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Magnetic Attitude Control System
for Dual-Spin Satellites

KyYLE T. ALFRIEND*
Naval Research Laboratory, W ashington, D.C.

A closed-loop control law is developed for a dual-spin satellite control system which utilizes the interaction of
the geomagnetic field with the satellite dipole parallel to the spin axis. The control law consists of the linear
combination of the pitch axis component of the rate of change of the geomagnetic field and the product of the
roll angle and roll axis component of the geomagnetic field. Application of the method of multiple time scales
yields approximate solutions for the feedback gains in terms of the system parameters. Approximate solutions
are also obtained for the response of the system to disturbance torques. A comparison of the approximate solutions
and numerical solutions obtained by numerical integration of the exact equations of motion is then given.

Introduction

NTERACTION between onboard magnets and the geo-

magnetic field has been used as a means of satellite attitude
control.!~7 Tt has been used extensively as a method for
despinning satellites, fine attitude control,’ ~% and recently has
been suggested as a means for acquisition for tumbling
satellites.® 7 The development of a suitable control law for the
satellite dipole has been the main concern of the previous
investigations. Renard® was concerned with obtaining the control
law for attitude control which would be activated by ground
command. The results of his study showed that the quarter-orbit
bang-bang control was the best for near magnetic polar orbits.
Wheeler* applied the method of averaging to obtain the control
law for a closed-loop control system. Shigera® developed an
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on-off control law for a single spin satellite which required
switching four times per orbit but not every quarter orbit as did
the control system developed by Renard.?

This investigation is concerned with the development of the
control law governing the strength of a satellite dipole parallel
to the spin axis. The interaction of this dipole with the geo-
magnetic field will provide the attitude control of a dual spin
satellite. The control system is to be closed-loop as compared
to the open-loop system of Renard.? The available data from
sensors for development of the control law are the roll angle
from the horizon sensor and the geomagnetic field components
obtained from the magnetometer. As will be shown later By, the
rate of change of the geomagnetic field along the pitch axis, is
proportional to the yaw and roll rates for small angles. The
control law, which was proposed by R. Z. Fowler, President of
Ithaco, Inc,, is

M, = KB, ¢~ KB, (1)
where By is the component of the geomagnetic field along the
roll axis, ¢ is the roll angle, M, is the strength of the pitch

magnet, and K; and K, are the feedback gains. The equations
of motion for small angles are linear but the coefficients are time
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varying so the classical methods for the design of feedback
control systems cannot be used. In this investigation the method
of muitiple time scales® ~1° is used to obtain the feedback gains
K, and K, which will give the desired system behavior. The
response of the system to disturbance torques is then investigated.
Finally, the approximate solutions developed from the method
of multiple time scales are compared with results obtained from
numerical integration of the equations of motion.

Collins and Bonello” investigated this problem with a different
control law. They obtained an estimate of the yaw rate by
putting the roll signal through an appropriate network ; how-
ever, they obtained no analytical results for the feedback gains.

Equations of Motion

The equations of motion of a dual spin satellite which has a
rotor with angular momentum h parallel to the spin axis are
developed in the Appendix. For the development of the control
law, it is assumed that only small deviations occur in yaw and
roll about the equilibrium configuration of the angular mo-
mentum perpendicular to the orbit plane and the slowly spinning
portion rotating at orbital rate so that the satellite is earth
pointing. It is also assumed that the geomagnetic field can be
represented by a tilted dipole. The linearized equations of
motion are

Iw l// +K2B¢Zl// +(h— I¢ (U,,+0.5KzB¢ B,,,)wo ll/ +
[h—(I¢+I,1,)a),,—KzB¢ By]o+
(K1+20,K2)B? =0 (2)
I¢ ¢+Ksz2¢ + [ha),,— I,/, (,002 ‘—(Kl +2wa Kz)B¢ B,/,]¢—
[h—(l¢+1w)wo+KzB¢Bw]ll/—O.Sszanzl// =0 (3)
B, = —2B,sin (w,t+) 2)
By = B, cos (w,t+a) ¢
Y and ¢ are the yaw and roll angles, I, and I, are the
corresponding moments of inertia, h is the total momentum
bias, w, is the orbital rate, B, and B, are the yaw and roll
components of the geomagnetic field, and B, and « are constants
defined in the Appendix.

