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Solar Pressure Three-Axis Attitude Control

B. W, Stuck*
Bell Laboratories, Murray Hill, N.J.

The feasibility of two different designs for & three-axis attitude control sysiem is studied for a synchronous-
orbit communication satellite. The attitude control is achieved by torques generated by sunlight striking  set of
lightweight reflective sorfaces called solar sails. The design Is studied via analysis as well as » computer

simulation of the attitade control dynamics. A mominal trajectory for the satellite attitude is defined,
dynamical equations are derived that are linearized about this sominal trajectory. A sensor scheme

d 8 3¢ of
proposed

for sensing attitude, and this is combined with the linearized analysis to determine the overall dynamicat system
behavior for the aititude control system. A sensitivity analysis confirms that the design is robust 1o unknown
disturbaace 1orques and intial conditions far from nominal.

Introduction

N this paper the feasibility of a particular three-axis at-

titude control system is studied for a synchronous-orbit
communication satellitc that uses torques generated from
sunlight striking reflecting surfaces called solar sails. The sail
orientation can be controlied and this in turn will develop
torques to control the satellite spatial orientation. The ad-
vantage of such a system over more conventional methods is
that fuel for attitude control need not limit the satellite
lifetime as it may with alternate designs. Figures 1 and 2 show
the two possible designs studied here. Each design hu two sets

Derivation of Equations of Motions

Assume the solar pancls and antenna in each design are
ideal rigid bodics with massless interconnecting shafts and
solar sails, and the solar panels are identical and rotate in
unison about their respective shafts. Fix an inertial right-
handed coordinate frame at the center of the sun, with its z-
axis normal to the ecliptic and its x-axis pointing at the center
of mass of the Earth once a year, at the winter solstice. The
dynamical equations of motion for the center of mass
decouple from the attitude control equations of motion; since
the centet-of-mass cquations of motion govern orbital

of solar cell panels and a central ant body,
with three solar sails attached to each solar panel for nmlude
control. In both designs the antenna rotates about its central
shaft every twenty-four hours, minus a factor due to the
Earth’s annual motion about the sun. In design 1 the solar
panels rotate about their shafts once each year, while in design
11 the panels wobble from +23.5 deg to ~23.5 deg and back
again with respect to the antenna shaft once each year. The
attitude control problem is to point the antenna Earthward
and the solar panels sunward, aligning two prescribed body
axes which is equivalent to three-axis attitude control of the
solar panels and a prescribed motion of the antenna with
respect to the panels. While there are a number of papers in
the literature on using solar pressure to control the attitude of
a spinning vehicle, which is equivalent to aligning one
prescribed body axis, to the best of the author’s knowledge
that is littie or no work available on three-axis attitude contro}
using solar pressure. '+

The technological constraints involved in these designs are
dealt with elsewhere.*? From this point on the report will
concentrate on the attitude control dynamics of designs I and
Il and not on systems engineering considerations. In par-
ticular, we will deal with effects of disturbance torques on
controlling attitude, and will omit problems associated with
sail flexing and bending. +1¢ Finally, we assume the sails are
sufficiently light that they may be considered massless. Since
in fact the sails are not massless, this makes the analysis
presented here somewhat optimistic. For the numbers chosen,
this is felt to be a reasonable approximation.

Received June 30, 1978; revision received April 18, 1979. Copyright
@ American Institute of Acronautics and Astronautics, Inc., 1979,
Al rights reserved. Reprints of this article may be ordered from AIAA
Special Publications, 129¢ Avenue of the Americas, New York, N.Y.
10019. Order by Article No. st top of page. Member price $2.00 cach,

$3.00 each. order.

Index category: Spacecraft Dynumu and Coatrol.

*Member of the Technical StafT.

which has received a great dul of llmmon,
itis dropped from this point on.

The attitude control equations of motion for me “Solar
panels are given by

Ty,) 40y X (1,0,) =Ny + N sy [1)}

where I, is the solar panel inertia tensor in body-fixed
coordmnes, w, is the panel angular velocity with respect to
inertial coordinates, N, is the sail torque on the solar panels
due to the attached sails, and N, e is the antenna reaction
torque on the pancls.

