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ABSTRACT

This study develops a preliminary structural design for three
one-kilometer-long antenna sticks and an antenna support structure for
a geosynchronous earth-imaging satellite. On each of the antenna
sticks is mounted a linear array of over 16,000 antenna elements. The
antenna sticks are parallel to each other, and are spaced 1 km apart so
that they form the corners of an imaginary triangular tube. This tube
is spinning about its long axis. Antenna performance requires that the
position of each antenna element be known to an accuracy of 0.5 cm, and
that the spacecraft's spin axis be parallel to the earth's spin axis
within one degree. Assuming that the position of each joint on each
antenna stick is known, the antenna sticks are designéd as beams under
a uniformly distributed acceleration (due to spacecraft spin) to meet
the displacement accuracy requirements for the antenna elements. Both
a thin-walled round tube and a three-longeron double-laced truss are
considered for the antenna stick structure. A spacecraft spinrate is
chosen by considering the effects of environmental torques on the pre-
cession of a simplified spacecraft. A preliminary truss-like support
structure configuration is chosen, and analyzed in quasi-static equili-
brium with control thrusters firing to estimate the axial loads in the
structural members. The compressive loads found by this analysis are
used to design the support structure members to be buckling-critical
three-longeron double-laced truss columns. Some tension-only members
consisting of Kevlar cord are included in the design to eliminate the
need for bulkier members. The lateral vibration modes of the indivi-
dual structural members are found by conventional analysis--the funda-
mental frequencies are as low as 0.0066 Hz. Finite element dynamic
analyses of the structure in free vibration confirm that simplified
models of the structure and members can be used to determine the struc-

tural modes and natural frequencies for design purposes.
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NOMENCLATURE*
a = column imperfection (m)
aR = translational acceleration induced By a control thruster
acting on the rigid body model (m/s“)
a = transverse acceleratiop due to satellite spinrate, acting
T : 3
at antenna sticks (m/s®)
Ad = cross-sectional area of truss column diagonal (mz)
A1 = cross-sectional area of truss column longeron (m2)
Ar = amplitude of mode shape Yr(x) (m)
As = cross-sectional area of antenna stick (mz)
b = number of bays in a truss column (dimensionless)
- . 8 2
C = speed of light (3 x 10” m/s)
Cd = coefficient of diffuse reflection {(dimensioniess)
CD = opacity (dimensionless)
Cs = coefficient of specular reflection {(dimensionless}
‘—\
Ofs = differential solar radiation force (N)
dA = elemental surface area of spacecraft (m2)
dFG = gravitational force acting on spacecraft (N}
Dl = outer diameter of a tubular longeron in a truss column (m)
Dd = outer diameter of a tubular diagonal in a truss column (m)
E(x) = Young's Modulus (N/mz)
Eo = Young's Modulus, uniform over entire beam length (N/mg)
f = frequency of antenna radiation (Hz)
F = momentum flux from the sun (4.4 x 10—6 kg/m/sz)
* SI uﬁzts (length = meters, mass = kilograms, time = seconds, force = New-

tons) are used throughout, and are indicated in parantheses.
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F = jnertial reaction force acting on a point mass to maintain
equilibrium in the presence of applied translational
acceleration ap (N)

F = component of force F in the u-direction (N)

F . = applied load in the u-direction at point mass i in the
rigid body model (N)

FB = inertial reaction force acting on a point mass to maintain
u e ; , .
equilibrium in the presence of applied angular acceleration
Q, (N)
- : ; -11 2 2

G = gravitational constant (6.672 x 10 N-m®/kg")
H = a measure of width or outer diameter of an antenna stick (m)
Hs = distance between longerons in antenna stick truss column (m)
Hcm = distance between longerons in cross member (m)
Hdm = distance between longerons in diagonal member {m)
I(x) = area moment of inertia of a cross-section (m4)
Id = area moment of inertia of a truss column diagonal (m4)
I1 = area moment of inertia of a truss column longeron (m )
I = area moment of inertiz of a cross section, uniform over
o) !

entire beam length (m7)
Iu = mass moment of inertia of a_ point mass about

principal body axis u (kg-m®)
I = mass moment of ingrtia of a rigid body about principal
uB .

body axis u (kg-m“)
L = antenna stick segment half-lienth (m)
2L = antenna stick segment length (m)
m(x) = mass per unit length (kg/m)
mcm = mass of structural cross member (kg)
mim = mass of structural diagonal member (kg)

24

me = mass of earth (5.979 x 10 kg)

m, = mass of interest in gravity equation (Kkg)



To
Q(x)