With no control (K; = K, = 0), the characteristic equation of
the system for small w, is

(w2 +h 1, L)+ hw, 1, =0 )
The natural frequencies of this 2 degree-of-freedom system are
the nutation frequency h/(I;1,)"* and the orbital frequency
w,. If there is no nutation an error in roll becomes an error in
yaw of quarter of an orbit later. This mode will be called the
orbital mode.

The problem now is to determine the feedback gains K, and
K, so that the desired behavior of the system is obtained. The
K, By portion of the control law controls the nutation mode of
the satellite; i.e., it damps out the nutation so that the angular
momentum vector and spin axis coincide. The K;B, ¢ term
controls the orbitai mode in that it provides the necessary
torque to rotate the spin axis (and angular momentum vector)
into alignment with the orbit normal. Since the system has time
varying (periodic) coefficients, the classical methods of feedback
control system analysis are not applicable. Floquet theory'! can
be used to determine the stability but this is a numerical
procedure and does not yield K; and K, as functions of the
system parameters. There are 2 time scales in the system; the
one associated with the nutation mode and the one associated
with the orbital mode. For practical values of h, I, and I, the
orbital frequency is considerably smaller than the nutation
frequency, hence the method of multiple time scales® ™ 1® can be
used to obtain an approximate solution to the problem.

Application of the Method of Multiple Time Scales

Before introducing the 2 time scales, it is advantageous to
rewrite the equations of motion in dimensionless form. Let the
dimensionless time ¢ be the nutation mode time scale
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LI ©)

= o/

(I, 1,)"?
and
&= (I, 1,)w,/h (7
a=(I,/I,)'?, b= (I,/I,)"? (8)
Ki=K;+20,K, )
K,B? K,B}?

270 — eK,*, ’hz (I, 1,)"2 = eK ,* (10)

The equations of motion become
" +0.5ebK ,*(1 4-cos 260y’ +eb[1— eb+ K ,* sin 2er |y +
[b—e(1+b%)+eK,*bsin 2er]¢p’ +
0.56hK (*(1+cos 2et)p =0 (11)
¢ +2eaK ,*(1 —cos 2et)d’ +ea(l — ea+ K, * sin 2et)p —
[a—e(1+a?)— eaK ,* sin 2et ]y’ —
e2aK,*(1—cos2e)y =0 (12)
where primes denote differentiation with respect to r. The para-
meter ¢, which is the ratio of the orbital frequency and nutation
frequency, is small. Equations (9) and (10) state that the control
torque has a small effect on the nutation mode; ie., the
coefficient of critical damping in the nutation mode is small. An
approximate series solution in powers of ¢ will now be obtained
using the method of multiple time scales. The independent
variable ¢ is now replaced by 2 independent time scales £ and 5
E=f n=¢f (13)
& is the time scale of the nutation mode and # represents the

“slow” time scale of the orbital mode. The derivatives with
respect to t become

d 0 + 0
—— £—
dt o8¢ o
dz 02 62 62 (14)
—_———t+ 2 —— 2
A R T W
Set
lllz Z gnwn=¢o+8‘lll+"'
n=0 (15)

b= T Pbu=durobrio

Substituting Egs. (14) and (15) into Egs. (11) and (12) and
equating like powers of ¢ gives
Zeroth-order ¢°

Vo, tbdo,=0; ¢o,—~ao,=0 (16)
First-order ¢’

Kz*b
‘//1§5+b¢15 = “2l//0§,,—b¢o,, -3 (L +cos 2;1)\//%—

bll/o +(l +b2)¢0§— Kz*b sin 2n¢0§—
Kl*b
2

1 —apy, = —2¢o, +apo, —2aK,*(1—cos 2n)do
(14+K,*sin 2n)a¢0—(1+a2)¢05—aK2* sin2mo,  (17b)
where the subscripts £ and 5 denote partial differentiation.
The solutions to Eq. (16) are