In like manner the angular momentum equations of motion
for the antenna are

%[l,(u,-Hl,)]+u,x(l.(u,+-,] BN i rrm @

where I, is the antenna inertia tensor in body-fixed coor-
dinates, w, is the antenna angle velocity in body-fixed
coordinates, and Npo,/p 15 the total panel reaction torque
acting on the antenna.

Adding these cquations, and using the fact the reaction
torques are equal and opposite, the total angular momentum
equation of motion is found to be

d
G+t L] 40, % [, 420, )u, +1,0,) -N,(_;,)

where N_;, is the total sail torque generated on either design
by all six sails,

A final kinematical equation is needed to describe how the
direction cosines from body-fixed coordinates to inertial
coordinates evolve with time:

%D?"’-D?“’ﬂ.'“"
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where D% s the 3% 3 direction cosine matrix from body-
fixed i to inertial i These !
completely specify the attitude dynamics of designs [ and II,
given the above assumptions. The inertia tensors of each
design as well as a precisc explanation of all coordinate
frames and coordinate transformations are detailed in Ap-
pendices A and B.

Lincarization of Equations of Motion
‘When the direction cosines arc perturbed slightly from their
nominal values, we see that

DY =Dy (I+E) (4]
where
cosy —siny O
Dyp= siny cosy 0O
e - O 0 ¢ 1
where D, is the nominal direction cosine matrix from body-
fixed coordinates to inertial coordinates, I is the 3 x 3 identity
matrix, e,,e,,e; are the infinitesimal rotational crrors about

actual x, y, and z body-fixed axes, respectively, with respect to
each nominal body fixed axis,

0 e -e

E= ~¢ 0 @

V= (2x/365) (t—1y) +¥p

where ¢ is given in days. Using all this, it is straightforward to
show that the actual angular velocity of the body-fixed frame

SOLAR PRESSURE THREE-AXIS ATTITUDE CONTROL 133

Nominally perpendicular
1o the ecliptic

llel to earth's

2,
NOTE : Solar ponel 1,2; Rotote + © axis of rotation
one complete )

e
A
Nominally pointed -7
of eartts center ‘
Xq Saip

xp* Yo
Nominally ponted
of sun's center
Ya
3 Soll 2 Lsa longitudinal axis.
Cant angle
Solor ponel |

SAIL GEOMETRY
Fig.2 Design Il plus associated coordinate axes.

with respect to the inertial frame, and its corresponding
angular velocity, can be written as

de
5™ Yoo + Daom g, ®)
d d d a
Pt +"“'XD“'EE'+D""F‘ m

where e(€,.8,,8, )+ Woom = (0,0, — 25/365), wyom = (0,0,0).
The sail torque can be expanded in a series, including only
the nominal d a first-order i

PNoste = Noom + Do Nooty ®

where N, is the nominal sail torque, hopefully zero as will
be shown, and N4, is the sail torque beyond nominal torque,
in body-fixed axes. Substituting all this into the total
equations of motion, and including only terms to first order in
lincarized variables, and ecquating nominal trajectory
variables to one another and perturbational variables to cach
other, the linearized equations of motion are found to be

de dle
Lt | “nom xD_,_a +D‘-F

de
+ 2ol = Ly oon)Poces 7.

+ O 185D xI_.D._,%

de

+Dma

X (2 pm by + 1o (B8 +n__)] ~DpaNoosy )
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where
T =lp+2,
and
[ Wer —y
0= —e. [ . a0
L vo 9 0 |

where w,,, w,,, @, are thc components of the antenna angnlar
veloclty. ~and 1, and I, are inertia tensors defined in Ap-
Two simplifying assumptions can now be made. The first is
that the gyroscopic coupling of the satellite angular
momentum with the angular momentum due to the annual
rotation of the solar sails about their shafts is negligible, or

I_D_d,, >I_(u_xD_d‘)
de
+2Opal T oD

- ,a_xn_dlha_xl n__ an

‘The second is that the gyroscopic coupling of the satellite
angular momentum vector with the angular momentum due
to the daily rotation of the antenna about its shaft is
neglected, or
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respect to the center of the sun. Sun sensors measure e, ande;
directly, but provide no information about e, .