Xxii1i
ratio of antenna element mass per unit length over antenna
stick mass per unit length (dimensionless)
mass of antenna stick (kg)
maximum moment in a beam (N-m)

moment acting on rigid body model to create rotation about
u-axis (N-m)

unit outward normal vector of area dA
axial load acting on a column (N)

Euler buckling load of a column (N)

axial load in a truss column diagonal (N)

axial tensile load in massless connecting member i of rigid
body model (N}

axial load in a truss column longeron (N)
load carried by tension-only structural member {(N)

transverse load per unit length acting on a beam {N/m)

uniformly distributed transverse load per unit length
acting on a beam {(N/m)

distance of mass L from center of earth (m)

radius of solid-rod longeron in a truss column (m)
radius of solid-rod diagonal in a truss column (m)
vector from spacecraft's center of mass to area dA (m)

static distance of antenna sticks from spacecraft spin axis
(577.35 m)

unit vector from spacecraft to the sun

wall thickness of a thin-walled tube (m)

= minimum practical wall thickness of a graphite-epoxy

thin-walled tube (0.381 mm)
load applied by a control thruster (N)

component in u-direction of load applied by a control
thruster (N)
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maximum shear load in a beam (N)

transverse displacement of a beam (m)

transverse displacement of a beam having E, I, and Q
constant (m)

mode shapes in free vibration

- width of an imperfection in beam bending stiffness EI
(dimensionless)

— .
- angle between vectors S and N (degrees)

amplitude of an imperfection in beam bending stiffness EI
(dimensionless)

displacement error (m)
wavelength of antenna radiation {(m)

mass density of antenna stick material (kg/m3)

angle between diagonal of a truss column and a line drawn
perpendicular to the two adjoining longerons (degrees)

Poisson's ratio

solar radiation torque acting on spacecraft (N-m)
natural frequencies in free vibration (rad/sec or Hz}
spacecraft spinrate (rad/sec or rev/min)

angular acceleration about axis u induced in rigid body
model by moment Mu (rad/sec)



Chapter 1
INTRODUCTION

Geosynchronous orbits (at an altitude of approximately 37,000 km)
are commonly used for a variety of satellite applications. A space-
craft in geosynchronous orbit has a constant view of the same spot of
the earth, which is ideal for an earth imaging spacecraft that "takes
pictures"” of the earth's surface. Such a spacecraft might be composed
in part of a large antenna structure that supports a linear array of

antenna elements.

A developmental design for a geosynchronous earth-observation
satellite uses 15 GHz phased array antennas for earth imaging. Each
antenna is a one-kilometer-long "stick" (as opposed to a dish), along
which more than 16,000 6-cm-long antenna elements are distributed. The
antenna elements lie in a straight line, each element not quite touch-

ing its neighboring element(s).

The three antenna sticks form the three corners of an imaginary
triangular tube, such that each stick is parallel to and spaced 1 Kkm
from the other two at all points along its length (Figure 1-1). To
perform the earth imaging task, the "tube" is spinning about its axis

with a minimum spinrate Q of 1 rev/hr.

1.1. Satellite Performance Requirements.

The location of each antenna element must be known to an accuracy
of one-quarter wavelength (0.5 cm) to obtain the desired image resolu-
tion. Because the antenna elements are mounted on the surface of the
antenna sticks, displacement of any part of an antenna stick results in
displacement of antenna elements. Image resolution requirements there-

fore necessitate that the displacement of each antenna stick must be
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known to an accuracy of one-quarter wavelength (0.5 ¢m). Note that no
iimit has been placed on the absolute displacement of +the antenna

sticks or elements.

Pointing accuracy of the spacecraft must be maintained so that the
satellite views the desired area on the earth's surface. The tightest
pointing requirements occur in the plane formed by the earth's spin
axis and the spacecraft center of mass. In this plane, the
spacecraft's spin axis must remain perpendicular to the earth's equa-
torial plane within one degree. Precession of the spacecraft's spin

axis1 must therefore not be allowed to exceed one degree.

Although additional performance requirements certainly exist to
guide the design of a compiex satelliite antenna system, the displace-
ment and pointing accuracy requirements were considered to be the most

critical during the early development of this particular design.

1.2. Design Approach.

This research develops a structural design for an antenna system
that consists of the three antenna sticks and a truss-like support

structure.

The environment at geosynchronous aititude is relatively benign
compared to low-earth-orbit altitudes. The predominant loads acting on
a large structure in geosynchronous orbit are solar radiation pressure,
the earth's gravity, and any loads used for spacecraft stability and

attitude control.

