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SUMMARY

This report 1s concerned with the problem of determining
the influence of solar heating on the low frequency, dynamic stabaility of
a gravity gradient satellite. The scope of the effort includes the develop-
ment of a computer program that uses a quasi-static approach for
describing a satellite's unsteady orbital motion. Tied to this objective
1s a requirement to explain the source of the observed anomalous unstable
behavior of the Naval Research Laboratory's gravity gradient satellite
164 (NRL 164). .
The basic equations describing the rotational dynamics of NRL 164
are obtained in terms of kinematic, dynamic, orbital mechanic and
thermal distortion equations., The resulting derivation leads to a set of
fifteen first order, nonlinear differential equations of motion. The essential
feature of the quasi-static approach 1s that the satellite' s long, slender
booms reach their thermal equilibrium position solely as a result of
thermal bending and thermal lag without consideration of the dynamic effects
of boom vibration. A computer program based on this formulation has
been developed and used to examine the effects of absorptivity, sun angle,
thermal lag and hinge stiffness on the stability of the satellite' s motion.

It is concluded that within the confines of relatively narrow
stability criteria, the quasi-static model provides a valid means of pre-
dicting the anomalous behavior of NRL 164. The occurrence of computed
unstable responses closely resembling flight data tended to confirm
that the source of the instability is related to thermal distortion and is
particularly sensitive to sun angle.

If future gravity gradient spacecraft stabilization systems are to be

considered, a quasi-static mathematical model of sufficient generality
should be developed for determining optimum stable configurations.
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INSTABILITY OF A GRAVITY GRADIENT SATELLITE
DUE TO THERMAL DISTORTION

By Robert L. Goldman
Martin Mar:ietta Laboratories
Martin Marietta Corporation

INTRODUCTION

The apparent simplicity offered by the concept of gravity gradient
control of an earth orbiting satellite (References 1 to 3) has had a stimu-
lating effect on the design of several spacecraft configurations. From an
analytical point of view 1t seemed clear that three-axis passive stabilization
of a spacecraft could be achieved through the clever use of tip weighted
extendable booms. If stability were possible, a desirable earth-pointing
equilibrium attitude of a satellite could be attained solely by a judicious
arrangement of these booms (e. g. References 4 to 6).

However, discovery of actual flight instabilities on several three-
axis gravity gradient satellites made much of the earlier theoretical analys1s
suspect. Such instabilities were seen 1n the flight data collected during a
series of gravity gradient experiments conducted by the Naval Research
Laboratory (NRL) and examined in Reference 7. Here it was observed that
the unstable satellite response was primarily characterized by low frequency
rigid body oscillations dominated by large yaw motions and, in some cases,
yaw inversions. The satellite's behavior was clearly related to the angle
between the sun's vector and the normal to the satellite' s orbatal plane (sun
angle), a condition that led directly to the conclusion that a satellite' s thermal
distortion properties play an important role 1n the instability mechanism.

If a correct analytical model of this instability mechanism could be
developed, it might be possible to design gravity gradient satellites in such
a way as to eliminate the detrimental effects of thermal distortion. As reported
in Reference 8, a specific analytical attempt was made to determine the in-
fluence that thermal distortion might have had on the attitude stability of the
Naval Research Laboratory's gravity gradient satellite 164 (NRL 164) shown in
Figure 1. As described in Reference 7, NRL 164 was unstable in yaw while in
full sunlight.

The analytical model selected was the IMP Dynamics Computer Program,
Reference 9. Although the program was developed to simulate the dynamics
of IMP class satellites, 1t retains sufficient generality to be applicable to
NRL 164. Internal and external effects due to gravity gradient forces, solar
pressure, magnetic torques, eccentricity, thermal bending, boom vibration and
a single-axis libration damper can be simulated by the program.

*This report i1s reproduced as Appendix E.




Unfortunately the planned
analysis of NRL 164 with the IMP
Dynamics Computer Program was
unsuccessful. In retrospect the IMP
Program was not at all suitable for
the attempted investigation. In
addition to a number of unanticipated
program errors, the method proved
to be much too cumbersome for the

specific problem under \nvestigation.