Earth sensors must be used to find e, indirectly. Consider
the direction cosines from the nominxlly Earth-pointing
coordinate frame to antenna principal axes frame, Dg:

a9

where £,,6,,, arc the rotation errors of actual antenna
principal axes with respect to nominal Earth-pointing axes.
Using standard Euler angle coordinate frame rotations to go
from antenna principal axes to body-fixed axes (see Appendix
A), it is straightforward to show that

e, =&, (siny cosd+cosy cosd sing) — &, sind sing
e, =&, (siny sing + cosy cosd cosé) —¢&, sinf cosé
e, =&, cosy sind —&, cos (15¢)

Since &, and &, are observable using Earth sensors, they can
be used to alculale e,; as a bonus, sensor
measurements provide a check on e, and e, measurements,
and vice versa. These statements lre valid provided the
trigonometric weighting terms are not zero.

TFwo effects complicate sensor measurements. First, both
sensor noise and amplificr noise corrupt measurements, and
second, since solar pressure dynamics are extremely slow, it is
probably not necessary to continuously monitor satellite
attitude, but rather to sample it at a rate much faster than any
disturbances. We choose to ignore these effects here, and will
include them in the simulation of the actual equations of
motion to show that they can be negligible.

If we assume that gyvoscopes were available for monitoring
muude, a different set of assumptions concerning what
are observable would be made, and again we

I_D_ LTI —l.nx)n._— +Dua;
X1y (0f + o) a2
Both imations can be ized by the

that the sail torques are assumed to be capable of correcting
the gyroscopic disturbance torques caused by antenna
rotation about its shaft once a day and the solar panel
rotation about their shafts. These assumptions will be checked
iater and shown to be self- Thus, the

equations of motion for the linearized variables are

de
1aDn 57~ Duvaoc, [15)

This is the fundamental result of this section. Note that if an x
torque is generated in body-fixed axes, the off-diagonal
entries in the matrix premultiplying Ny, will couple this
torque into the y axis. Cross-coupling torques between the x
and y axes are unavoidable, because of the coordinate
transformations between inertial and body-fixed axes, and on
physical grounds. To minimize their cffects, onc straight-
forward simple method is to demand that the diagonal entries
in £,,, must be chosen comparable to one another,

Sensor Measurements
Provided all pointing errors are small, Earth sensors and
sun sensors detect the center of the Earth and sun, respec-
tively, in body-fixed coordinates. Since ¢ is defined as the
poumm; error or m\ul body~ﬁxed axes with r:specl‘lo
he

the
have the follorwm. physwll significance: e, is the rotation
about the body-fixed x axis, i.c., rotation about the sua line;
e, is rotation about the body-ﬁxed ¥ axis, moving up and
down with respect to the center of the sun; e, is the rotation
about the body-fixed z axis, i.e., moving right-left with

choose to ignore this here,

Solar Sail Torques

Appendix C derives the exact torque gencrated by each sail,
under the assumption of no sail shadowing, no radiation
falling on the rear of the sails, and small attitude pointing
erTorsS.

The force acting on a triangular sail such as in designs 1 and
11 can be represented as a vector acting at a point two-thirds
of the distance out the longitudinal sail axis, and this point is
called the sail center of pressure, while the distance from the
sail hinge to the center of pressure will be called the center of
pressure lever arm or sail lever arm.

Solar pressure has three distinct components " ; 1) reflected
solar pressure, the largest of the three, directed normal to the
surface which sunlight strikes; 2) absorbed solar pressure,
next largest of the three, directed along the sun line; and 3)
reradiated or thermal solar pressure, smallest of the three,
directed normal to the surface which sunlight strikes.

Three simplifying assumptions are now made. First,
reflected solar pressure is the only contributor to sail torque.
Second, if we denote the pitch angle for sail k by b,, then
lb, } < 1. Third, the inner product of the sail k normal with
the sun vector in body-fixed coordinates is approximately the
same for all sails, or in other words, the projection of each
sail’s normal along the sun line is roughly the same. Com-
bining all these assumptions together, it can be shown that

Nooay =AU —E,} (20/¢) (8-5)? [ b, — ) + b, — by) |,cos(a)u,

+ (b, +by+b,+bg) sin(e)u,
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~{b;+b) I sin(@)u, + (b; +by=b,—bs)ru,

+ by +bg=b,—b,yru, + (b +by)u, [¢1]
sing ~ z+h—/,cos(a) +2sin(a)
u,= cosy U= [}
0 —reosa

where A is the area of a sail, with all sails assumed identical,
E, is the emissivity of the sail surface, / is the sunlight
.pressure constant which is assumed to be 1380 W/m?, cis the
speed of light in vacuum, 4 is the sail cant angle which is
assumed to be 45 deg, /, is the distance ffrom the sail hinge on
the solar panel to the center of pressure of the sail, 7 is the
radius of gyration of the solar panel, 4 is the distance from the
antenna center of mass to the solar pancl center of mass, y is
the half-length of a solar panel, and z is the half-width of
solar panel (sec Appendix C), while u,, “,, u, are x,,z unit
vectors respectively. All vectors are measurod in body-fixed
coordinates,
Three cases of interest now arise.

