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Modeling of Environmental Torques of a Spin-Stabilized
Spacecraft in a Near-Earth Orbit

N. W. TipweLL*
Honeywell Inc., Minneapolis, Minn.

This paper is concerned with modeling disturbance torques experienced by spin-stabilized
spacecraft in a near-Earth orbit. A computer program developed to simulate the particular
mission was used to evaluate the behavior of the torques, and a simulation was performed to
determine the attitude effect of each torque relative to the untorqued vehicle. The magnetic
interaction torques were the most significant in terms of spin decay. Torques caused by solar
pressure and gravity gradient were the next most significant, while the aerodynamic torque
was the least significant. The solar pressure and gravity gradient torques had the greatest
effect on precession (A¢ and Ay). State prediction within 15.4-arc sec was possible for 5 min
using only the residual magnetic moment and the eddy current torques in the vehicle model.

Nomeneclature

A,C = inertia ratios

@o,b0,Co = components of 7B

B = Earth’s magnetic field vector, gauss

C = a constant

c = speed of light in vacuum

cm = center of mass

d,h = width and length of solar panels, respectively

E, = solar constant, 1396 w/m?

€y = unit vector in direction of spacecraft orbital velocity

H = Earth’s magnetic field strength = B/u,

I = moment of inertia dyadic of spacecraft

I,1,1. = spacecraft principal moments of inertia

J = induced volume eddy current density

K = a coefficient based on the spacecraft dimensions
and o

K, = an integration parameter

L, = length from em to solar panel end of spacecraft

M = residual magnetic moment vector

M ,M,M, = spacecraft body axes components of the residual
magnetic moments

il = unit outward normal to ds

P, = radiation pressure

P1,D2 D3 = coefficients based on spacecraft dimensions and ¢

R = distance from Earth’s center to spacecraft cm

r = direction from the cm to an element of volume

T = unit vector in direction of Earth’s radius vector

T, = radius vector from surface element to spacecraft
cm

S = area exposed to sun

Ta = torque due to aerodynamic pressure

Tee = torque due to the induced eddy currents

Te = torque due to gravity gradient

Trum = torque due to the residual magnetic moment on
spacecraft

Tep = torque due to solar pressure

T.7,7. = body axis components of torque

Vo = spacecraft orbital speed

X = inertial X axis directed from Earth’s center to the
vernal equinox

Y = inertial Y axis forming the inertial triad

Zr = inertial Z axis oriented along the Earth’s polar axis

ay, @, = Euler symmetric parameters

Y1372

A = deviation of @ due to torque, arc sec; similarly, A¢
and Ay are due to torque

v? = Laplacian operator

V¢ = gradient of electric potential

€ thickness of solar panels
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reflection coefficient of surface

€p =

0 = attitude angle about the second-displaced y axis
= Earth’s gravitational constant, 1,4082 X 10 ft3/

sec?

Ho = permeability

Pa = stream density

o = gtatic electrical conductivity

7L, W = same parameters for the eylinder panels

T = unit vector directed at sun

TR = direction cosines of sun vector in the body frame

Ty Ty Tz = torque components divided by I,

¢ = attitude angle about the first-displaced x axis

¥ = attitude angle about the inertial Z1 axis

Q = longitude of the ascending node

© = gpacecraft angular rate vector

Wwy,w, = component of spacecraft angular rate

Introduction

RECISE determination of spacecraft attitude is required

for infrared measurements for Earth resources detection,
military surveillance, and meteorology research. This paper
describes an attitude determination system designed for a life-
time of 1 yr and an attitude accuracy of 14-arc sec, as a result
of an Attitude-Referenced Radiometer Study (ARRS).T
A passive scanned star mapper and a sun mapper on a spin-
stabilized vehicle determine transit times of a celestial body,
and a ground data reduction program uses the transit times to
estimate the spacecraft attitude. A vehicle model including
significant environmental torque models is used to extrapolate
the vehicle state to the celestial observation time, and at this
time the vehicle state is updated. Two requirements are:
1) the model must predict the vehicle state about the spin axis
within 14-arc sec between celestial observations and 2) data
reduction must be fast enough to prevent any backlogging of
data collected throughout the 1 yr period. ¥or the ARRS
mission (see Table 1), the disturbance torques caused by eddy
currents, residual magnetic moments, solar pressure, aerody-
namic pressure, and gravity gradient have been modeled.
This paper discusses the torque models. Computer simula-
tions determine the attitude deviation resulting from each
torque relative to an untorqued vehicle. Also, the validity of
comparing each torque to the untorqued case rather than to
the 5-torque case was determined through the use of a torque
additive property simulation. Simplifications of the models
are made where possible, and suggestions for simplification are
noted. Prediction times for various combinations of torque
used in the model are given.

t The ARRS was conducted by Honeywell Inc. for NASA
Langley Research Center under contract N AS1-8801.
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Fig.1 ARRS spacecraft configuration.