Boom vibrations, for example, had
an adverse influence on the compu-
tational procedure, since they led

to excessively long computer runs.

An alternative, quasi-static
procedure, based on the dynamical
equations described by Hooker in
Reference 10, was suggested 1in
Reference 8 as a means of simpli-
fying the analytical model and the
resulting computational procedures.
In essence, this approach, which 1s
similar to that used by Kanning 1n
Reference 11, would eliminate en-
tirely consideration of a boom's
flexural modes of vibration.
Assumptions of importance in the
quasi-static approach are that:
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. Figure 1- Satellite geometry, NRL 164.

1. The boom reaches its thermal equilibrium position solely as
a result of thermal bending and thermal lag without any con-

si1deration of boom vibration;

2. The mnertial and geometric properties of the satellite are
altered as the tip weights at the ends of massless booms are

displaced by boom deformation;

;

3. The sun line and thermal properties of a boom determine the
magnitude and direction of a boom' s tip deflection.

The quasi- static approach eliminates the numeérical analysis problem that
arises from boom vibration and 1s justified by the relatively large ratio
between the satellite' s boom vibration frequencies and its gravity induced
rigid body frequenc1es Boom bending is considered solely in terms of

static thermal deformation without the local dynamic effects of boom 1nertia.

In the present report the problem of ascertaining the influence of
thermal deformation due to solar radiation on the low frequency, dynamic

stability of NRL 164 1s re-examained.

In thi1s case the effort 1s directed

MAIN BOOM- -




toward the development of a digital computer program that uses the
quasi-static approach for describing the rotational dynamics of the
satellite. The principal disturbance mechanism considered 1s assumed
to be due to geometrical and subsequent 1nertial changes resulting from
thermal distortion. The essential objective 1s to determine under what -
conditions the resulting re-orientation process becomes unstable.

' : 1

SATELLITE CHARACTERISTICS

The basic geometry of satellite 164 1s 1llustrated in Figure 1. The
three-axi1s, two-body gravity gradient stabilization system consisted of
three extendable, interlocked nonperforated, SPAR BI-STEM booms
arranged 1n a symmetric pattern about the plane of the pitch-yaw axes.
The primary body was made up of the payload, main boom and front
lateral boom (fixed to the payload); the secondary body consisted solely of
the lateral damper boom. Nomainally, the lateral booms were located 1n
the horizontal pitch-roll plane. The damper boom was connected to the
primary/body through a single-axis hinge mechanism that constrained
boom motion to a vertical plane. The hinge provided hysteresis damping
torques and torsion wire spring restoring torques,

By skewing the horizontal principal axis of the damper boom out
of the orbital plane, all motions become strongly coupled. Under these
conditions, three-axis damping of the entire satellite 1s achieved by the
single-degree-of-freedom motion of the damper boom about its hinge
(Reference 12).

Satellite 164 was stable throughout its 1mitial period of eclipsing |,
orbits (passage through the earth's shadow) and unstable in yaw sometime
after its first excursion into a fully sunlit orbit. In fact, during the entire
first passage through eclipsing orbits and first entrance into full sunlight,
all attitude errors were small. The perturbations were confined to approxi-
mately one-cycle-per-orbit oscillations 1n pitch and 1/2 cycle-per-orbit
oscillations 1n yaw.

As the satellite, 1n full sunlight, approached the 0° sun angle
position™ the amplitude of the 1/ 2 cycle-per-orbit oscillations 1n yaw un-
expectedly increased. The satellite rapidly became unstable with several
yaw 1nversions and large aniplitude oscillations in both pitch and roll.
After passing through the 0° sun angle position, the instability ceased and

- was followed by a period of stable operation.

_":In References 7 and 8 this is the 180° sun angle position. The
difference lies in whether the sun vector 1s defined as either being toward
or away from the sun. In the present report it is always toward the sun.