1. This assumes that nutation is negligible compared to precession. In this
application, precession is the angie between the angular momentum vector
of the spacecraft and the line that (1) passes through the spacecraft
center of mass and (2) is perpendicular to the earth's equatorial plane.
Nutation is the angle between the spacecraft angular momentum vector and

spacecraft spin axis.



The antenna sticks are sized in Chapter 2 as beams under a uni-
formly distributed load to meet displacement accuracy requirements.
The displacement of each antenna stick is affected by the spinrate of
the spacecraft as well as transients such as control thrusters. The
antenna elements can be represented as a mass per unit length of
0.82 kg/m distributed uniformly along each stick. The spinning motion
of the spacecraft creates a transverse acceleration QZR that acts on
the uniformly distributed mass of the stick and antenna elements to
create a uniformly distributed transverse load. Given the position of
the antenna stick joints, beam theory provides a means of determining
the transverse displacement of a beam. The antenna sticks are there-
fore modelled as simply-supported beams under a uniform transverse
load. If an imperfection is assumed to exist in the beam bending
stiffness EI, the beam equation can be used to find a relationship
between beam properties and displacement error. When this displacement
error is set equal to the required antenna stick displacement accuracy,
the dimensions of the beam are partially determined. The resulting
design calculations show that a 250-meter-long antenna stick segment
must have a diameter of approximately 0.71 m to meet the 0.5 cm dis-
placement accuracy requirement when the spacecraft spinrate is

1 rev/hr.

The spinrate Q of the spacecraft is selected in Chapter 3 by con-
sidering the effects of solar pressure and gravity gradient torgues on
spacecraft precession. At this point, the "spacecraft" consists of the
three antenna sticks. Once a spinrate has been selected, the remaining

beam dimensions can be determined.

A preliminary design for a truss-like support structure is pro-
posed in Chapter 4. Axial loads induced in truss members by control
thruster firing are estimated with rigid body dynamics and a finite
element quasi-static analysis. Both the diagonal members and the
majority of cross members in the support structure are designed as

truss columns using concepts of structural efficiency to minimize



spacecraft mass. The remaining cross members are tension-only members,

essentially thin Kevlar cords.

in Chapter 5, conventional analysis is used to determine the
vibrational modes and natural frequencies of the proposed antenna
sticks and support structure members. A finite element dynamic
analysis of a simplified model then determines the freguencies and mode
shapes of the antenna structure as a whole. A more complicated finite
element model is used to demonstrate that the results of the simplified
finite element model and conventional analysis are adequate for design

purposes.

Chapter 6 briefly discusses design issues not considered in this
preliminary analysis, and proposes possible "next steps" in the design

process.



Chapter 2
SIZING THE ANTENNA STICKS

Antenna performance requires that the location of each antenna
element be known to an accuracy of one-quarter wavelength. Because the
antenna elements are mounted on the antenna sticks, the location of the
antenna elements 1is known if the location of each point along each
antenna stick is known. As shown below, beam theory can be used to
determine the location of each point along the length of an antenna
stick provided the positions of the ends of the antenna stick are
known. This approach assumes that the largest load on the antenna
sticks is produced by centrifugal outward acceleration {from the space-
craft spinning about its axis), acting on the mass of the antenna

sticks and antenna elements.

Assume that joints in the overall antenna structure are hinged.
If these joints were fixed in space, then the antenna sticks could be
modelled as simply-supported beams, with each joint acting as a simple
support. The spinning motion of the spacecraft creates a transverse
acceleration that acts on the uniformly distributed mass of the stick
and antenna elementsl to create a uniformly distributed transverse
load. Given the dimensions, material properties, and transverse load-
ing of the sticks and the location of the joints, the transverse dis-
placement of each point along a stick's length can be found from the

soiution of the beam equation. The beam equation is

2r d2 1
—E(x)I(x)—w(x)| = Q(x)
dx2| ax? (2.1)
where
w(x) = transverse displacement of beam (m)

1. The antenna elements can be represented as a mass per unit length of 0.82
kg/m distributed uniformly along each stick.




E(x)I(x) = bending stiffness of bean (N—mg)

Q(x)

distributed load per unit length (N/m).

H

The solution for a simply-supported beam of length 2L with a uni-
formly distributed load per unit length Qo and both E and I constant
I = E 1 .
(EI olg) is

4
L KN
o 24EoIoLL4 3 L

1

!

L J (2.2)
The effect of the displacement of a joint on the transverse dis-
placement of a stick can be found from superposition. Thus if Qo’
EOIO, 2L and the joint locations are known, the location of any part of

an antenna stick can be found.

