integrand, the vector .r is the only variable that depends on the differential
mass element. However, in general, this integral cannot be computed in closed form.
The usual approach is to assume that the radius of the orbit is much greater than
the size of the body, i.e., |5r] > |.r|, and expanding the integrand as follows:

or+. OT + T (6.6)
o + o [(HF + oF) - (6F + 1))
_ or +.T
C[pFoF A+ 25T oF 4 o ) oD
o 0O ot "¢ cl "¢
_ Of + I
Cfesr2 L 9CFE. T 213/2 (6.8)
612 + 257 - X+ 12
_ oF + T (6.9)
o3 [1 4 25T - /&2 + 12 [&r2]* '
Now, since |5T| > |.I|, expansion in a Taylor series leads to
% = offl (1 _30 ey H.O.T.) (6.10)
~ 0T (1 — 39 ';r> (6.11)
o’ o’
°r 4+ .r
~ & 3 (6.12)
0
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6.2. GRAVITY GRADIENT STABILIZATION 6-3

Substituting the last of these approximations in to the volume integral for f?g leads to

- M (67 + °

f, = _/ wdm (6.13)
B or
GMm,

Finally, letting r denote the position vector from the primary to the mass center of
the orbiting body, and applying Newton’s Second Law, we obtain:

- GM_ -
This equation is recognizable as the familiar two-body vector equation of orbital
motion, in which the constant GM is usually written as the gravitational parameter
1.
We also need to develop the moment about the mass center due to the gravitational
forces. This moment may be expressed as an integral over the body:

g = — /B F x dF, (6.16)

Applying the same assumptions as those used to compute the approximate force, we
obtain an expression for the approximate moment about the mass center:

, GM . =
g; = 3?03 x I¢- O3 (617)
Expressed in a body-fixed reference frame, this gravity-gradient torque is

GM
g = 3?0%120% (6.18)

Note that o, is the third column of the rotation matrix R". Usually the facts that
the moment and moment of inertia are about the mass center and that the vectors
are expressed in F; are understood and we can simplify the notation to

GM
g, = 3?0§<103 (6.19)

This torque affects the motion of all orbiting bodies, and in the next section we
investigate the resulting steady motions and their stability.

6.2 Gravity Gradient Stabilization

For a rigid satellite in a central gravitational field, the equations of motion may be
approximated as

5 GM -
2, GM -
T
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6-4 CHAPTER 6. SATELLITE ATTITUDE DYNAMICS

where 1 is the position vector of the mass center of the body with respect to the center
of the gravitational primary, and h is the angular momentum of the body about its
mass center. The vector 03 is the nadir vector; i.e., 63 = —/r.

The first equation is simply the two-body equation of motion for a point mass
orbiting a spherical primary, and its solution is well known. The second equation is
the vector expression of Euler’s equations for the specific case of a gravity gradient
torque (the right-hand side). As usual, we want to write this equation in terms of
the principal body-frame components of these vectors. Thus, the rotational equations
of motion for a rigid body subject only to gravitational forces and moments can be
written as

M

Since r appears in this equation, the solution to the orbital (translational) equations
of motion must be used in solving the attitude (rotational) equations of motion.
Also, suitable kinematics equations must be used with these equations, since the
components of oz in F, are the elements of the third column of R, which may be
written as RY¥R™.

Now, let us investigate the possibility of equilibrium attitude motion of a satellite
in a circular orbit, in which case r is constant, and the term 3GM/r? is 3w?, where
w, is the orbital angular velocity, or mean motion. Recall that the orbital frame,
F, is a frame with 6; in the direction of the velocity vector, 05 in the direction of
the negative orbit normal, and 63 in the nadir direction (i.e., Earth-pointing). The
angular velocity of this frame with respect to the inertial frame may be expressed in
the orbital frame as w? = [0, —w,,0]”. The possibility of an Earth-orbiting satellite
with the body frame always aligned with the orbital frame has obvious operational
advantages, and we investigate this equilibrium in the following section.

If the two frames, F, and F,, are aligned, then R* = 1, so that o3 = [0,0, 1]¥
in F,. Furthermore, w’ = 0, so that w” = w” = [0, —w,,0]7. If we substitute
this angular velocity into the right-hand side of Eq. (6.22), we find that w = 0, so
this motion is in fact an equilibrium motion. However, just as the rigid pendulum
has two equilibrium motions, straight down (f = 0) and straight up ((# = 7), with
different stability properties, there is a variety of equilibrium motions for the rigid
body. Specifically, there are three different principal axes that could be aligned with
the 0, axis, and for each of these there are two remaining principal axes that could
be aligned with the 0, axis. Thus there are six different types of equilibrium motions
possible (actually there are 12 if you count the —b; axis as being different from the
+by axis). The way we think about these possibilities is the same for the spin-stability
of an asymmetric body: we investigate small motions of F;, with respect to F,, and
see how the ordering of the principal moments of inertia Iy, I, and I3 affect the
stability properties.