SIMULATION

For NRL 164 the vector dynamical equations developed by Hooker
1in Reference 10 are used since their application eliminates many of the
difficulties common to the Lagrangian approach (e.g. Reference 4). With
respect to the basic equations, the final quasi-static attitude of the two-
body satellite, including associated kinematics, dynamics, orbital
mechanics,and thermal distortion, leads eventually to a set of 15 first-
order, non-linear differential equations of motion.

Reference Frames

In the present derivation the three orthogonal frames illustrated
in Figures 2 and 3 have been chosen. The basic inertial frame,

- >

[a] = [313233]
1s fixed 1n space with 1ts origin at the earth's center.

Here

;1 1s a unit vector towards the perigee of the satellite's orbait,

;3 1s a unit vector parallel to the satellite' s orbital angular
momentum vector, and

az = a3x al

It has been assumed that the satellite' s orbital plane 1s perpendicu-
lar to the ;3 vector. The local inertial frame 1s simply obtained by a
parallel translation of the [;] frame from the earth's center to the

satellite' s center of mass.

The second frame 1s the local vertical, or orbital reference
frame,
[E] = [El 2E3]
which has 1ts origin fixed at the satellite' s center of mass and moves
with 1t along its orbital path.
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Here

—

E3 1s a unit vector in the direction of the radius vector, R,
from the earth's center to the satellite's center of mass,

E, 1s a_unit vector parallel to 23, and

2
E1 = EZX E3

' The first two reference frames are related through the direction

cosine matrix [ B], leading to the orthogonal transformation - ..

-

I - -

E1 B11 B12 B13 al .

E,|=| Bay Bz Baz ] ey (1)

| Es] | By B3z Baz | L237 ‘ ‘
where

B, =By, = -sm ¢, By, =1 R :

; - \ ~ N

Blg ™ Bap = €08 4o Byg =By = Bpp =By, =0

and ¢ = true anomaly.

The third frame-is a body frame,

—

(€] =[e 1e2e31

that has its origin fixed in the satellite and is used in conjunction with the
inertial frame and local vertical frame to define the satellite' s motion.
The nominal orientation of the undeformed NRL 164 satellite in terms of

— - - .
the unit vectors e e, and e; is depicted in Figure 3.

The rotational position of this body frame with respect to the local
vertical frame is described through the orthogonal matrix transformation

[ S] such that




= iy pr — P el

€ Sy 512 S35 | | B
217 Sa1 S22 Sa3 | | B (2)
| &3] [ S Ss2 Ssz| [Es

where S1J are direction cosines. These direction cosines are derived
in Appendix A 1in terms of the usual Euler angles B, s and Y (designated
as pitch, roll and yaw respectively).

Combining Equations 1 and 2 results in the relationship

{2} = [s][B] {z} = [A1%(T) BN

T
where [A] "~ is now the direction cosine matrix relating the body frame
to the mnertial frame.

Kinematic Equations .

i

The kinematic equations 1n the present derivation consist of the
set of direction cosine rate equations that re_Late the elements of matrix
[A] to the inertial angular velocity vector, w o » where, 1n the body

frame,

w0=w1e1+w2e2+w3e3 (4)

i

and w_are the body axis components of inertial rotation. For a system
of moving axes (see Reference 13) the inertial derivatives of vector {€}
are.given by

-

-

{e} = -[95) {} , (5)
where I
' : r 0 -Wg w, ’
[QB] = wg 0 -w (6)
|2 9 o




Since 1n inertial space {2} = 0

the same inertial derivatives of vector {Z} obtained from Equation (3)
results in the expression

€1 =[a17 () (M
Equations (3), (5) and (7) yield the identity condition that
- T T
[A17 = -[25] [A]
which when transposed becomes
[A] = [A] [94]

When expanded this leads directly to the desired set of kinematic equations
giwven by the six first order differential equations

( Ay = Aoy - Ape
| Ay = Aoyt ALY
Ay = Apey - Ape (8)
Al T A9y T A%,
Agp T Apv3 Ay
Byy = Aje, - A22%1