Yo = Aoln) cos [£+ Bo(n)] + Coln)

$o = ado(n) sin [£+ Boln)] + Dolrr)

where A4, fo, Co, and D, are functions of the time #. For
a uniformly valid solution (124 ¢,%)/(Wo?+do?) must
remain bounded for all time and for asymptotic stability
lim ¢ = 0 and lim o = 0.
t—w t=

Substitution of the zeroth-order solution Eq. (18) into the
first-order Egs. (17) gives

(1+cos 2n)¢o (17a)

(18)
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Y1, +boy, = [Bo,+a—K,* sin 2n] Ao cos &+
[Ao, +(— K *+bK,*)(1 +cos 2) Ao/2] sin &—
b[ Do, +Co+ K *(1+cos 2n)Do/2] (19a)
¢1,,— a1, = [—ado,—2a°K,*(1—cos 2n) Ap] cos &+
* [aPo, +aK,* sin 2n+ (1 — K ,* sin 2n)] sin &+
a[Co,—Do(1+ K * sin 217)] (19b)
The cos ¢ and sin & as well as the constant terms produce
resonance or secular terms in yr, and ¢, since the frequencies are
equal to the natural frequencies, zero and unity, of the system

represented by Eq. (18). For a uniformly valid solution, these
secular terms must be eliminated. Their elimination requires

Bo, = [aK*sin2n—a—b]/2 20)
A0”+(L1+L2 cos 2n)Ao =0 21)
L, =(a+b/4)K,*—K,*/4 (22a)
L, = —(a—b/4)K,*— K */4 (22b)
Do, +Co+ K *(1+c0s 2n)Dg/2 = 0 (23a)
Co,— Do(1+K,*sin2p) =0 (23b)

The solution to the f, equation is not needed since it only gives
the small change in frequency resulting from the higher order
terms. The solution to Eq. (21) is

Ao = Agexp(— Ln)exp(—0.5L, sin 2) (24
where A, is the constant of integration. For stability L; > 0
and the time constant of the nutation mode is #,= 1/L, or
t, = 1/woL,. In terms of K; and K, the stability requirement
and time constant are

K, < [@L,+1,)h/(14 1,)— 206K » (25)

4h 41, +1,)h
"= (1?)/{[(_11}:—1“,&_ 26"0]K2—K1} sec  (26a)

4 )
b= 2‘”_"’2’) / [( IW+I¢)h_2w0]K2~K1 orbits (26b)
7B, 1,1,

Although the requirement L, > 0 guarantees that Eq. (21) is
asymptotically stable, if |L,| > L, the nutation angle increases
for those values of 57 for which L; + L, cos 2 < 0. To insure that
the nutation angle always decreases one should use the require-
ment L, + L, > 0 which yields

Ky < [(WI,)—2w0]K> 27

Now consider the stability of the orbital mode which is

governed by Eq. (23)
Co, = Do(1 + K *sin 217)
D()” = — CO — Kl*(l +cos 27’])D0/2
Choose as a Lyapunov function
V= D02+[C0+K1*(1_COS 27])00/2]2 (29)
V is positive definite and bounded above by W, = 3Cy2 +4Dy?
and bounded below by W, = (3/4)(Cy> + D?). Differentiation of
Eq. 28) gives
v Ky*
dn 2
which is semipositive definite and is equal to zero at the isolated
points in time # = 2k+1)n/2, k =0,1,2.... Thus by the usual
theorems on Liapunov stability the system is asymptotically
stable.

To determine the time constant for this mode the method of
multiple time scales will be used to obtain an approximate
solution for Eq. (28) assuming K ;* is small. Set

a=1n; pu=Ki*y (31)

Coln) = Coolet, 1)+ K *Coylar, p)+ -+

Do(1) = Doole, 1)+ K1 * Doy (00, p)+--

Substituting Eq. (31) and (32) into Eq. (28) and equating like
powers of K * gives

or

(28)

[Co+ K *(1—cos 27)Do/2]*(1—cos 21) (30)

(32)
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Oth order (K,*?)
Coo, = Doo (33)
Doo, = —~Cyo