Casel: X Torque Generation
For the first case, we set b, =—by=b,=—by—
b, =by=0and find that the resulnng torque is
Nloay = A(1—E,) (2I/c) (n-5) 2 [4byl,cos(a)u, ] (IT)

Casell: ¥ Torque Generation
For the second case, set b= by =b,=bs=b,,
=0and find that the r:sullmg torque is

N’!W-A(I—E,)(Zl/c)(n-:) 24b,l,sin(@)u,) 18)

Caselll: Z Torque Generation
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torques cannot be simultancously generated, one possible
modification to the above control law is

if e,+k,d’ l I +k,if| generate x torque
de,
if In, < ¢,+k,-a’1- | generate y torgue

Finally, if a deadband is included in the control law for each
axis, every sign function is replaced by a deadband function
where db denotes the deadband range and

J’ sign{x) Ll »db
deadband (x) =
Ixl <db
with specify a possible

control law for cither design I or I1. The gains &, ,, k, allow
the designer to trade ringing and overshoot in the system
transient response for the period of a limit cycle when the
satellite is in its nominal trajectory.

Disturbance Torgues

Five sources of disturbance torques, in addition to the
cross-axis coupling torques already mentioned, can drive
design I or II away from nominal attitude. The largest
disturbance is duc to the Earth’s gravitational ficld trying to
align the satellite’s longest axis along a line pointing to the
Earth’s center of mass.' The next largest disturbance is
caused by sunlight reflecting, absorbing, and reradiating from
the satellite (the antenna in particular). " The third largest is
caused by the satellite center of mass being misaligned. Fourth
is micrometeoroid impact torques.'s Finally, the smallest
disturbance torques are due to the satellitc interacting with the
Earth's magnetic field; these magnetic torques are ignored
here.

Gravlullmwl torques on an arbitrary rigid body are

For the third case, we set b, =b, —b,—h, =0, by=b,=
—b, and find the resulting torque to be by

N8y, = A(1-E,) (21/¢) (n-5) ?{2by (rcos(a)
+1,5in(a) Yu, —2by (z+h—1,cos(a) + rsin (@) Ju,] (19)
For all three cases, if the sails are designed such that

l,cos(a) » rsin(a) I, (a) »rsin{a) 0
then x,y,7 torques can be generated in body-fixed axes, by
cases I, II, IIl respectively, as is clear from the above
equations or on physical grounds. Sails 1, 3, 4, and 6 produce
either x or y torques at any time instant, but not
simultancously, while sails 2 and 5 produce z torques.

Solar Sail Control Law

At this point the analysis of the linearized equations of
motion has been reduced to a previously solved problem. Two
standard control laws will now be discussed.'*!> Cross-
coupling torques will be assumed negligible throughout this
section.

If it were possible to generate simultaneously three in-
dependent torques, the attitude error and its first derivative
could be used in a control law, e.g.,

Noody = Nogy’ ngn(¢,+k, ar )

N de,
+Niogysign ¢,+k,£—:'1) +Nﬁdy“l“(¢x+"z—‘) @n

where k,,k,,k, are constants chosen to optimize performance
within this class of control laws. However, since x and y

ard to calculate. ! It can be shown that
0
NE iy pracions = 304 -I.
A

where wy =2¢/24 rad/h is the satellite orbital frequency, 7,
I, are ofl‘-dugonal clements in the satellite inertia tensor
oomputod in Earth-pointing coordinates, and Ngauy praen
are the satellitc gravity gradient torques in Earlh-pomting
coordinates. If we definc I£, as the satellite inertia tensor in
Earth-pointing coordinates, and 42 as the direction cosines
from body-fixed axes to Earth-pointing axes in body-fixed
axes, then

1= AP, AL,
The gravity gradient torques in body-fixed axes can be written
as
Ny srstien ™ Aoty N Gavuy graciens @n

and are plotted for design I, in body-fixed axes, in Fig. 3a,
under the assumption the satellite is moving in its nominal
trajectory.