Equation (2.2) gives the transverse displacements of the antenna
sticks. If the maximum displacement found by Equation (2.2) is set
equal to 0.5 cm, the dimensions of the antenna stick can be determined
such that a displacement accuracy of 0.5 cm is assured. However, the
dimensions found by this method are unreasonably large: a 250-m-long
thin-walled cylinder antenna stick segment would require a diameter of
80 m. Therefore, another method must be used to determine antenna

stick dimensions.

Performance depends on the accuracy of the displacement computa-
tion, not the actual displacement. If an imperfection is assumed to
exist in the beam bending stiffness EI, the beam equation can be used
to find a relationship between beam properties and the accuracy, or
displacement error, of the displacement computation. When the maximum
displacement error given by this relationship is set equal to the
required antenna stick displacement accuracy, the dimensions of the

beam are partially determined.



2.1. Stick Displacement Error is Sensitive to Beam Bending Stiffness.
Suppose that Q, and 2L are known exactly, but that EI actually
has a step increase of magnitude 8 and width 2« in the center of the
beam (Figure 2-1). This is a simple model of the effect a manufactur-
ing tolerance (or error) or a variation in material properties might
have on beam properties. The bending stiffness has a symmetry around
the beam center at x = L, so we can simplify the problem by solving the
beam equation {(2.1) over the interval x = 0 to x = L instead of over
the entire length of the beam. Consider this beam to be composed of
two different beams, Beam 1 and Beam 2. Beam 1 has a bending stiffness
of EI = EOIO , displacement wl(x), and exists over the interval x = 0
to x = L(1-a). Beam 2 has a bending stiffness of EI = Eozo(1+5), dis~
placement wz(x}, and exists over the interval of x = L{i-a) to x = L.
By continuity, both beams must have the same displacement and first
three derivatives at x = L(1-a). These conditions, combined with the
simple support at end x = 0 and the symmetry condition at x = L, result

in eight boundary conditions

W (L - Lo) = wy(L ~ La) (2.3a)
Wi (L = Lo) = wy(L - La) (2.3b)
W, (L - La) = wy (L - La) (2.3¢)
w, (L - La) =w, (L- La) (2.3d)
W, (0) =0 (2.3e)

w. (0) =0 (2.3f)

wé(L) =0 (2.3g)



FIGURE Z-1. FPOSTULATED STeEP IMPERFECTION IN EEAM
BENDING STIFFNESS EI. Width of step is Zx, amplitude
ot step is &£.
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w (L) =0 (2.3h)

which can be used to solve the beam equation (2.1) for both wl(x) and

Wz(x). The compieted sensitivity study is detailed in Appendix A.

A comparison of the magnitudes of w,{(x) and w2(x) with wo(x)

(Equation 2.2) for varying ranges of o and X show that the maximum dis-

placement error € occurs at x = L when « = 1.0, and is given by

4
.- SQOL 5 i 5 W (L)
24EOIO (1+8) (1+8}) "o (2.4}
where
€ = displacement error at x = L (m)
2L = beam length (m)
6 —

(amplitude of imperfection in EI)/EOIO

(dimensionless)

When displacement error € is set equal to the required antenna
element displacement accuracy, then Equation (2.4) can be used to

determine some parameters of the antenna stick design.

2.2. Stick Dimensions and Mass Are Determined by Cross-.
Sectional Area and Area Moment of Inertia.

Antenna performance specifications for this application require
that the position of each of the antenna elements be known to a quarter
wavelength (A/4). Since wavelength is A = ¢/f, where ¢ is the speed of
light in m/s and f is the wave frequency in Hz, then the displacement
error € must be less than or equal to c/4f. Assume that the distri-
buted 1load Q, results from the centrifugal acceleration a; of the
rotating satellite acting on the mass per unit length of the antenna
elements and stick. The transverse antenna stick acceleration aT = Q2R
is assumed to be uniform along the length of the stick, where R is the

distance (577.35 m) from the rotational axis to the antenna stick
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center of mass, and Q is the spinrate in rad/sec. Assume also that the
mass per unit length of the uniformiy-distributed antenna elements is
some fraction m. of the mass per unit length m of the antenna stick.

Then Equation (2.4) gives

Ao
v
m
i

o

[1>9

-
=
+
=

'-’\./
O
j=e}
-

{1+8) (2.5)

where

1]

wave frequency (Hz)
speed of light (3 x 108 m/s)
= density of antenna stick material (kg/ms)

il

. . 2
cross-sectional area of antenna stick (m")

S5 > D O b
w
1

1

{(antenna element mass)/{(antenna stick mass).