Torque Models

The computer program computed the attitude for an un-
torqued vehicle and the attitude and torque for the torqued
vehicle. Differences in the attitude and torque for output
were then computed. In all the simulation runs, the orbit
parameters were identical. The local anomaly » at the equa-
tor and a south heading, longitude of the ascending node ,
and the inclination ¢ are 187°, 45°, and 97.83°, respectively.

Residual Magnetic Moments

A torque will exist due to the interaction of current flow in
the spacecraft electrical circuits and induced moments with
the Earth’s magnetic field vector B. The magnitude of the
moment is expected to vary due to changes in spacecraft con-
trol modes and power usage. While the design of the space-
craft can reduce the magnitude of the moment, a residual
magnetic moment M will remain, causing a torque,
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Tablel ARRS mission requirements and
S/C configuration

Orbital parameters: 500 km circular orbit at 97.38° inclination
Phasing—3:00 a.m. or 3:00 p.m. for @ = 43°
longitude of the ascending node

Spacecraft configuration (see Fig. 1)
Inertia characteristics: I, = 65 slugft?; I, = I, =
54.2 slug-ft?
Magnetic characteristies:
Moment coefficients: M, = M, = M, = 0 (£5 X 10-%)
ft-lIb/Gauss due to preflight compensation uncertainties
AM . due to differences in sunlight and dark conditions =
5% of LM:
Experiment optical axis: lies in spin plane
Operational characteristics
Spin rate: 3 rpm
Attitude: spin axis nominally perpendicular to orbit plane
within +5°; no control applied during instrument
measurement period

The Try model was programmed, and a 1-orbit simulation
was made using the following values of the moments: M, =
M, = M. = 5.170856 X 1079 ft-lb/gauss.

This moment value is representative of the early Tiros
spacecraft. Initial conditions were chosen such that a cone
angle of 0.61° was obtained, and the principal y axis of the
body was misaligned to the orbit normal by ~7.5°. Figure 2
shows 7%, T}, and [T} vs time.

The first and second peaks of the envelope of each torque
plot represent the south and north pole of the Earth, respec-
tively. At these points, the magnetic field components are
greatest in the orbit plane and thus give the largest cyclic var-
iations. The y component of torque is cyclic with a period of
20 sec and a mean value of zero, it is a function of B,, M.,
M., and B, where M, and M . are constants, and B, and B, are
cyclic in body axes with a 20-sec period due to the spacecraft
spin. The z component is also cyclic, with a period of 20 sec
(8 rpm spin rate) and with a mean which varies with position
in orbit because of the (M ,B,) term; the cyclic portion is due
to the (M,B,) term.

The cyclic nature of the torque does not create a cyclic var-
iation in the attitude difference Af. The deviation in 6 at 95

Trx =M X B (L min is —75 are sec. Although A¢ and Ay have spin rate
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Fig. 2 Torqué on spacecraft due to residual magnetic moments.
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cyelic variation, the extent of the variation is insignificant over
the full orbit ~1 arc sec variation of A¢ at 95 min. These
results suggest that short-term variation of torque with a pe-
riod of 20 sec and mean of zero may be deleted from the torque
model. The difference Ay has orbital variation of £10-arc
sec on a mean drift of 40-arc sec/orbit.

Eddy Currents

Eddy currents are induced in the spacecraft due to the spin
motion of the spacecraft. Vinti! showed that the interaction
of the generated eddy currents and Earth’s magnetic field pro-
duced a torque that precessed the spin axis of a spherical
spacecraft in addition to causing spin decay. For a spherical-
conducting spacecraft!

Tec = K(o XB) X B (2)

where K is a coefficient based on the spacecraft dimensions
and conduectivity, and e is the spacecraft spin vector.

The appealing feature of this model is the single coefficient.
In using this model the attitude determination estimation pro-
gram need estimate only one coefficient. The subject space-
craft configuration, however, is not a sphere, and a new model
was derived to determine whether more coefficients are neces-
sary to describe the eddy current effects.

The general expression in gaussian units for the torque on a
spacecraft due to eddy current interaction is

where J is the volume eddy current density, r is the direction
from the em to the element of volume, ¢ is the speed of light in
vacuum, H is the Earth’s magnetic field strength = B/u,, and
i, 1s the permeability = 1 for aluminum.

The volume current density in closed form is given by?

J=3%c" o XH) Xr+ V¢

where ¢ is the static electrical conductivity, and ¢ is the po-
tential that is required to satisfy the boundary condition and
LaPlace equation V¢ = 0. For a sphere, ¢ is a constant and
V¢ = 0. The solution is now easily obtained for the sphere
by integrations over the volume.