Only six kinernatic equations are necessary since the orthogonality of
the direction cosine matrix [A] requires that

| Az = Aphss mAA,,
gy = Apgfy - Aphsg (9)
Azz = Ajfy, - Al




Dynamic Equations

Ly - - © e ' - to
The complete dynamic equations for NRL 164 are developed using
the results of Reference 10. The vector dynamical equations with con-

straint torques can be written in the form

(QOO + @10) . wo + (<3[>01 + @11) . (wo + 5g1) = Eo + E1
.o, (10)
'g’l. [@10 ) F»’O+ e, (&’0+ g’g’l)] = g;’l. El'"

Here a tilde over an element is used to i1dentify a dyadic, and a dot over
a vector denotes its time derivative with respect to 1nertial space.

]

‘I>IJ = the set of reduced inertia dyadics derived in Appendix B,
§ = the angular rotation of the damper boom about its hinge
axis,
—g’l = the vector direction of the hinge axis (see Figure 3), and |
B \ - I
f‘:l = the torque vector (gyroscopic torques, gravity gradient

torques, hinge acceleration torques, interaction torques,
etc.) as defined in Appendix B.

Written together in matrix notation Equation (10) becomes

3g0  2or || 9| |Eot E;
= (11)
. ) - , .- ) b d -1 N } - ;
‘ ajp 2y ||® g - B
where ;.00 1s the dyadic
250 = 2p0.7 10t %o t On (12)
5’01 and a—"lO are the vectors -
ag = (gt 2y) " g (13)




ap=g8 - (®

10+ %) STy
and an is the scalar
=g Py B (15)
Introducing the new depe;ldent variable, A, such that ”
5=4 B

(16)

permits the vector dynamical relationship of Equation (11) to be expanded
into the scalar form

- ar ;) - —, -
1 1
502 TZ (17)
IOO ) o = T
3 3 -
L i LA J [ Ty

At this point Equation (17) is premultiplied by [IOO] 1o that along with

Equation (16) the final complete set of dynamic equations 1s given by the
five first-order differential equations

-1
-(1)1- p— - o Tl"
w T
2| _ 2
. = 100 (18)
w3 T3
A - T
7] L J L
5 = A !

Orbital Mechanics

The orbital path of the satellite is derived directly from the solution
of Kepler's equation based on a spherical earth model. This solution is

carried out under the assumption that perigee occurs at t= 0 at which time the
orbit path crosses the inertial 5,’1 axis. Referring to Figure 2 the complete

10




formulation of the decoupled Keplerian orbit is given by the first order
differential equation

Q .
. 0 2
g = W (1 + ¢ cos ) (19)
(1-~e7)
where .
2
. QO = (f%) = mean orbital rate

a . = semi-major axis

¢ = orbital eccentricity
B = gravitational constant
¢ = true anomaly

The magnitude of the radius vector, R, 1s determined from

" 14 ¢ cosy (20)
and it therefore follows that
R = |Rlcosy
x (21)
R, = |E[ siny .

Thermal Deformation

Thermal deformation of each of the satellite' s three booms ;5 pre-
sumed to be due solely to a thermal bending moment induced by solar
heating. The resulting deformation alters the position of each boom's
tip weight and, in accordance with the quasi-static approach, changes
the satellites inertial properties. As the inertial properties vary,a new
set of principal axes appear, and reorientation of the satellite occurs.

11




-

Deflection of a typical
long, slender boom exposed
to solar heating is illustrated
in Figure 4. The undeformed Deflected boom Tip
boom lies along the unit

-
vector axis, U, with the sun's Y

unit vector, ?, tilted so that -
it makes an angle § with the sun vector /

boom. The thermal bending

moment induced by solar ¢
. . -——

heating 1s considered to .

cause a tip deflection O

- Figure 4 -  Boom deflection.
r (22)

-

whose direction I" , 1s normal to I—f 1n a plane containing the sun's vector.
The magnitude of the tip deflection, yp» 0 turn, 1s a function of the boom's

thermal properties as well as the position of the satellite with respect to
the earth's shadow.