]

Equation (2.5) shows that the maximum error € in the transverse
displacement measurement increases with the fourth power of bean
length. Thus the sensitivity of displacement error to the variations
in EI can be reduced by dividing the one-kilometer-long antenna stick
into several shorter segments. Equation (2.5) also shows that maximiz-
ing the ratios Ey/pg and I /A, will help to reduce sensitivity.

o
Graphite-reinforced-epoxy composite has a high specific stiffness

(E /p, = 7.724x10" m?/s® for E_ = 110.2 GPa and p_ = 1522 kg/m") and
can be constructed to have a coefficient of thermal expansion near
Zzero; all subsequent calculations will assume that graphite epoxy is
the antenna stick material. The ratio of IO/AS varies with the struc-
tural design used for the antenna stick. If we assume Eo/pS is given,

then the value of IO/AS must increase to maintain the same displacement

accuracy when the percent imperfection 8 in EI increases.

The values of IO/AS that will insure the displacement accuracy
requirement will be met can be found, allowing a load margin of 1.5, by

rearranging (2.5) to get
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»w {o

The effect of changes in L and & on IO/AS is shown in Figure 2-2.

2.83. Choosing a Structural Shape.

2.3.1. Thin-Walled Tube. 1If the antenna stick shape is assumed to

be a thin-walled tube, IO/AS can be expressed simply in terms of the

outer dimensions of the antenna stick. For example,
IO/AS = H2/6 for a square tube {(2.7a)
IO/As = H2/8 for a round tube (2.7b)

where H for a square tube is the width of the tube side, and H for a
round tube is the tube outer diameter. A square or rectangular tube
possesses a useful flat surface for mounting antenna elements. How-
ever, the flat sides of such a tube are more susceptible to local buck-
ling from bending and shear stresses in the tube than is the curved
surface of a round tube. Local buckling is unacceptable. Therefore, a
round thin-walled tube is used in the initial sizing of the antenna
sticks. For a round tube, H can be found by combining Equations (2.6)

and (2.7b) and rearranging to obtain

mib
(4]

2.4
(1+m JQ"RL™ 77757 (2.8)

=]

The mass of an antenna stick composed of a single thin-walled tube

(without antenna elements) is given by

m = pSASZS = pantZS (2.9)

where H is the tube outer diameter given by Equation (2.8), and 2s is
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the length of the antenna stick (2s = 1000 m).

2.3.2. Three-Longeron Double-Laced Truss. if the antenna stick

shape is assumed to be a three-longeron double-laced truss column (Fig-
ure 2-3), antenna stick mass is reduced considerably. However, the
calculations of the antenna stick dimensions from equation (2.6) are
not so straightforward as when the antenna stick is assumed to be a

thin-walled tube.
If we assume that the cross-sectional area Ad of the truss diago-

nals is approximately the same as the cross-sectional area Al of the

longerons, then the antenna stick cross-sectional area AS is

A conservative estimate for the area moment of inertia Io of the
antenna stick can be found from Al and the distance H between

iongerons as

I = i - (2.11)

A value for H is found by combining (2.10) and (2.11) with {(2.6) to get

p
f s 2,:4

H 2 .5 = ==
22.5 o Eo (1 + mr)Q RL

3
(1+8) (2.12)

The value of H alone does not completely determine the geometry, how-

ever. From geometry and Figure (2-3), we see that

2L

ﬂg‘x’l‘g (2.13)

where
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H = distance between longerons (m)

b = number of truss column bays {(dimensionless)

2L = truss column length (m) = 1 in Figure (2-3)

) = angle of truss diagonals, measured from a line

perpendicular to the two longerons (degrees).

To insure that b is an integer, set

- (_2L )
b = INT \Htans (2.14)
where H is the value calculated in (2.12). Then the actual distance HS

between longerons based on an integer value of b and an assumed value

of ¢ can be calcuated using (2.12) and (2.14) to produce

f
_ _2L_ |tan
s  tan¢ INT i 2L

P

2,,4 3
(1 + mr)Q RL TT:ES'

m}b
0

Q
[T

22.5 g
(2.35)

We now have values for H, b and ¢. To complete the truss design,

we need values for Dl and D the diameters of the truss longerons and

d)
truss diagonals, respectively.