To investigate the stability of small motions in this case, we must include the
kinematics. We use a 1-2-3 rotation sequence from F, to . That is, R =
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R;(03)R2(02)R4(01). Expanding this expression gives

@ CoC3 8189C3 + C1S3 S1S3 — C182C3
Rbo = —8983 C1C3 — 515283 S1C3 + C152853 (623)
S2 —51C2 C1C2

If we make the assumption that all the angles are small, i.e., sinf; ~ 6;, cosf; ~ 1,
and 0,0; ~ 0, then this rotation matrix becomes

RY* ~ 1 — 0~ (6.24)

Thus 03 = [—05,61,1]7 in the body frame. This approximation may be used immedi-
ately to compute the gravity gradient torque (for small angles) as

(I3 — I2)6h
g,y = 3wrosTog = 3w? | (I3 — 1,)0 (6.25)
0

Assuming small angles and small angular rates, the angular velocity of F;, with
respect to F, is simply w? = 6. Note that this result requires developing w = S(0)8
and carrying out the small-angle approximations.

The w that appears in the equations of motion (6.22) is the angular velocity of F,
with respect to F;, which is

W= W W (6.26)

and both vectors must be expressed in F;,. Thus

. 9:1 1 03 —92 0 (91 - w(ﬂg
=10 |+ 0 1 6 ~we | =| ba—w (6.27)
‘93 82 _81 1 0 93 + wcel

In Euler’s equations, we also need w, which is easily computed as

él —_.wcég
93 + %01

Now, if we substitute Eqgs. (6.25), (6.27), and (6.28) into Eq. (6.22), we obtain the
following three coupled linear ordinary differential equations:

L6y 4 (I — Is — I)wf3 — 4(I5 — I)w?6, = 0 (6.29)
L0y 4+ 3w2(I, — I5)0, = 0 (6.30)
1393 -+ (Ig + Il - Ig)wcél + (_[2 — Il)wfﬁg =0 (631)

Note that the pitch equation (63) is decoupled from the roll (6;) and yaw (63) equa-
tions, and is of the form &+ kx = 0, so that the pitch motion is stable if I; > I3. That
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6-6 CHAPTER 6. SATELLITE ATTITUDE DYNAMICS

is, the Earth-pointing axis, 133, cannot be the major axis. If the other two equations
of motion are unstable, then the pitch motion does not necessarily remain small, since
the nonlinear terms are no longer negligible.

To investigate the stability of the coupled roll-yaw motion, we write the two
equations (6.29,6.31) in the matrix second-order form:

Mx+Gx+Kx=0 (6.32)

where x = [f; 05]T and the three 2 x 2 matrices are defined as

M — “)1 21 (6.33)
G = (11+13—12)wc[(1) _H (6.34)
K - wgla&(IQO—Ig) (129101 (6.35)

These three matrices are normally called the mass matriz, the gyroscopic damping
matriz, and the stiffness matrix, respectively.

Just as we did for the spin stability of a rigid body, we assume an exponential
form for the solution to this system of differential equations. Specifically, we seek
solutions of the form:

x = eMc (6.36)

where \ is an eigenvalue, and c is a 2 x 1 matrix containing the arbitrary constants
that must be determined based on the initial conditions. We need the two derivatives
of this form of the solution: x = AeMc = Ax, and X = A\2eMc = A\?x. Substituting
these into the differential equation and collecting terms, we obtain

M [N’M +\G + K] c, =0 (6.37)
Since e* #£ 0, we can divide both sides by e, leading to the matrix equation
MM +AG +K|c, =0 (6.38)

which is of the form Ac, = 0. A well-known result of linear algebra states that this
equation can only have non-trivial solutions (¢, # 0) if the matrix A is singular.
Another well-known result of linear algebra is that a matrix is singular if and only
if its determinant is zero. Thus, we can determine the eigenvalues A by setting the
determinant of the matrix equal to zero, and solving for A:

)\211 + 4&)3([2 — 13) —)\wc(fl + [3 — Ig)

)\wc(fl =+ [3 — 12) )\2[3 + wg([g — ]1) =0 (639)
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which expands to give the characteristic polynomial