For the ARRS configuration, J was derived for the skin of
the spacecraft, assuming that each solar panel and the eylinder
sides are electrically isolated, and the skin was chosen to be
thin, thus reducing J to a two-dimensional problem. First,
the J in the rectangular panel must be computed in closed
form. Thus, J is known once ¢ is known. Then ¢ is deter-
mined by the boundary conditions that currents normal to the
boundary are zero, and LaPlace’s equation. This boundary-
value problem is the Neumann-type for which very few closed-
form solutions are known. However, for the two-dimensional
case with simply connected regions, the Neumann problem
can be reduced to the Dirichlet problem by using the Cauchy-
Riemann?® conditions, which transform ¢ into stream function
¢. Following this procedure, solutions for the stream func-
tions are obtained, and the torque integral is rephrased in
terms of the stream function before integration. The
torque expression is obtained by integration over the volume
of each panel relative to a common body axis frame and adding
all torque due to each panel. Carrying out the integration,
the closed-form torque equation for the ARRS configuration
is:

TECx = _pl(wzHy2 - waxHy) - Pz(wsz2 — wzHa:}]z)
TECy = p3[°~’y(Hz2 + sz) - ‘-’-’:rrH:cH'y - wz}IuHZ] (4)
TEC; = _pl(wzHy2 - wa;qu) - pZ((’JzI.I:t2 - wz}Ia:Hz)

where the p’s are constants evaluated using the dimensions and
conductivity of the cylinder panels and solar panels.
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The equations for the p’s are:

po= {%ac‘%—WL3 + écc‘%—Lﬂ” — gac*%—LILZW +

2 2
gac"%—LW (LlL - %) — 120c~ 27 W2 (LIL - %) X

= /1V = (1)
—_ _— —2, 4 -
) (mr> A — 2w W S (mw> A

n=1 n=1
9 _ 1
p2 = | —3g¢ %eadh? — gUe 2edhd — 3%¢ 2ed?h X

A2\ 1\3
2400‘2ed2<ah + E) > <;n;> B — (5)

n=1

Y 1 5
480c%edt S <%) B

n=1

ps = {—gac—ersL - gac““’TWU ~ %ac—%WL X

7.2 N L2\ = 1\3
(LlL - 5) + 3600“27-W2<L1L — 5) Z(—) A+

i \mr
o e — 1y
72¢c 2 W4 n§1 (Er) A

where A = tanh(mwxL/2W) + (L/W)* tanh(ma W /2L), B =
tanh(mwh/2d) -+ (h/d)* tanh(mwd/2h), and €, b, and d are the
thickness, length, and width, respectively, of solar panels; 7,
L, and W are the same parameters for cylinder panels; m =
2n — 1, wheren = 1,23, ...; a = 312W/2; and L; =
L — L, = distance from cm to end of cylinder opposite solar
panel end.

The torque expression has three coefficients for the ARRS
configuration spacecraft as compared to the single coefficient
for the spherical configuration. The coefficients (p1,ps,ps)
evaluated using the baseline dimensions of the vehicle and a
static conductivity of aluminum at 20°C*! are 2.075 X 1078,
7.20 X 1075, and 6.226 X 107 ft-lb-sec/G2, respectively.

The coefficient p; was chosen to be the same as the spherical
model coefficient K and.p; and p, were scaled in proportion to
the foregoing computed values. Figure 3 is a plot of the
ARRS configuration torque using the computed coefficients for
a one-half orbit simulation. The y component varies only as
a function of orbit position; however, the  component varies
at the spin frequency and the spin vector precession frequency
(motion of  in the body). The peak points of the torque oc-
cur at the poles because of the greater magnitude of the field at
the poles.

There is no cyclic variation of Af, but Ay and A¢ possess a
spin-rate cyclic variation. The deviation in Af at 45 min
is 3500-arc sec, and A¢ and Ay have a peak-to-peak variation
of 37.5-arc sec. The results suggest, for accurate propagation
of spacecraft attitude, that the torques caused by eddy currents
be included in the vehicle dynamics.

It is of interest to simplify the new model by reducing the
number of coefficients required to be estimated. A computer
simulation was conducted computing the difference in attitude
generated by the two models. The differences of the two
models are 1.4 arc sec in Af at 45 min, and 0.4-arc sec peak-to-
peak in Ay about a zero mean at 45 min. For the attitude de-
termination accuracy considered, the spherical model is ade-
quate for the attitude determination algorithm.