Using the assumption that the antenna stick is a simply supported
beam under a uniformly distributed transverse load per unit length Qo’

we find that the maximum moment in the antenna stick is

2 2
Q. (2L)° QL
Maax = 8 C2 (2.16)
The maximum load in a longeron segment is
M_ A H o %A H
> _ _max 1 s ) 1’s
Py = =
Lo 2c0s30°  2.]31 (2.17)

The Euler buckling load in a longeron segment of length 2L/b (the
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length of one bay) is

2., .
b Eoll

(2L/b)? (2.18)

If we set PE in (2.18) equal to 1,5*P1 in (2.17), which provides a
safety factor of 1.5, and substitute ps(gAl)(1+mr)02R for the value of

Q

o’ the resulting equation is

2 2.2
n"E . 1.5[ps(9A1)(1+mr)Q R]L HSA

011 _ 1
(2L/b)? 2 [3(ar2/2) (2.19)

This value can be combined with equation (2.13) to find the ratio

2,.3
ps(1+mr)Q RL™ tan¢

1
= =9-]3
A E, 2p (2.20)

Assuming a wall thickness t for each longeron, the cross-sectional

area A1 of a longeron is Al = nDlt, and the area moment of inertia Il

of a longeron is I. = nD?t/S. Thus the ratio Il/Al reduces to

1
2
Y
Al 8 (2.21)

Substituting this into (2.20), we find that the diameter of the

longerons is given by

Py (1+mr)QZRL3tan¢
D, = (72-J3 g;

2

y
°b (2.22)

A similar procedure can be used to determine the diameter of the
truss diagonals. The maximum shear in a simply-supported beam under a

under a uniform transverse load is
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The resulting maximum load in the truss diagonals is

P - Vmax _ QOL
= = o
4COS¢C08300 2 J—gcosg) (2-24!

Set the Euler buckling load of one diagonal equal to l.S*Pd to get

20 - _ 2.
n Eold 1.a[ps(9Ad)(1+mr)Q RIL

(2L/bsing)? 2 [3coso (2.25)

This can be rewritten in the form Id/Ad as before. Assuming a wall
thickness t for each diagonal, the ratio Id/Ad reduces to D§/8’ and the

diameter of each diagonal is given by

(1+mr)QzRL3

Py
D. = 72’@;

0 n2b2s1n2¢cos¢ (2.26)

The mass on an antenna stick composed of a three-longeron double-laced

tubular truss (without antenna elements) is given by

= ¥ [
m p537rt(D1 + ZDd/31n¢)25 (2.27)
where D. and Dd are given by (2.22) and {(2.26), and 2s is the length of

the antenna stick.

0.1. An Increase in Spinrate Increases Stick Dimensions and Mass.
Assume that each antenna stick is divided by hinged joints into
segments of length 2L. Before the antenna stick mass and dimensions
can be determined, values are needed for 2L, Q, t, mr, and & (recalil
that the values EO = 110.2 GPa and pg = 1522 kg/m3 were chosen in Sec-
tion 2.2). Values for segment length 2L and spinrate will be chosen in

subsequent chapters; at this point in the calculations, we will
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consider a range of values for these two parameters.

If we assume that local buckling does not occur in the thin-walled

tube, we can use a minimum wall thickness (limited by manufacturing

considerations) of tm = 0.381 mm (.015") for all tubes. This
corresponds to 2 or 3 plys of graphite-epoxy prepreg. However, a
manufacturing tolerance of .025 mm (.001") in wall thickness would

result in a 6.6% error in the area moment of inertia I of a tube (since
I = ﬂDst for a thin-walled tube). A value of 6 = 10% is therefore used
as a conservative estimate of the imperfection in antenna stick EI. A
preliminary value of m can be found for any combination of Q, 2L, and
6 by first calculating stick dimensions and mass with mr set equal to
zero. This gives a first estimate of antenna stick mass per unit
length, from which a more realistic value of m_ can be calculated.
Some values for antenna stick width H and mass m, are given in Tables

(2-1) and (2-2) for different stick segment lengths and spacecraft

spinrates.

Plots of antenna stick mass as a function of spinrate for varying
antenna stick segment lengths are shown in Figures (2-4) and {(2-5) for
a tubular antenna stick and a truss column antenna stick, respectively.
The mass of the thin-walled tubular antenna stick increases with spin-
rate in a nearly linear fashion. The mass of the three-longeron truss
antenna stick increases more rapidly with spinrate than does the tubu-
lar stick; however, the overall mass of the truss stick at a given

spinrate is considerably less than the mass of the tubular stick.
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TABLE 2-1. VALUES OF ANTENNA STICK MASS m_ AND
DIAMETER H VS. SPINRATE Q FOR VARYING STICK SEGMENT
LENGTH 2L (ANTENNA STICK = THIN-WALLED ROUND TUBE)

f2L = | 200m | 250 m | 500 m ! 200 m | 250 m ! 500 m |
771 T 929 T 1202 | 1173 1 0.510 | 0.709 | 2.291
| 2 | 1568 | 2265 7966 , 0.861 | 1.243 | 4.373
[ 8 ; 2188 | 3222 | 11753 | 1.201 | 1.768 | 6.452
| 4 i 2802 | 4173 | 15538 | 1.538 | 2.291 | 8.529 |
i 5 { 3412 | 5123 | 19323 | 1.873 | 2.812 | 10.607