Ist order (K ,*')
Coi, = Doy~ Coo,—Dog sin 2o

(34)
_ Doy
Dy, = ~Co4 ~D00“ - 7(1 +cos 2u)
where the subscripts o and y denote partial differentiation.
The solution to the zeroth-order equations is
Coo = Ep{t)cos a+F sin
00 (1) olp) sin a 35)

Dyo = — E, (1) sin a+ Fou) cos a
Substituting Eq. (35) into (34) gives

Eq Fo\ .
Co1,=Do1 + —Eou“? cos o + —Fo,,+7 sin o+

E, Fy .
3
> cos 3a + 3 sin 3o

E
Doy, = —Co1+(—Fo,—(3/4)F,) cos « + (Eou + f) sina (36)

E, . F
Zosm 30 — chos 3u

The cos a and sin o terms result in resonance or secular terms
in Co; and Dy,. Setting the coefficients of these secular terms to
zero gives

Eo,+(3/8)Eo =0
Fo,+(1/8)Fo =0
which has the solution
Eo = Eoexp [~ (3/8)u] = Eoexp [~ (3/8)K1*1] (38)
Fo=Foexp[—(1/8)u] = Foexp [~ (1/8)K *1]
Thus, associated with the orbital mode there are two time
constants which are approximately a ratio of 3. Obviously the

longer time constant will dominate and should be used as the
design criteria. The time constants are

4h
fo; = (L’g) / (K1 +2woK ;) orbits (39)
nBO

to2 = Lo1/3 (40)
Obviously the accuracy of these approximate time constants is
dependent on the value of K * since the solution is a series
expansion in powers of K,* However, further analysis shows
that in the expressions given for t,; and ¢,, terms of O(K,*?)
do not appear ; hence t,; and t,, are accurate to O(K ;*3).
_If one considers only motion in the orbital mode then
Ey =, Fo = ¢;, where ; and ¢; are the angles when the
satellite is over the equator. Thus t4; is the time constant for
the mode when ¢ is a maximum at the equator, and ¢y, is the
time constant for the mode when  has its maximum value at
the equator. Therefore, the condition ¢ = ¢;, ¥ =0 at the
equator is the most critical condition.

(37

Comparison with Numerical Results

Figure 1 gives a comparison between the approximate
solution and the exact solution obtained by numerical integration
of the exact equations of motion. Figure la gives the envelope
of the motion which involves a high frequency motion super-
imposed on an exponential decay with a varying time constant.
The parameters chosen were those of the ITOS satellite in a
circular orbit of altitude 1462 km and an inclination of 101.7°.
The products of inertia and the effect of the rotation of the
earth are included. The values of the parameters are I, = 155.3
kg-m?, I, = 135.5 kg-m?%, I, = 1389 kg-m’, I,4 = 1.1 kgm?,
Io =64 kg-m? I, =16 kg-m? h=266 kg-m?/sec, K, =
5x10°% pole-cm, K, = 5x107 pole-cm/gauss/sec. Since the
frequencies of the two modes are widely separated, a com-
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Fig.1 Comparison of approximate and exact solution.

parison has been made for each mode. This was -done by
choosing the appropriate initial conditions. Figure 1 shows that
the approximate solution adequately describes the motion
particularly the decay portion. The difference in the exact and
approximate solutions are due to using only the zeroth-order
solution, neglecting the products of inertia and rotation of the
earth, and linearization of the equations of motion.

Comparison with Floguet Theory

Since Egs. (2) and (3) or Egs. (11) and (12), which govern the
motion of the system, are linear differential equations with
periodic coefficients, their stability can be determined using
Floquet theory. To apply Floquet theory to this system, Egs. (2)
and (3) were rewritten in the form y = A(f)y and the differential
equation ® = A®, ®(0,0) = I was integrated over the interval
(0, nw,). The characteristic exponents p; were obtained via

wO
pi=—Ino; (41)
T

where the g; are the eigenvalues of ®(rr/w,, 0). The time constants
of the system then were obtained by

—1 T
t,= ——= ——-seconds
Rip) " Info]
or
te= —1/(z1n|o) orbits 42)

The comparison is made for the ITOS satellite except a value
of h = 4 kg-m?/s is used rather than the ITOS value in order to
reduce the computer costs since the number of integration steps
increases linearly with h. For the numerical values used B =
0.167 gauss; wo = 9.1 x 10™* sec™!; and & = 0.033. For stability
K,>704 K,.