Electromagnetic Radiation

The intensity of electromagnetic radiation is inversely pro-
portional to the square of the distance from the sun. About
99% of this solar energy lies in the narrow band from 3000 to
4000 A,* with the remaining 19, distributed in the ultraviolet,
infrared and radio frequencies. The incident electromagnetie
radiation power density (the solar constant) received outside
the Earth’s atmosphere at 1 a.u. from the sun is 1396 =+



N. W,

a
ﬁW,N“ﬁ%

iR

:

! V"*é‘ M
““/ i

1 I |
' J‘

TIDWELL J. SPACECRAFT

L TERIR VU TR )
EERERE R B ST EI/AA “‘-",’,;ﬁﬁ;.n;_
“\JU i Lj“}{“‘ H‘hry‘ ' HET] bl lr,‘]"" "

? Initial conditions 4 felb
= ¥,=087rd @y~ 0.31415926 rad/sec P,=-0.7202x 10" ga_;;2_§e_‘2
) =1, w, = 0.003674 rad/sec
2 ¢o= 3.27rad ®x . P, = -0.62263 10-5 ftolb_-sec
£ o1, 9,=3.14rag Py=0.2075x 1077 folb Ssec gauss
= B - gauss PR T
T -0.2 ] e o
£ T o -
g -04 o e T
= -
o T L
> -0.5 — e ag
o
e
S 0.07
@ —
: 0.05 [u | M o
s T i i o LT
2 %0.00 ok Niaa o A
I w W'lﬁ w\
-0.05 ! : % :
! T | T I
0.0 5.0 10.0 15.1 20.1
Time, min
Fig. 3 Torque on spacecraft due to induced eddy currents.
14 w/m?2.  This power density which produces “light pressure” The integration over the cylinder portion of the spacecraft is

1s virtually unchanged with high solar activity, The radiation
pressure P, acting on a nonreflective surface normal to the
incoming radiation

P, = Eo/c = 4.636 X 107°N/m?

where E; = solar constant (1396 w/m?).

In developing the solar pressure disturbance torque model, a
constant pressure P, = 1 X 1077 Ib/ft? is used for a surface
normal to the sun line with no variation due to solar activity.
The torque is computed from the following three formulas
taken from Beletskii®

mt = ¢ X for(i-+)ds (6)
m- = 2f,4 X r, (1-%)%ds )
Ty = P.[(1 — em™ + em] )

whereds = an area differential, r, = vector from body’s ¢.m. to
ds, # = unit vector directed from sun, A = unit outward nor-
mal to ds, and ¢ = body’s reflection coeflicient.

The integrations described in Eqs. (6) and (7) are per-
formed over the sun-exposed surfaces of the spacecraft. Three
assumptions are made about the exposed surfaces: 1) the sun
never shines on the end of the spacecraft opposite the solar
panels; 2) the shadow of the tip of a solar panel never strikes
any part of the spacecraft; and 3) the sides of the spacecraft
(i.e., not the solar panels) constitute a circular cylinder rather
than a hexagonal one. The integrations of Egs. (6) and (7)
over the end solar panels are quite simple; the integrations
over the sides are considerably more complicated. Since this
end of the spacecraft is always fully illuminated, integration of
Eqgs. (6) and (7) is performed to obtain a closed form for

_caboLZS 0
mt = 0 , m™—= |0
aboLS 0
Go
g = | b, | = direction cosines of sun vector
in the body frame
Co
L, = length from c.m. to the solar panel end
8 = area exposed to the sun

more complicated than the solar panels because shadows are
created on the cylinder by the solar panels. The solution over
the cylinder portion consists of integration over the cylinder
area with shadowing taken into account. The sunlight passes
between two solar panels to expose a portion of the cylinder.
This occurs between all panels if the surface is normal, n <
90° to the sun line. The equations for m* and m™ are inte-
grated to obtain an analytical form for exposure of the cylinder
for light passing between two panels. The result for m*
S(@-%)ds is, for the 1 component

—J3ve -
Kl'ra{ d3 a, cosB(sin?g + 2) + (de,3V2 — a,) su;____ﬂ

Co 3 , a, . Co . . By

g ¢0s 61 + (K + L) 3 (8 — sinf cosf) + 5 sin 0tls,

For the i component

sin®g

K1’2= —%" cosf(sin2@ + 2) + (¢, — d3'Y%a,) 3 +

d312a,
2

d3vec,
2

cos’f l + K(K, + L2){ (8 — sind cosf) +

sin%f

(d3Y2¢, — a,,)T — 621'(0 + sind cosf) — a, cosf +

. L . P2
Co smﬂ} — L(~2— — Lg)(—ao cosf + ¢, sind) -

For the k component

da, 312 sin?
-3

cos®l

Co .
_ = 0
3 singd X

3

Kl’l'a { [/} + (aa — d31/2co)

(cos?0 + 2)} + (KL + L) {% sinf + % X

P2
L:34

(6 + sind cosa)}

The result for
- = ffsh X ,0-%)4d4
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where 6 is a dummy variable evaluated between limits &, and
®,, K, is an integration parameter, and L is the length of the
cylinder.

This solution is true, in general, for light passing between any
two solar panels. The numerical evaluation can be completed
for the value of the torque at any instant, given &, and &,
which are functions of the sun-line direction cosines and sur-
face orientation relative to the body-fixed axes and are deter-
mined at each evaluation time. In the computer simulations
of flights, real time seldom exceeds 2 or 3 hr, and it will be as-
sumed that S is a constant. A computer subprogram for
T, is called at each time step of the numerical integration of
the equations of motion of the spacecraft. It should be em-
phasized that the integrations of Eqs. (6) and (7) are not per-
formed numerically but are evaluated analytically at each
time step.