Let the unit sun vector, —; , be defined such that

-

T = sing a) + cosolé.’3 (23)

wheére o = sun angle. Since the direction of the unit tip deflection vector,

I', 1s assumed to always be away from the sun it can be derived from
the vector triple product relationship

@x0)xG (24)
(¢ xT)xTl

i

Similarly the sun angle on the boom, §, 1s obtained from the equation

-

cosE =U -7 (25)
where, in view of the restrictions of Equation (24)

0< £<w

12




The tip deflection, Yo for each boom is computed from the first -

order differential equation

1
T YTo

. 1
Nk ypt ¥ = (26)

where 7= thermal lag and Y';['O is the static thermal tip deflection of the
boom. (

A}

The static deflection, 1s assumed to be the tip deflection that

Yrne

TO
the boom would attain if thermal lag were 1gnored. The computation of
YT0 is based 1n part on the analysis described in Reference 14,

For a seamless, thin-walled cantilevered.boom of circular cross
section it has been found that Yoo ©an be approximated by the equation

SR A lz A_ lcos §
R Yo = —L—sin £ |14 —Lm—— (27)
‘ TO 2 3

where £ = boom length, ft, and A, 1s the thermal constant

T

A = @peDJg
T Tm (28)
whose elements are

oy = ‘absorptivity

D = boom diameter, in. °
‘ ;e = linear thermal coefficient of expansion,

in./1n. -Op
h = thickness, in.
J_ = solar radiation intensity, Btu /hr —ft2

k = thermal conductwvity, Btu/hr—ft-oF

13




On the other hand if the satelhte is 1n the earth' s shadow, solar
radiation can be ignored and '

x S

Yoo = © (29)

The sun model used for finding out whether the satellite is either
in full sunlight or in the-earth's shadow is described in Appendix C."

The three tip deflection vectors Y,'I,M, YTS’ and YTD for then

main boom, side boom and damper boom respectively are determined
from the relationships of Equations (22) to {(29). It should be noted that
the imposition of-Equation (26) requires the solution of three first- ordér
differential equations.

e

Computed changes 1n the magnitudes and directions of the three tip
deflections are used to rederive the reduced inertia dyadics & . L
(see Appendix B) and subsequently to alter the inertia matrix )
[IOO] in Equation (17).

1Kz

Computer Program

The equations of motion describing the quasi-static response of

NRL 164 to solar radiation are fully represented by Equations (8), (18),
(19) and (26). The 15 first-order nonlinear differential equations of motion

and associated supplementary equations have been programmed for digital
solution on an IBM 360 computer. The resulting FORTRAN IV program,
entitled GGSAT, 1s described in' Appendix D.- GGSAT consists of a main
program and a series of subroutines designed to solve the equations of
motion.

A solution is obtained using Hammings predictor-corrector method,
with starting values determined by a Runge-Kutta procedure. A plotting
routine, compatible with a CalComp 210/ 665 plotter, permits the user to
generate plots of calculated variations of satellite yaw, pitch and roll as'
a function of time.

RESULTS AND DISCUSSION

The essential aspects of the results presented here cover a
selective investigation of the effect of boom thermal bending on the stability
of the quasi-static model of NRL 164 in a circular orbit (¢ = 0). Particular
emphasis has been placed on the influence of absorptivity, sun angle,
thermal lag and hinge stiffness on the satellites responses in yaw, pitch
and roll.

\

14




The nominal physical and thermal properties of the satellite as
well as its orbital characteristics are surnmarized in Table 1. The
booms were considered to be long, slender beryllium copper tubes with
highly reflective, silver-plated outer surfaces. For the sake of
simplicity the mass of the booms was 1gnored.