Sunlight pressure torques due to the antenna electronics
body are calculated explicitly in an appendix. The reflected
and absorbed sunlight pressure torques are plotted in body-
fixed axes in Figs. 3b and 3¢ under the assumption the satellite
is moving on its nominal trajectory. More information must
be known before the reradiated torque can be calculated
explicitly; the best available information suggests this is
negligible compared to the other torques discussed here.
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Table 1 Conirol law purameters.

—
Deadband (5,2 anes) 0.1 deg
K, =K, gain 30 minrad
X: 40 min.rad
Sensor poise mean (X, ), A} Ddex
Sensor woise standard deviation {x,r.z axes) 0.03 deg.
Table 2 Design | weight summary, Ib
Anteana E
Poer conirol n
Batteries 0
Electronics 0
Autitisde comral 5
Structure 5
Contingency 19
Antenna electronics 1otal 7
Bearing drive (]
Solar cells a8
Elecsronics 0
Cables L]
Structure E
Consingency 19
Solar cells. Dﬂld total [F+)

The calculation of center of mass misalignment 1orgques,
torques due to the center of mass of the satellite not coinciding
with the center of mass of the antenna, is straightforward:

Nem=R,_

Xy KR )+ By ¥ (0, X R )]

o X P + M [2R,_
28

where N, are center of mass misalignment torques in body-
fixed axes, R, i the vector from the antenna center of
mass to the actual satellite center of mass, w, is the satellite

acceleration in body-fixed axes, and «, is the antenna
angular acceleration in body-fixed axes. A typical magnitude
for R,_., is 0.25 in, Since sail torgue is proportional to the
sail center of pressure lever arm, the sails must be designed
such that the sail torque s much greater than the center of
mass misalignment torque, that is

LA =E M) My, R, 17 (21, | + bo, (29

Leos(a) IR, _ ., Isin(a) > IR, o 3m

Fig. 4 Attliude ervors sa o function of time for correcting indtial
il error for

A study has been carried out to verify that if the sall cant and
pitch angles are offset sllshﬂ)‘ from their nominal values, the
resulting di torques 1o the
attitude correcting torques, ‘I"hh s discussed in the nexi
section,

Finally, the largest expected micrometeoroid appear to be
two orders of magnitude less than the attitude correcting
torques and hence are assumed negligible. '*

Computer Simulation Results
As a check on the foregoing analysis, a compter pr
was written to simulare the dynamies and kinematics ol’ a:hu
design I or I1. Figures 4-6 show the results of a simulation of
design 1 recovering from an initial pointing error. The initial
error was due to the satellite being rotated away from its
nominal attitude by three successive rotations of 10 deg each,
first about the z axis, then the y axis, and finally the x axis.
Sun and Earth sensor measurements are corrupied by additive
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Fig.6 Turques as u function of time for same

Table3  Design Linertia tensor components. kg - m?

I ercor us in Fig. 4 for design [

Table S Deslgn | dimension swmmary

Solar
Antenns cells
I 300 I, 964
“-F:: 2 }o 482
ey 125 . 482
Tabled  Sail parumeters
Sail aren. Im?
1, center of pressure to sail hinge im
E, 0.05 dimensioness)

Koo =g =Ly 10 em
[ Y o 0725 m
Fostcoma—. 05 m
4!‘=A.’lnbumllwlhﬁm 205 m
Ay=Ay=A, = Ay Antenna surface aren 145 m?
Solar panel r 0.25 m
Solar panel & 10 m
Salar panel y 015 m
Salas pane] 2 010 m

angular momentum of the satelliite and the angular
momentum of the antenna, but the attitude control law is able

‘Gaussian noise, and a sensor sampling rate of once each
minute is used to determine the pointing error and its
derivative. Tables 1-5 summarize the parameters used in the
simulation study,

The simulation results lend credence to the previous
assumptions that gyroscopic coupling torques and cross-axis
coupling torques are negligible compared to the sail attiude
control torques. Note that for the example just discussed, the
harmonic content of the error and its derivative is in the
neighborhood of 10 deg/h, This rate is much higher than the
angular veloeity of the solar pancls about their shafis, roughly
15 deg/h, and hence there Is some coupling between the

forit.