' 6 | 4021 ! 6071 ! 23107 | 2.207 ! 3.333 | 12.684 !
| 7 | 4629 | 7019 | 26891 , 2.541 , 3.853 | 14.761
{ 8 | 5237 | 7966 | 30675 | 2.875 | 4.373 | 16.838
| 9 | 5844 | 8913 | 34458 | 3.208 | 4.893 | 18.915 |
i 10 | 6450 | 9860 | 38242 | 3.541 | 5.412 | 20.992 |
b 11 1 7057 ! 10807 ! 42026 ' 3.874 | 5.932 | 23.069'
! 12 7663 | 11753 | 45809 | 4.207 , 6.452 | 25.146
{18 | 8269 ; 12700 | 49593 ; 4.539 | 6.971 ; 27.223
14 8875 | 13646 | 53376 | 4.872 | 7.491 | 29.300 |
|1 9481 | 14592 | 57160 | 5.205 | 8.010 | 31.376 |

Note: Q is rev/hr, 2L is in meters, mS is in kilograms, H is in meters.
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AND

TRUSS WIDTH H_ vS. SPINRATE O FOR VARYING STICK SEGMENT
THREE-LONGERON TRUSS)

LENGTH 2L

SCANTENNA STICK =

H

(2L = | 200 m | 250 m| 500 m | 200 m; 250 m ; 500 m
é @ If mS ; mS : mS f HS ; HS : HS E
o1 7 899 T aa0 ! 563 | 7,227 9.02 16.98°
2 | 502 ' 541 | 711 | 8.25 . 10.07 | 19.25:
, 3 | 571 | 616 | 866 ; 8.88, 10.83 | 21.65
| 4 | 626 | 676 | 1013 | 9.36 | 11.40 | 23.41]
| 5 | 666 | 741 | 1216 | 9.62 | 12.03 | 26.24|
I 6 I 706 | 790 ! 1396 ! 9.90! 12.37 ' 27.94!
U7 T 749 7 863 | 1648 | 10.19 | 13.12 . 30.93;
{ 8 | 790 ; 920 ; 1897 ; 10.50 ; 13.53 , 33.31,
| 9 1 836 | 979 | 2188 i 10.83 | 13.97 ' 36.08]
| 10 | 883 | 1044 { 2533 | 11.17 | 14.43 | 39.36|
11 7 935 © 1114 | 2831 | 11.55 ! 14.93 ! 41.24!
P12 7 985 | 1191 | 3152 : 11.95 ' 15.46 , 43.30|
| 13 | 1045 ; 1269 ;| 3669 , 12.37 ; 16.04 ; 48.11
| 14 | 1106 | 1357 | 4082 | 12.83 | 16.65 | 50.941
| 15 | 1138 | 1457 | 4560 | 12.83 | 17.32 | 54.13
Note: Q is in rev/hr, 2L is in meters, mS is in kilograms,

meters.

S

is

in
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Chapter 3
SELECTING A STABLE SPINRATE

Large flexible space structures have low natural frequencies that
are easily excited by any applied loads. Once excited, a structure may
take hours or even days to damp out its vibrations. it 1is therefore
desirable to apply as few locads to the structure as possible. In such
cases, passive attitude control methods are preferabie to the frequent
use of attitude control thrusters or the cyclic excitations produced by

inertia wheeis.

Since the spacecraft must spin to perform its radiometry task,
spin stabilization can be used as a passive method of attitude control.
However, care must be taken in selecting a spinrate: as seen in
Chapter 2, an increase in spinrate requires an corresponding increase
in antenna stick mass (an undesirable effect). To be acceptable, a
spinrate must meet stability requirements and yet keep spacecraft mass

to a minimum.

3.1. Disturbance Torques, Precession, and Pointing.

One indication of spacecraft stability is precession, which is the
angle between the spacecraft angular momentum vector and the desired
angular momentum vector (normal to the earth's equatorial plane). Pre-
cession arises from disturbance torques; the most influential of these
torques for a large satellite in geosynchronous orbit are solar radia-

tion and the earth's gravitational fieid.