Stability Criteria

The linear stability of NRL 164 1n the absence of solar heating
can be inferred from the roots of the linearized equations of motion given
1n Reference 5. The roots are either real or occur 1n complex pairs with
each imaginary pair corresponding to one frequency of the satellite's
normal modes of oscilla- 10
tion. Despite the strong C damper boom
coupling between the de- t
grees of freedom repre- i L
senting yaw, pitch, roll
and damper boom motion,
each frequency still repre- =
sents a predominant modal
motion in one of these four - roll 'roil roll
degrees of freedom. In tch i
Figure 5 the computed fre- P N pitch |
quencies (obtained from the pitch
mmaginary part of each root)
along with the predominant ~ 2¥ Faw yaw
modal motion at that fre-
quency are plotted for a
variation in damper spring
constant. Here all other
properties are consistent
with Tablel. For

Ky >.0008 ft-1b/ rad the

roots are all complex with l

negative real parts so that \ L a L . e
four stable frequencies 0001 001 0
exist. As Kp becomes SPRING CONSTANT, Ky, fi-Ib / rag

large the frequéncies

approach those of a configu-
ration with a locked damper
hinge. At the design KD’ two of the roots are simply negative real. The

DESIGN Kp

1 UNSTABLE o GGSAT values

FREQUENCY, cycles /orbit
1

1

Figure 5 - Linearized frequency variation,

complex roots all have negative real parts so that the three remaining fre-
quencies are still stable. For Kp < .00064 ft-1b/ rad, however, one of the

real roots becomes positive, and roll, pitch and yaw motions diverge
exponentially. For reference purposes, this divergence boundary delineates
the theoretical region within which linear stability of NRL 164 cannot be
attained.

15




The nonlinear stability of NRL 164 exposed to solar radiation has
been deduced through a time domain solution of the quasi-static
equations of motion. Although the selected variations in parameters
were quite broad, it was evident early in the study that nonlinearities

1n the simulation and economic limitations on computer usage required

a narrow definition of stability.

The stability criteria eventually adopted assumed that the satellite
was unstable if, after the model was initially perturbed by a set of "prime
conditions' in yaw, pitch and roll, a yaw inversion occurred within the

TABLE 1

PHYSICAL PROPERTIES AND ORBITAL PARAMETERS
OF NRL GRAVITY GRADIENT SATELLITE 164

Lateral and damper boom tip mass, slugs..... ....... 0.118
Main boom tip mass, SIUgs .. ceveeitiineronrnnennans 0.159
Payload mass, slugs.....ccveevrvrneseraoanns Ceeeres 8.800
Lateral and damper boom length, ft..., ............... 35.0

Main boom length, ft. ........oiiiiiiiii., sereeaane 60.0
Distance from payload C.G. to hinge, ft............... 1.375
Lateral and damper boom diameter, 1n........... .. ... 0,25

Main boom diameter, 1.7 ... .0t ciiearencnsn cereans 0.50 -2
Lateral and damper boom wall thickness, in...... eeeo s 0,14x10 -2
Main boom wall thickness, in........ C it e e 0.20x10
Payload moment of inertia, slug-ﬁ:2 ................... 4.0

Yaw rotation of lateral boom, deg...........ccevvunnn -30.0
Yaw rotation of hinge ax1s, deg. .......... et rieraones 120.0
Roll rotation of main boom, deg. ..........c..iieeu.. 0.0

Pitch rotation of main boom, deg. ..........c. coo...n. 0.0

Null position of damper boom, deg. ........... oo 0.0
Damper spring constant, ft -1b/ rad. e eeeeee . 0.714x107>
Damper damping constant, ft-lb-sec/ rad. oo 0.395
EccentriCity .. coivietierotiee crroeneenneassonnnss 0.0

Semi- -major axis, Km « « +.ieve v v tiiiieae aeas 7302.4
Earth radiwus, km ...... R R PP P PRI 6378.2 5
Graviatational constant, km /sec ..................... 3.986x10 2
Mean orbatal rate, ra.d/ SEC vreer tate teeeenaaraneaas 0.1012x10
Initial true anomaly, deg . - coivieniinnnrnnnennnns 0.0