The comparison given in Table 1 shows that the approximate
equations for the time constants give good results. except when

AJAA JOURNAL

K, is close to the unstable region, however the value of K, for
which the system becomes unstable is well defined by Eq. (25).

A comparison is made for the ITOS value of b, h = 25 kg-m/s,
for the particular set of gains K; = 5x 10° pole-cm/gauss/rad
and K, = 5 x 107 pole-cm-sec/gauss/rad. The results are

t, (approx.) =013 ¢ (approx.)= 204 ¢, (approx.) = 0.68
tn (exact) = 0.13 te,, (exact) = 1.78 t.,, (exact) = 0.66

The agreement is much better in this case because increasing
h decreases ¢ to & = 0.0053.

Response to Disturbance Torques

The three types of disturbance torques considered are: 1) A
constant roll torque which could be the result of solar pressure;
2) A satellite dipole along the pitch axis; and 3) The torque
resulting from the effect of the rotation of the Earth on B,,.

1) Let 7, be the constant roll torque. The right-hand side of
Eq. (12) becomes (I, /h*)74. It is now assumed that this term is
small; ie., (I, /h*)7, = 0(e). Let

=——T, = — 43
T ™ hwq “3)
then for no secular terms in the solution of ¢; and ¥, it is
necessary that
Co,—Do(1 +K (*sin 27)+1,* = 0
Do, +Co+ K1*(1+cos 27)Do/2 = 0

The steady-state solution of this system is an infinite series

with the constant term or average given by
(Colav= — Kl*fq)*/z
(D O)av = Td)*

Thus an approximate solution to a constant roll torque of

magnitude 7, is

(44)
(45)

—By® N
Y= W(KanwoKz)% (46)

Ty
h(DO

2) Let the satellite pitch dipole be M,. The resulting
disturbance torque 7 is

T=MyxB= My~ Bse,+B,e)=1,e.+7.e, (47)
Now let
‘E./,* = I¢ 'f,/,/hz, ‘L'd,* = I,ﬁ ‘E¢/h2

- = 48)
Mg* = BoM,/(hwo) (
then the right-hand sides of Egs. (11) and (12) become
1,* = —ebMy* cos et
* .= 49)
Tp*¥ = —20eMg* sin et
For no secular terms in ¥/, or ¢, it is necessary that
Co.— Do(1+ K * sin 2)—2Mg* sinn = 0
0, ol 1 1) ) n (50)

DOW+CO+K1*(1 +Cos 271)D0/2+M0* cosn = 0

Table 1 Comparison with Floquet theory
len len t"ox !Col tcoz tcoz
K, x1077 K,x1077  (approx.) (exact) (approx.) (exact) (approx.) (exact)

0.03 02 unstable unstable 5.47 4.99 1.83 1.78
0.03 0.22 66.8 unstable 547 4.94 1.82 1.78
0.03 04 31 34 541 4.54 1.80 1.72
0.03 0.8 0.99 1.06 5.28 3.85 1.76 1.61
0.03 1.0 0.74 0.79 522 3.85 1.74 1.56
0.03 1.8 0.37 0.39 5.00 2.79 1.67 1.39
0.1 0.8 6.1 9.77 1.64 1.46 0.55 0.53
0.1 1.4 0.84 0.92 1.62 1.34 0.54 0.52
0.1 2.0 045 0.49 1.60 1.24 0.54 0.50
0.1 30 0.26 0.27 1.58 1.1 0.53 0.48
0.1 4.0 0.18 0.19 1.55 0.99 0.52 0.46
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Again, the steady-state solution is an infinite trigonometric
series and the solution of the coefficients requires the solution of
an infinite number of simultaneous equations. An approximate
solution is obtained by assuming

Co=E,cosn+E,siny
Dy = F,cosy+Fysing

substituting into Eq. (55) and setting the coefficients of sin 7 and
cos # to zero. The result is