The results presented here are representative of over 100
different simulations of the attitude control equations for
both designs T and I1. Satellite transient response to pointing
errors such as those just described were checked at eight
equally speced times of year (starting with the winter solstice)
and at four different initial imes of day (midnight, six a.m.,
noon, and six p.m.) Finally, most runs were made with the
sails mmlngmd In cant and pitch, the satellite center of mass
misaligned, gravity gradient disturbance torques present,
antenna sunlight pressure disturbance torgues present, and
SEMLOT meAsUrements ed by additive Gaussian noise,
In all cases, the design was capahle of aligning itself properiy
in the face of this set of challengss to within attitude sensor
nolse limits,



Appendix A: Coordinate Frames
and Coordinate Transformations

Five different coordinate frames are useful in discussing the
attitude control dynamics of designs I and II. Bach of the
following four coordinate frames have their origin at the
satellite center of mass.

(Xg—Yg—2Zg): Nominally Earth-pointing coordinate
frame, with the X, axis aimed at the center of mass of the
Earth, the Y, axis perpendicular to the X axis and the or-
bital planc, and the Z, axis parallel to the axis of rotation of
the Earth

(X,-Y,-Z,): The antenna- electronics principal axes
frame, nomnmlly coincident with (Xg— Yy~ -Zg)

(Xs=Ys—Zs):
frame, with the X, axis aimed at the ecntcr of me sun, the Y,
axis perpendlcuhr to X, and parallet to the ecliptic, and lhe
Z, axis normal to the echpuc

{X,— Y, —Z,): The body-fixed axes frame. pllall:l to the
solar panel pnnnpal axes frame and
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h o o cosy 0 siny "
b= 6 a0} piL= o °

Lo o o} L-siny 0 cosy)
siny =sinfsiny [1:1)]

Finally, the satellite inertia tensor becomes in (X, - ¥, ~2,)
ly=ly+20, (B8)

The diagonal elements fluctuate about their mean values over
a twenty-four hour interval, but the magnitude of the fluc-

tuation is felt to be negligible to first order, as confirmed by
the computer simulation studies.

Appendix C: Sail Torques
Sunhghl pressure striking a surface generates a force with

with (X, -~ Y,-2,)

The fifth coordinate frame has its origin at the center of
mass of the kth (k =1,2) solar panel.

(X = Yp —Zp ): The principal axes frame for solar celi
panel k (k-l 2), nominally parallel to (X, - Y, -2Z,)

Direction cosines from one coordinate fmne to another are

a ination of an
superscripts. For example, the direction cosines from (X, —
Y,-2,) to (X,—Y,—Z,) are denoted by D where the
superscript @ denotes antenna axes and the subscript b denotes
body-fixed axes. Direction cosines from Eanh-pomlml
can be

three distinct a reflected, absorbed,
and reradiated component. Only the reflected component will
be dealt with here:

Fruaes =AU =E,) (21/6) (n-8) (—n)

where A is the surface area, E the surface emissivity, 7 the
sunlight pressure constant (1380 W/m?2), cis the speed of light
in vacuum (3 X 10% m/s), s is the unit vector pointing at the
center of the sun, and & is the unit normal outward from the
surface. If we definc a, as the cant angle with respect 10 X,
axis of unl k (k=1,...,6) and b, as the pitch angle about

coordinates to sun-pointing
terms of sines and cosines of Euler angles (¥, 6, ¢) wheredl IS
the daily orbital position of the satellite and changes at a rate
of 2x/24 rad/h, 8 is the angle of the axis of rotation of the
Earth with the ecliptic and is assumed to be 23.5 deg, and ¥ is
the annual orbital position of the satellite which changes ata
rate of 27/(365.25 X 24) rad/h.