A simulation of one-half orbit was performed. The z and y
components of the torque (Fig. 4) exhibit cyclic variations.
However, the y component is 20 times smaller than the z com-
ponent. The envelope of the z component torque is essen-

I
0 5.0 10.0 15.1 201  22.6

Time, min

Fig.4 Torque on spacecraft due to solar pressure.

tially constant over the simulation time, indicating very little
dependency on orbit position. The peak-to-peak of the z
component is symmetric about zero, but Fig. 4 does not show
this due to sampling points being 4.8 sec apart. Fig. 5 shows
the cyeclic variation clearly. The magnitude of the torque is
essentially constant over the simulation period at 2.75 X 10
ft-1b.

The deviations in attitude relative to the untorqued vehicle
exhibit only slight variation at the spin frequency. Again,
this suggests that terms in the torque expression that are cy-
clic may be deleted from the model. The torque causes a
spinup of the vehicle which results in a Af of 100-arc sec at 45
min. The angles ¢ and ¢ deviate positively from the un-
torqued case and are 465 and 410 arc sec, respectively, at 45
min. These deviations appear linearly as a funection with
time, except for Af which is increasing nonlinearly.

The T, subprogram was slow in execution due to evalua-
tion over the spacecraft cylinder to account for the shadowing
and is required at each evaluation step. Three approaches to
remedy the execution time were considered: 1) remove the ef-
fect of cylinder torque and consider only torque due to solar
panels; 2) compute and store torque due to spacecraft shad-
owing for one or two spin periods; and 3) compute torque
due to solar panels normally and add cylinder torque based on
the store of torque data for all subsequent seans. Approach 1
was tried unsuccessfully; approach 2 was successful.

Comparing the results at 45 min, the modified program
gives A = +4-97.2-arc sec, A¢p = +74.0-arc sec, and Ay =

o 3.0
& 7] NN VA W W WA WA A W A A
«
; 2.0 Initial conditions
_"g ¥ =49.9¢°
= ¢=193.5°
s 6=180.0°
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o / A
s 209/ A f\ &
3 i \ ! i \
s T, AR
g A \ - - :
5 0.0 T T I 7
) \ / \ / \ ] \ BYRYER
AR
- / {
20 j j ¥ ; ¥ \
T T T T T T T T
16.7 33.4 50.1 668 85.6 1003 117.0 133.7
Time, sec

Fig.5 Torque on spacecraft due to induced eddy currents.



1430 N. W. TIDWELL

6.20
3.10
1
R
(=]
3
= 6.20
= ‘...‘u“ NIRIE i, gl
" T, 0.0 i ! ”” H ! ‘ H’ r ’ I, il [TEL el x'””w“"‘{‘l“
= x 0. N i w
£ Wit RPN
2 \l\' {81 l|.|| I Ml u e muu!! il H'l bk |n|t|a|mnd|t|ons HL
z -6.20° v=a0
2 5=193¢
3
2 g=180°
g =124 7 wy = 0.003654 rad/sec
o 6.2 -
E o J . = 0.3141592 rad/sec
& . m‘”" ' “i“ ‘1 It llM il i‘t\\”,llt.r Lo ‘ » M‘,w.m,w_n‘w il
T ol T
‘ \[ ”1“ TR vl H|!H gt i o M
~6.2 5
-12.4 — T T T T T —T— T 1
0.0 53 105 158 211 264 317 37.0 423 47.5

Time, min

Fig. 6 Torque on spacecraft due to gravity gradient.

+10.0-arc sec with a 1.25-arc sec¢ variation, and the correct
model gives Af = 4100-arc sec, A¢p = -+67.5-arc sec, and Ay
= -+9.0-arc sec with a 1.25 arc sec variation at the spin fre-
quency. Based on these results, the modified program is suffi-
ciently accurate for simulation periods of 2 orbit, and has been
used in subsequent analysis.

Stream
velocity

Stream shadow

Stream
velocity

Stream shadow

Fig. 7 Aerodynamic stream shadow on spacecraft.

J. SPACECRAFT

Gravity Gradient

The equations for the gravity gradient are expressed in a

body-fixed axes system (principal body axes). The torque on
a rigid body caused by the gravity gradient is
T = 3uf X [-/R* )

assuming that the Earth is spherical. Further, p = Earth’s
gravitational constant = 1.4082 X 10 {t3/sec?, r = uhit vec-
tor in direction of Earth’s radius vector, B = distance from

Earth’s center to body’s ¢.m., and [ = moment of inertia of the
body. Inbody coordinates, the equations are

Tox 3# (Iz - [u\TBz,TBZ
TGy =—E (I;c - Iz)TBzTBz (10)
Te: ? Iy — I)rsrsy

where r 5., 75y, and 7 5. are the direction cosines of r.