ML LA+ NW2L (o= 1) +415(Is— Is) + (I 4+ I — 1))+ 4w, (Io— 1) (Is— I3) = 0 (6.40)
Dividing by I Izw?, and defining the two inertia parameters ky = (I, — I3) /11, k3 =
(I — I7)/I3, the characteristic equation may be more conveniently written as

A\? A\
<> + (1 + 3k + kiks) () 4 4kiks = 0 (6.41)

wC C

This equation is a quadratic polynomial in the variable s = (\/w,)?, which can be
written as

s+ bis+by =0 (6.42)

In order for the motion to be stable (oscillatory), the eigenvalues (\’s) must be pure
imaginary, so s must be negative. The necessary conditions for s to be real and
negative are

bo > 0 by >0 b3 — 4by > 0 (6.43)

Recall that for pitch stability, we need I; > I3, which is equivalent to k; > k3. The
four stability conditions may then be expressed as

ki > ks (6.44)

kiks > (6.45)

1+ 3k +kiks > 0 (6.46)

(14 3ky + kiks)? — 16k1ks > 0 (6.47)

We can show that the parameters k1 and ky (called Smelt parameters') are bounded
between +1. Thus we can construct a stability diagram in the kik3 plane, as shown
in Figure 6.1.

In the stability diagram shown in Fig. 6.1, the curves indicate the stability bound-
aries. The curves labeled I, I11, and IV, correspond to the first, third, and fourth of
the conditions listed in Eqs. (6.44-6.47). The second condition rules out the second
and fourth quadrants of the plane. Thus, the only regions corresponding to stable
configurations are the two labeled “Lagrange” and “D2.” The symbol D? refers to the
“DeBra-Delp” region first reported in Ref. 1. The Lagrange region was established
by Lagrange® in his studies of the equilibrium motions of the moon.

*Joseph Louis Lagrange (1736 - 1813) was a major contributor to the field of mechanics, devel-
oping the calculus of variations and a new way of writing the equations of motion, now known as
Lagrange’s equations.
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Figure 6.1: The Smelt Parameter Plane

6.3 Spin Stabilization

6.4 Dual-Spin Stabilization

In Chapter 5, we develop the well-known result that a rigid body is stable in spin
about either the major or minor axis, but is unstable in spin about the intermediate
axis. We also found that in the presence of energy dissipation the major axis spin
becomes asymptotically stable whereas the minor axis spin becomes unstable. This
latter result is the reason for spin-stabilized spacecraft being shaped more like tuna
cans than asparagus cans. In this section, we develop two important results regarding
dual-spin stabilization.

Dual-spin stabilization applies to spacecraft with two components that are spin-
ning relative to each other. Typically one body is spinning relatively fast and the
other is spinning relatively slow. The first result involves only rigid bodies, and con-
cludes that a spinning wheel can be used to stabilize spin about any axis. The second
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result involves an energy sink analysis and concludes that a minor axis spin is stable
if the energy dissipation on the rapidly spinning component is “smaller” than the
energy dissipation on the slowly spinning component.

We begin with the equations of motion for a rigid body with an embedded axisym-
metric flywheel. Note that the flywheel’s motion does not affect the moment of inertia
matrix of the system. That is, if we lock the flywheel relative to the body and com-
pute the moment of inertia matrix and principal axes of the system, these moments of
inertia are unchanged by allowing the flywheel to rotate about its symmetry axis. We
use a body-fixed, principal reference frame, F;, which has angular velocity relative to
inertial space denoted &, with body frame components w. The flywheel’s spin axis is
assumed (without loss of generality) to be aligned parallel to the spacecraft’s b axis.
The flywheel has spin axis moment of inertia denoted by I,,. The flywheel’s angular
velocity relative to the body frame may be written as &*° = Q. bs. Expressed in the
body frame, this vector has components w*? = Q,[0,0,1]7. Note that this angular
velocity is the relative velocity as would be measured by a tachometer. The inertial
angular velocity of the flywheel is & = & + &"°. In the following development we
assume that €, is constant.