4Mg*

= %
4M*
K.*
The approximate steady-state solution of ¢ and ¢ is

aM,\ [ . By —
== - K 3
V] (BOK1> <s1n wo e 1 COS Wl

¢ = :11\/_1_9 cos wgt (52)
ByK,
K, = K;+20K,
3) Let the angular velocity of the Earth be w, and the additional
term in B, due to w, be By, then
By = —ByG,w,sin I sin y cos u (53)

Co

(— K *cos n+sin n)
(51)

Dy = cosy

Since u is almost constant over an orbit B, is almost constant.
The strength of the pitch magnet is proportional to By, therefore
the effect of the rotation of the Earth is the same as that of a
constant satellite pitch dipole. Thus Eq. (52) gives the approxi-
mate effect of the rotation of the Earth with

M, = K;ByG,w,sin I sin y cos u (54)

Comparison with Numerical Results

A comparison of the approximate solutions for response to
disturbance torques with the exact solution obtained by
numerical integration of the equations of motion is given in
Figs. 2-4. The system parameters used were those of the ITOS
satellite. The resulting value of K,* is K, * = 0.586.

The response of the system to a constant roll torque of
20 x 10”% Newton-meter is given in Fig. 2. The steady-state
deviation of the spin axis from the orbit normal is predicted by
Eq. (46) is

W*+¢*)V? = 0.05 deg (55)
Comparison with Fig. 2 shows that Eq. (46) is a good approxi-
mation for the response to a constant roll torque.

The response of the system to a 2500 pole-cm pitch dipole and
the effect of the Earth rate on the system is shown in Figs. 3
and 4. The responses predicted by Eq. (52) are

W2+ ¢HY? = 0.74[14+0.53 sin Qwot+ )] * deg (56)
and
W2+ ¢?)'? = 0.036 |cos u| [1+0.53 sin 2wt +a)]/* deg (57)

where o is a phase angle. Comparison with Figs. 3 and 4 shows
that Eq. (52) gives an estimate which is about 209 too large for
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Fig.2 Response to a constant roll torque of 20 x 10~ ° Newton meters.
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Fig. 3 Effect of a 2500 pole-cm pitch dipole.

the response to the 2500 pole-cm, pitch dipole and about twice
the actual value for the earth rate effect. The larger error in the
approximation for the earth rate effect is because the steady-
state response has not been attained.

Suemmary

The dynamics of a dual-spin satellite with an attitude control
system which utilizes the interaction of the geomagnetic field
with a pitch dipole on the satellite has been analyzed by the
method of multiple time scales. Approximate time constants and
approximate responses to disturbance torques were obtained in
terms of the system parameters. Comparison was then made
with results from numerical integration of the exact equations of
motion.

The effectiveness of this attitude control system is dependent
on the strength of the geomagnetic field in the orbital plane.
Hence, it is most effective for near magnetic polar orbits and is
not recommended for low inclination orbits.

Appendix
Equations of Motion

In this appendix the linearized equations of motion about the
nominal state yaw = roll = pitch = O are derived for a rigid
body (satellite) moving in a circular orbit about the Earth. The
assumptions are: 1) attached to the satellite are a momentum
wheel whose axis is coincident with the pitch axis and a magnet
aligned with the pitch axis, 2) the only torques acting on the
satellite are those resulting from the magnet moving through the
magnetic field of the Earth, 3) pitch motion is under control; i.e.,
0=0=0.

Let x, y, z be the principal axes of a rigid body and I, I, I,
the corresponding principal moments of inertia. The angular
momentum of the momentum wheel along the pitch (2) axis is
h and e is the angular velocity of the body. With e,, e,, e, as the
unit vectors along the x, y, z axes, the angular momentum H
of the system is