A complete orbit simulation was conducted; Fig. 6 is a plot
of the torque. For symmetric spacecraft as we have chosen
here, Tg, = 0. The x and z components of T¢ are cyclic and
are the same except they are 90° out of pbase. Two zero
torque points occur because the spacecraft principal moment
of inertia is normal to the orbit plane twice per orbit. The
magnitude of T¢ is 4.65 X 1079 ft-1b, which is slightly higher
than the other 4 torques.

The attitude deviation caused by this torque does possess
variation at the spin frequency but has only a peak-to-peak
variation of 2.5-arc sec in A at 56.3 min and is growing with
time. The torque terms that create the attitude variation of
the spin frequency may be eliminated considering the attitude
acceuracy of 14 arc sec. The torque does cause a negative de-
viation in attitude, 8, ¢, and ¢ are —17-, —69-, and —62-arc
sec, respectively. The torque affects precession of the space-
craft ¢ and ¥ more than spin decay 6. Even for the rela-
tively large value of the torque magnitude, the deviation in
attitude is not correspondingly larger than the deviation due
to the other torques. This is due to the attenuation of cyclic
torque at spin frequencies.

Aerodynamic Torque

The torque T. consists of aerodynamic pressure torque due
to the spacecraft’s center of mass velocity and a dissipative
torque due to the spacecraft’s angular rate. The torque equa-
tion including these two effects is taken from Beletskii’s
work.® The following equation is valid when the spacecraft’s
orbit velocity is large compared with the rotation of the at-
mosphere (Barth’s rate approximately), the linear surface
velocities due to the spin of the satellite is small compared
with the spacecraft’s center of mass velocity, and the angle of
attack of each surface encountered is less than 7 /2.

To = 3cpVo2 f (B-8,)(8, X r)ds +

Lep Vo f {00 X

(ﬁév)[w X rS] X

r.)é, X r) +

r.)ds S("-& > 0) (11)

where €, = The first term of Eq. (11) represents
torque due to misalignment of spacecraft c.m. and c.p. (center
of pressure). The second term represents dissipative torque
due to spacecraft spin.  Upon examining the coefficient of each
term, the torque due to c.p. misalignment is approximately a
factor of V, larger than the dissipative torque coeflicient when
wr<<V, Fora 500 km-altitude orbit, V, is 2.624 X 10*{t/sec.

Dissipative torque is a factor of 10 less than pressure torque
and is sufficiently small that the second term of Eq. (11) will
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be neglected. Then
T. = 3CpV.2f(0-€,) (. X r)dsS(h-e,>0)  (12)

where domain of integration is indicated by S(n-&, > 0).

The direction of the stream is in the orbit plane, and for this
reason the spacecraft will present a different surface to the
stream, depending on the attitude of the vehicle.

Figure 7 illustrates two orientations of the spacecraft that
give two different domains for Eq. (12). The aerodynamic
torque will be represented by two equations because of the dif-

. ferent surfaces presented to the stress as shown in Fig. 7.
The torque equation for the solar panels when F, > 0 is given
by Eq. (12) where S(n-€,) > 0 is the exposed area in Fig. 7b.

Torque due to aerodynamic pressure for F, < 0 is different
than for F, > 0 (Fig. 7b). The solar panels are not shad-
owed, but the cylinder is as shown in Fig. 7a. The shadow,
Thowever, on the eylinder will be limited due to the attitude
control limits.

In the derivation of the torque for the solar panels, we as-
sume a solid disk, where in actuality there are six rectangular
panels (Fig. 1).
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Summarizing the equations for the torque, one has
08, X I:Z (0-8)vi + (n-8)(v + VE):I
2

foré, j <0orF, >0

T, = (n,--év > 0)

vhe X [ 2 @éw + @8gv) |

1
for év-j >0o0r F, <0

(fi;-8, > 0)

where
3uz . P A

vi= 5 WL cos;—r (= Dit 5 — LY -

3 T N
2TV sin o —
5 W3 sin S(z Dk

A = (fos;j(i - Di — sing(i — Dkfori=1,...6.

n=—j &'=j
v = g WLy + L) éosg(i - Di+ % (L't — L) —

]/ 3 ~
W+ Ly') sinZ (i — Dk
2 3
Ly = L — (r — @D/ — @21

V, = ]127T(7'42 - T32)j, Vg = L11T7'32j

v = [ri(rs — 732 sinfli +
. 7, >
I:L27r1"42 — L27T7'32 - L-_)_T;;('I'42 — 7'32)1/2 il L27'42 sm"1<~3)]]
T4

— [rs(re® — r32) cosf] k

where sind = v,/(1 — 1,2V cos8 = v./(1 — ,2)V2, and v,, v,,
and ¢, are the components of the &, vector in body axes and the
symbol (n;-€, > 0) means sum over the surfaces whose angle of
attack is positive.