Appendix B:  Inertia Tensors
In (X,-Y,—Z,) the antenna electronics inertia tensor is
diagonal, with the only nonzero clements [, J,,,. 10, In
body-fixed axes (X, — Y, — Z, ) this becomes

1,=Agl AL (B1)

In solar panel pmlClle axes (X,o Z,) the kth solar

panel inertia tensor is diagonal, vnth er lements {7,z Ly 0050 )

on the diagonal and zeroes elsewhere. In bod’nﬁ ed axes

(X,— Y,—Z,) for design 1, cither solar panel inertia tensor
takes the form

| Y AT

=, Dlom 1 (Dhon) ™! (83)

(k=12 ®2)

where m,, is the solar cell pancl mass and

h? 0 —rh 'l cosy —siny 0
L= 0 ri+h? D siny  cosy 0
-th 0 A 6 0 1

®9)

In body-fixed axes for design Il either solar panel inertia
tensor takes the form

Ly ol + 1 (85
Difn!1( Dl (86}

msofsulk (k=1,...,6), then
" cosa,cosh,
(k=14) n,= ~singcosd, (k=3,6)

cosa,cosh,

n,= sina,cosh,

sind, . sinb,
cosa,cosh, cosascosdy
ny= sinb; Ag= sink,
sina,sind, l - sing;cosby

The vectors from the satellite center of mass 10 the center of
pressure of each sail are
—reosy —1,sing, reosy—{,sina,

= rsing+lcosa, 4y | 1= —Isinw+l,eou,+yJ

A h
4
~ reosy —1,sing; I I' reosy - ,sina;
= rsing re= ~rsiny ]
h+z+1co5a, —h=-z—Icosay
5
—reosy —/,sine, reosy —1,sina,
n= [ rsiny —lcosty—y 1= rsiny —/,cosay
h h
<6

body-fixed axes the torque gencrated by sail k (ke
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is given by T, where

Ty=ry,xFy=A(I—-E,)(21/c) (m,-8)2 (n, X1, ©<n
s

Mooy = 3, T, =total sail torque (c8)
k=1

where the dot-product of the sun-pointing unit vector with
cach sail normal is carried out assuming all vectors are ex-
pressed in body-fixed axes.

Appendix D:  Antenna Sunlight Disturbance Torques

The sunlight disturbance torques are due to reflected
sunlight pressure, to absorbed sunlight, and to reradiated
sunlight. 11

Reflected Sunlight Pressure Torques
In antenna principal axes, vectors from the satellite center
of mass to the surface of the antenna are

[~ [ o
rnmerg=i 0 r==r=|-r, 0
L] o e

®1n

The reflected sunlight force on each antenna face is denoted
by Fj, where

Fi =A, (1=E)(2/c) (1) (~my) (k=1,...,6) (D2)

where A, is the surface area of face k, E,, is the emissivity of
surface &, n, is the unit normal in (X, - ¥, —Z,) pointing
outward from surface &, and s is the sun-pointing unit vector
in antenna principal axes. Combining all this, the reflected
sunlight torque due to each facein (X, - ¥, ~Z,) is

Ty, =r, xFj, ©3)

The total reflected sunlight torque due to the antenna in body-
fixed axes is then given by

[
Tl A .E‘ T @9

Absorbed Sunlight Pressure Torques
Sunlight generates a force when it is absorbed upon striking
a surface,

Fopsors = AB(I/¢) (s-n) (--5) (D3}

where A is the surface area of the surface, B is surface ab-
sorptivity, 7 is the solar pressure constant, ¢ is the speed of
light in vacuum, and s is the unit vector pointing outward
from the surface. The absorbed sunlight pressure force on
each antenna face in antenna principal axes is then

(B ll/e) (s-m) (—5) (D)
and the total torque is the sum of the individual torques,

where the individual torques are given by the cross-product of
ry with Ff,.
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Reradiated Sunlight Pressure Torque
Reradiated sunlight generates a force when it strikes a
surface given by

Frqua=A(ly/0) (—m) o7

where A is the surface A4, , is the intensity of reradiated
sunlight, c is the speed of light in vacuum, and # is the unit
normal vector outward from the surface. To find 7, the
temperature on the surface must be found as a function of
time, then the Stefan-Boltzmann formula must be used:

Iy=E,T% (D8)

where E, is the surface @ is the Stef:
constant, and T is the surface temperature,

When sunlight does not strike a surface, there is no
reflected or absorbed force. Each of the refiected and ab-
sorbed sunlight pressure torques for a given surface are
multiplied by a function which is one when the surface is in
sualight and zero when it is not. This shadowing factor was
included in the graphs of the reflected and absorbed antenna
sunlight torques.
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