P
The differential solar radiation force dfs acting on an elemental

area dA of the spacecraft is given by

3
—i

{ )
N : - 4 _é.‘} :
af = — ;! — . + = CWN! 3
S COP_{‘(‘L“ C4J8 * 2(C_cosf + 3 CQ,\JcosB; dA (3.

Pt
e
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where
P = momentum flux from the sun (4.4 X 1076 kg/m/sZ}
Co = opacity
CS = coefficient of specular reflection
Ed = goefficient of diffuse reflection
S = unit vector from the spacecraft to the sun
dA = elemental spacecraft area (m2)
N = unit outward normal vector of dA

angle between S and N

w
i

The soiar radiation torque T, acting on a spacecraft is given by

T = X 3.2
s I R s (3.2}
where'ﬁhis the vector from the spacecraft's center of mass to the ele-

—
mental area dA, and dfs is given by Equation (3.1}).

The gravitational force is directed radially inward towards the

earth, and is given by

Gm_dm
dF, = ——Z2—m

G 2 (3.3)

where
= gravitational constant (6.672 x 10_11 N—mz/kgz)
o = mass of earth (5.979 x 1024 kg)
dm = incremental mass of interest (kg)
r = distance of dm from center of the earth (m).

For a satellite in geosynchronous orbit, the earth's oblateness can be

negiected in gravity gradient computations.

Because some amount of precession is aiways present, all spin sta-
bilized spacecraft require periodic attitude adjustments, which are
impiemented from earth by ground crews. The minimum time between atti-
tude adjustments is usually three to four days, limited by the schedul-

ing and expense of ground crew efforts.
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Antenna performance requires that precession of the spacecraft be
iess than one degree at all times. This pointing requirement can be
used as a measure of spacecraft stability for spinrate determination.
If attitude adjustments occur once per week, and a 20% allowance is
made for precession that might arise from sources other than solar
pressure and gravity gradient effects, then precession must be less

than 0.83 degrees in any one-week period.

3.2. 12 Rev/Hr Spinrate Meets Pointing Requirements.

The spacecraft can be modelled simplistically as a rigid body com-
posed of three oriented cylinders (representing the three antenna
sticks). Because the diameter and mass of a thin-walled cylindricail
antenna stick vary with spinrate (Section 2.4.), the mass, cross-
sectional area, and mass moments of inertia of the spacecraft model
aiso vary with spinrate. The effects of gravity gradient and solar
pressure acting on this spacecraft model over a given period of time

can then be determined numerically for different spinrates.1

The precession after a 24-hour period at summer solstice of the
rigid body spacecraft model is plotted in Figure (3-1) for different
spacecraft spinrates. The spacecraft is assumed to be in geosynchro-
nous orbit (completing one revolution around the earth in one standard
solar day) with an initial declination of 90 degrees (spin axis ini-
tially perpendicular to the earth's equatorial piane). The 24-hour
period covers 00:00 hours on 21-June-1980 to 00:00 hours on 22-Jjune-
1980; this 1s one possible time when the angie between the spacecraft
and the solar radiation is most extreme, and therefore the solar pres-
sure is greatest. For computation purposes, it is assumed that CO =
1.00, CS = 0.01, C4 = 0.09, and solar radiation at the spacecraft is
equivalient to the radiation present at 1 A.U. Allowance is made for

each cylinder shading the other two due to spacecraft rotation and

1. The ;americal analysis uses a FORTRAN program written by Dr. James

McEn-

nan of the Dynamics and Control Department in the Systems Laboratories,

Hughes Aircraft Space and Communications Group.
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orbital path (shading reduces solar ftorque and shifts the center of
pressure of the spacecraft). The integration step size for the compu-~

tations is found by dividing the spin period in seconds by 40.

For each spinrate case, the precession angle increases in a nearly
linear fashion with time. This is shown in Figure (3-2) for a spinrate
of 12 rev/hr. The solar pressure effects are sufficient to move the
center of mass of the spacecraft out of the earth’s equatorial plane.
Gravity gradient effects then act on the unsymmetrical mass distribu-

tion to increase precession.

By extrapolation from Figure (3-2), the precession after a one-
week period is 0.819 degrees for spinrate O = 12 rev/hr. This spinrate
meets the pointing accuracy requirement with a 22% margin, and will be

assumed in all following calculations.

The calculations in this section of the analysis were done early
in the design study, and determine antenna stick dimensions assuming
that the antenna stick segments are clamped on both ends (see data in
Appendix B). Note that this differs from the simply-supported beam
assumption used in Chapter 2. The spinrate selected from these calcu-
lations 1is satisfactory for a preiiminary design. However, the com-

pleted preliminary structure should be used as the modei in future

design iterations to determine spacecraft precession.
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