Table 2 Summary of attitude deviations Af and A¢ (arc sec) due to each torque and the
total torque vs the sum of the five

Residual
Time, magnetic Eddy Gravity Aerodynamic Solar Sum,
min moment current gradient pressure pressure Total 1-5
A, arc sec
5 —5.9 —20.6 +0.24 —0.02 +1.6 —24.2 —24.7
10 —10.6 —98.7 —0.97 —-0.06 -+6.4 —102.0 —102.0
15 —15.0 —269.1 +1.40 —0.44 +14.2 —268.8 —268.9
20 —19.3 —566.8 +1.50 —0.69 +24.4 —560.8 —560.9
25 —23.1 —1000.6 +2.00 —0.24 +38.6 —983.3 —983.3
30 —27.5 —1536.4 +1.20 —0.56 —+55.1 —1508.1 —1508.2
35 —32.4 —2144.5 +1.08 —0.44 +74.1 —2101.8 —2102.2
40 —-37.3 —2792.8 +1.17 -0.31 —97.9 —2730.7 —2730.7
45 —42.6 —3473.9 ) +0.10 +0.52 +122.6 —3394 .4 —3393.3
Ag, arc sec

5 +2.8 —0.17 +7.0 +0.25 +8.0 +18.0 +17.9
10 +8.4 —0.04 +11.7 +1.1 +16.3 +37.0 +37.5
15 +14.2 +2.1 +13.0 +2.6 +24.3 —56.5 +56.3
20 +16.9 —5.6 +16.4 +8.7 +32.6 +68.9 +69.0
25 +16.2 +5.8 +13.6 +10.5 +40.8 +87.0 +86.9
30 +12.4 +4.7 +15.0 +14.2 +-48.4 +95.2 +95.1
35 +7.8 —22.4 +22.2 +19.9 +57.4 +84.8 +84.9
40 +4.3 +28.1 +21.3 +14.7 +64.7 +133.3 +133.1
45 +0.6 —~10.8 +33.0 +18.4 +73.5 +114.7 +115.7
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The torque due to the solar panels in reality is varying with
a frequency six times the spin rates as opposed to the result
obtained in this analysis. This is because the shaded area
covers only part of the two solar panels, and as the spacecraft
rotates, varying amounts of solar panel area are shaded.
The disk-shaped panels give a larger magnitude of torque but
remain constant in absolute value.

A simulation of one full orbit was made and the torque is
shown in Fig. 8. The magnitude of the torque varies with
position in orbit, ranging from 0 to 3.0 X 10-¢ ft-lb. The z
component is cyclic at the spin frequency and possesses two
periods of nulls over one orbit when the angle of attack is near
zero. DBecause spacecraft is spin stabilized, the angle of attack
will become zero twice. The y component of torque is zero.

The deviation of the attitude due to this torque is bounded
over one orbit. The deviation of Af reaches —5 arc sec at 20
min and remains constant to 36.7 min, then it reaches +2.0-
arc sec at 65 min. The attitude angles are bounded within
+10 and — 20 are sec for Ay and within 4+25- and +5-arc sec
for A¢. The aerodynamic torque indicates greater effect on
the precession of the angular momentum vector than in the
spin decay. The cyclic variation at the spin frequency is at
most 2.5-arc sec peak-to-peak. Thissuggests that cyclic terms
of the torque model can be dropped.

Torque Model Additive Property

For the purposes of simplifying the vehicle model used in an
attitude estimation algorithm, prediction times for various
combinations of torque must be determined. An analysis was
conducted to show that the individual effects (i.e., the attitude
deviation due to the individual torques relative to an un-
torqued spacecraft) of each of the five torques can be summed
to give the same effect as the combined five torques. Table
2 show that A(A@) is approximately 1.1-arc sec after 45 min of
orbit. This number could very well be attributed to round-
off (10th and 11th decimal place). The difference in A(A¢)
is at worst 1.0-arc sec over 45 min, and A(Ay) is at worst
0.5-arc sec. The results demonstrate the additive effect of
the torques on the spacecraft attitude. The result allows one
to determine quickly the prediction time allowed to meet the
specified 14-arc sec accuracy in attitude for various combina-~
tions of torques. The residual magnetic moment and eddy
currents cause the greatest spin decay (Af@). Solar pressure
creates a spin up which reduces the total spin decay. Gravity
gradient and solar pressure cause the greatest effect on pre-
cession (Ag).