H=I,o.e,+1,w,e,+(I,0,+he, (A1)
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Let
T=T,et+Ts€, 17456, (A2)
be the torque on the rigid body. The equation of motion of the
system is
H=Hyrr+oxH=1 (A3)
We now need to determine the orientation of the satellite
with respect to some known reference frame. Let XYZ be a
coordinate system whose origin coincides with the satellite center
of mass, the X axis points outward along the radius vector from
the center of the Earth to the satellite, the Y axis is in the
direction of motion, and the Z axis is normal to the orbit. This
reference frame is rotating about the Z axis at the orbital rate
w,. Let the orientation of the satellite be defined by the
standard yaw (¥), roll (¢), and pitch () angles.
For small angles and angular rates, the angular velocity as a
function of 1/1 ¢, 0,4y, ¢and G 1is

= ()~ o, P)ex +(§+w,P)e,+(0+wy)e, (A4)
Substltutlng Eq. (A4) into (A3), assuming pitch control exists, i.e.,
0 = § = 0, and linearizing with respect to ¥, ¢, 1// and 0 gives

I, ¥+ (h— I, wg)we +[h— I¢+I.,,)coo]q,'> =1, (AS)
Iy o+ (h— I, wo)wodp—[h—Us+1)wol = 7, (A6)
where h has been replaced by h+ I, wq.

The torque 7 exerted on the satellite by the pitch magnet
dipole M in the Earth’s magnetic field B is

- T=MxB= —MyB,e,+M,B,e, (A7)
where
M = Mye, (A8)
B=B,e,+Bye,+Bye, (A9)
The proposed control law is
My= +K By ¢—K,B, (A10)

where K, and K, are the feedback gains, and B,, is the rate of
change of the magnetic field along the pitch (z) axis as sensed by
a magnetometer. We now need to consider the magnetic field.

It is assumed that the magnetic field B can be represented by
a dipole which has an inclination of y with respect to the polar
axis. Then

1
- . Ky pZNAK
B= —[3(r- M9r—r’M*] (Al1)

where M* is the magnetic dipole and r locates the point at
which B is measured with respect to the dipole. The components
of B along the trajectory axes X, Y, Z are

B, = —2B,G, sin (wet + )
B, = ByG, cos (wot+a) (A12)
B, = ByG,

where it is assumed that at r = 0 the satellite is at the ascending
node and

4n
Bo= 5
G,* = cos? usin? y+(sin I cos y—cos I sin u sin y)?

. . . (A13)
G, = cosycos [+sinysinusin [

cos usin y
tan o =

sin I cosy—cos I sinusin y

R is the radius of the orbit, I is the inclination of the orbit, 7 is
the angle between the magnetic pole and ‘the polar axis, and u
is the angle between the projection of the magnetic pole on the
equatorial plane and the line of nodes. For a magnetic polar
orbit [ = (y+n/2) and u = n/2, which gives G; =1 and G, = 0.
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Let Ty be the transformation from the trajectory frame
(X, Y, Z) to the body frame (x, y, 2); i.e

BBODY = T, BTRAJ (A14)
For small angles
1 0 —¢
Trg=|—0 1 ¥ (A15)
o -y 1

Since we are only considering the small angle (linear) equations

By, and B, can be replaced by B, and B, in Egs. (A7) and (A10).
Now consider By.

= ¢B.—yB,+B, (A16)

By = ¢B.—yB,+¢B.—yB,+B, (A17)

Neglecting the rotation of the Earth and the regression of the

line of nodes due to the nonsphericity of the Earth (these effects
will appear as disturbance torques)

B, = —2woBoGy cos (wot +2) = —2woB,
B, = —woB,G, sin (wot +a) = $w, B, (A18)
B.=0
Substituting Eq (A18) into Eq. (A17) glves
= (¢~ oW/ B, — (f +200$)B, (A19)

Substituting Eq. (A19)into Eq. (A10) and the result into Eq. (A7)
gives the following equations of motion

1,4+ Ko By +(h— Ly + 5K By By +
[h—y+1,)wo—K;By B, ]+
(K1 +2w0K2)B,2p =0  (A20)
Iy -+ KB, 2+ [hwo— I, 00>~ (K, + 200K ,)B, B, ] —
[h—(Us+1,)00+ K2 By B,JY —3K,000B, 2 =0 (A21)
Equations (A20) and {(A21) are 2 second-order linear differential

equations with periodic coefficients with a period of half the
orbital period.
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