The total angular momentum of the system is simply the angular momentum
due to the rigid body motion, plus the axial angular momentum contributed by the
flywheel. In the body frame, the angular momentum has components:

h = Iw + I,,w" (6.48)

Now we can apply Euler’s law of moment of momentum, h = g.Since h is expressed
in a rotating reference frame, the resulting differential equation is

h+wh=g (6.49)

Now substituting the expression for h into this equation and collecting terms leads
to the following coupled system of equations:

. bLh-1 Ly g1
wp; = Il Wols — [—1911,0)2 -+ I_l (650)
. Is— 1 L, 92

= —Q = b1
%)) [2 wiws + [2 wW1 [2 (6 5 )
: L —1I
w3 = ! 13 2(,01(4)2'?,2 (652)

We restrict attention here to the case of torque-free motion, g = 0. If the body
frame has angular velocity w = [0,0,Q]7, then w = 0. That is, steady spin about the
b axis is an equilibrium motion. If the wheel’s relative angular velocity is zero, i.e.,
Q,, = 0, then the rigid body result holds: the spin is stable if the bs axis is the major
or minor axis, unstable if it is the intermediate axis. We now want to determine how
the wheel affects this stability result.
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To determine stability of this steady motion, we linearize the equations of motion,
by letting w = w,.+J0w, where w, is the equilibrium motion of interest. On substituting
this expression into the equations of motion, and noting that w. = 0, we obtain

: L—1 I,

Swr = 200wy — “2Qy0ws (6.53)
L I

: I—1 L,

Swy = ——Q0w; + Q0w (6.54)
I I

dws = 0 (6.55)

Notice that there are no dws’s in these equations, and that dwz = 0, so it is constant.
The dw; and dwsy equations can be rewritten as

. LTI, I,

mlz(Q M——mﬁ@ (6.56)
2 L

. Li—1 . I,

Swy = ( > IQ—k——Qw)éwl (6.57)
L L

If we differentiate the dw; equation and substitute the dws equation into the result,
we obtain the following second-order, constant-coefficient, linear ordinary differential
equation:

- 13— 1 L, Is— 1, L,
5 ( Q ——Qw>( Q ——Qw)d 6.58
w1 + Il + Il ]2 + 12 w1 ( )
This equation is of the form & + kx = 0, and as we know, solutions are stable and
oscillatory (sines and cosines of v/kt) if k& > 0, and are unstable (exponentials of
++v/—kt) if £ < 0. Therefore, to determine stability, we just need to know whether

the term I I I I I I
ko — 3_29—£QQ(3_1Q ﬂ@O 6.5
( 2 2 L T (6.59)

is positive or negative. To analyze this term, we factor out the positive quantities,
1/1, 1/15, and €, so that

2

kzg%(k—Jy+MQO<k—]y+MQO (6.60)

where Qw = Q,, /€. For the case where Qw = 0, the condition reduces to the familiar
asymmetric rigid body conditions for stability: Is > I; and I3 > I, or I3 < I; and
I3 < I,. However, for the case where the wheel is spinning relative to the body, we
get the conditions

Is> I, — I,Q, and Iy > I — 1,0, (6.61)
or
Is < I, — 1,9, and Iy < I — [,Q, (6.62)
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Thus, the b; axis does not have to be the major axis. For example, if O, is “large
enough,” then the expressions [; — Iwa and Iy — Iwa can both be made negative,
in which case the first set of conditions is satisfied. Likewise, if the wheel is spinning
in the opposite direction as the body, then Q. < 0, and for sufficiently high spin
rate, the two expressions [; — Iwa and [y — [wa are both positive and can be made
greater than I3, so that the second set of conditions are satisfied.

Example 6.1 Consider a rigid body with flywheel, with I, = 300, Iy = 400, I3 = 350,
I, = 10 (all in kg m?), which we would like to have spinning about bs at 27 rad/s
(60 RPM). Clearly by is the intermediate azis, so this motion is unstable with the
wheel locked. How fast does the wheel have to be spinning in order to stabilize this
motion?

In the first of the two sets of stability conditions, since Iy > Iy, if the first condition
18 satisfied, the second condition is satisfied as well. Thus we need to have

Iy > I, — I,Q, (6.63)
which we can solve for £, to obtain

Iy — I3

Q, > Q (6.64)

w

Substituting the given numbers into this expression gives
Q, = 107 rad/s = 300 RPM (6.65)

Thus if we spin the wheel faster than 300 RPM, the intermediate axis spin is stable.

One thing to be careful of here is that for g = 0, the total angular momentum
magnitude is constant. Say we decide to spin the wheel at 400 RPM. Then the total
angular momentum of the operating point is I3Q + 1,8, = 2618 kg m?/ s. Thus
before we spin up the wheel, the initial total angular momentum must have this same
magnitude.

6.5 Summary

This chapter presents the basics of satellite attitude dynamics and stability analysis.

6.6 References and further reading

Thomson,? Kaplan,® Hughes,* Rimrott,> Chobotov,’ Wiesel,” Sidi®
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6.7 Exercises

6.8 Problems
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