Table 3 Comparison of the effects of diflerent
combinations of torque with the total torque
effect on A9 and A¢ (arc sec)

Time, Sum, Sum,
min 1+2 1+24+5 Total
Af, arc sec
d —26.5 —24.9 —24.2
1 —109.3 -102.9 —102.0
15 —284.1 —269.9 —268.8
p —586.1 —h61.7 —560.8
25 —1023.7 —985.1 —987.3
30 —1563.9 —1508.8 —1508.1
35 —2176.9 —~2102.8 —2101.8
40 —2830.1 —2732.2 —2730.7
45 —3516.5 —3393.9 —3394.4
Agp, arc sec
5 +2.6 +10.6 +18.0
10 +8.4 +24.7 +37.0
15 +16.3 +40.7 +56.5
20 +11.3 43.6 +68.9
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Attitude Prediction Time

The prediction time is the time elapsed when the vehicle
model attitude propagation for different combinations of
torque differs from the five-torque attitude propagation by 14-
arc sec. Table 3 lists attitude deviations for various com-
binations of torque relative to the untorqued case. The last
column in each table is the deviation due to the five torques.
The deviations in the other columns are compared to the last
for determination of the prediction time. Considering 8 and
¢ prediction within 14-arc sec, Table 3 shows that the predic-
tion time for ¢ is less than 5 min when only the residual mag-
netic moment and eddy current models (sum, 1 + 2) are in-
cluded. By adding solar pressure torque to the model (sum,
1 4 2 4 5), the prediction time can be at least 10 min, based
on the five torque model true environment.

Conclusions

The effects of five environmental disturbances on the space-
craft have been determined for the given spacecraft mission.
The torques due to the eddy currents, solar pressure and aero-
dynamic pressure depend on the spacecraft configuration and
were derived for the specific spacecraft configuration. The
torque due to eddy currents was derived only for the space-
craft skin because the lack of definition of components and
packages in the spacecraft. And in general, a closed-form
solution for the eddy currents is feasible only for a few special
cases. It is concluded that an exact model for the entire
source is not feasible. The torques due to solar pressure and
aerodynamic pressure were derived in closed form, but due to
time-varying shadows in the spacecraft, the closed-form
equations are very complex.

The torque due to eddy currents and the residual magnetic
moments had the greatest spin decay effect. The gravity
gradient torque had the greatest effect on the precession (¢ and
¥), ie., angular momentum precession). The solar pressure
created a spin up and was third in its absolute effect on spin.
The aerodynamic torque had the least effect on the spacecraft
attitude. The five torques were incorporated into a vehicle
model that was used in a simulation of the true attitude de-
termination sensor output.” For 5-min prediction time be-
tween stellar observations, the torques due to the residual
magnetic moments and the eddy current are adequate for use
in the attitude estimation algorithm to account for spin
decay.’

By adding the solar pressure to the algorithm model, the
spin decay over 45 min is well within the accuracy of 14-arc
sec. However, the precession error limits the prediction time
to about 10 min using only the magnetic and solar pressure
torques.

The ARRS eddy current model was found to have nearly
the same effect on attitude as the spherical model. Therefore,
the spherical model is adequate for the estimation algorithm.,
The advantage is that it has one coefficient. This reduces the
number of parameters to be estimated and naturally speeds
execution of the algorithm which is important when one year
of data must be processed. Purely cyelic terms in all of the
torques may be removed without loss of state propagation ac-
curacy yet gain speed in program execution. This was shown
by E. C. Foudriat®2 Due to the slow execution time for the
solar pressure torque, it was modified to compute the torque
due to the time-varying shadows over one spin cycle and inter-
polated for the entire orbit. The modified model was used in
subsequent simulation.”

Appendix: Vehicle Model

The equations of motion used to analyze the effect of the
torques are

@, = [ww,(1 — )+ 7,]/4, &, = w,w.(C — 4) + 7,
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@, = fww,(d — 1) 4 7.]/C, én = (w00 0,71 — w2v2)/2

&y = (w00 + w:v1 + w,v2)/2,
Y1 = (—wyon — w0 + w.75)/2
v = (W1 — w0 — w.00)/2

where A = I,/I,and C = I./I,; 7., 7,, and 7, are torques di~
vided by 7,; w., w,, and w, are body rates; and a, as, y1, and
2 are Euler symmetric parameters.

The two major coordinate systems used in this program are
the inertial coordinate frame and the body-fixed coordinate
frame. The inertial coordinate frame has its origin at the
center of the Barth with the X; axis directed to the vernal
equinox, and the Z; axis along the Earth polar axis. The body
frame has its origin at the em, and the axes defined by the
principal-moment-of-inertia axes. The HEuler angle rotations
from the inertial to the body frame are ¥ about the Z; axis,
¢ about the first-displaced z axis, and 6 about the second-dis-
placed y axis.

The equations of motion are written in terms of Euler sym-
metric parameter. Conversion between Euler angles and the
symmetric parameter is accomplished by equating the trans-
formation matrix E(y,¢,8) to E(a,o,v1,72).

The equations of motion were programmed to compute
body rates and spacecraft Euler angle attitude for the un-
torqued case and the specified torque case. The torque in
body axes and the difference in Euler angle attitude was
plotted.
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