Sun angle, deg ... ....... et e et teeeeecersarreenas 0.0
ADSOTPLIVILY +.v v thh ciecret eh ceeessaeiiiee e 0.13 -4
Linear, thermal coeff1c1ent of expansxon, in/1n- °F..... 0.104x10
Thermal conductivity, Btu/hr-in-"F.......... cees 4.167
Heat radiation of source, Btu/hr- mZ ... 3.065
Thermal lag, min.......ceoveee ¢ ot taternansnnaon. 0.0

Initial roll angle, deg. e et e e eeeeeen -10.0
Initial pitch angle, deg....... ..., -30.0
Initial yaw angle, deg....... e cecescesencrecaerannes 30.0
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Figure 6 - Nominal satellite response, no sun.

first four orbits of the earth. These prime conditions (estabhshed
somewhat arbitrarily by trial and error) were Y= 30 B = -30°
o = -10%and Y = =a= 0.

Although this definition provided a way of evaluating the effect on
stability of a parametric change it was strictly limited by its singular
specification of imitial prime conditions and the number of orbits
examined, Despite these limitations, the criteria still led to some
particularly revealing observations.

Basic Characteristics

The motions of NRL 164 in the absence of sunlight and initially per-
turbed by the prime conditions are plotted in Figure 6. This figure
serves as an instructive indicator of the basic nonlinear dynamic be-
havior of the nominal configuration and should be used 1n gaging the changes
in response that are brought about by a parameter variation. As expected
in this case, the satellite 1s very stable. Although yaw motions are
nitially quite large they damp out rapidly and the system 1s close to an
equilibrium attitude soon after the fourth orbait.

Since the study is particularly concerned with yaw instabilities ,

some insight into large amplitude yaw responses without sunlight is needed
in order to evaluate basic system performance. Two such responses are
plotted in Figure 7 for an initial yaw perturbation of 30°. The difference
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between the two responses arises simply from the change in the damper
spring constant. As can be seen, yaw damping and frequency decrease

as the damper spring 1s stiffened above its nominal value (the drop 1n
frequency 1s also apparent in Figure 5). The appearance of both pitch and
roll coupling with a yaw perturbation 1s a basic characteristic of this type
of gravity gradient configuration and is necessary in order to achieve
three-axis damping of the entire satellite.

Frequencies associated with the nonlinear response were, as
expected, amplitude dependent. For a small initial perturbation, however,
the nonlinear influence on frequency was negligible and the quasi-static
frequencies agreed closely with the linear analysis (see Figure 5).

Effect of Absorptivity

The present thermal instability supposition rests on the assumption
that thermally induced changes 1n the satellite' s inertial properties due to
boom bending may cause a yaw instability. To examine this possibality,
satellite responses were com-
puted for variations in tip

deflections brought about by a
change 1n absorptivity. Fig-
ure 8 shows the linear variation

of the main boom' s static tip
deflection with increasing
absorptivity for normal sun 80
incidence.

Since the outer surfaces
of the booms were assumed to
be highly reflective, a low
absorptivity, oy = 0.13, was

60

TIP DEFLECTION, ft

sp\ecified as the nominal value. 401
On the other hand, as indicated
in Reference 15, data accumu-
lated by GSFC suggests that
factors other than absorptivity
tend to influence thermal bend-
ing,and large deflections may

occur 1n spite of a low value of U S T S T T I —
absorptivity. To compensate 00 02 04 06 (_]8 R
for these factors, an effective ABSORPTIVITY, Qg

absorptivity of 0.5 was con- '
sidered to represent the high Figure 8 -  Main boom tip deflection for
end of the deflection scale. normal sun incidence,
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The computed 1nfluence of absorptivity on the attitude motion of
NRL 164 1s illustrated in Figure 9.0 For these responses,the sun is normal
to the orbital plane (sun angle at 0 ),and thermal lag is zero. The plots
reveal the existence of a yaw instability that is particularly sensitive to
thermal distortion. For o, = 0.3 and 0. 4,the calculated yaw attitude,
though large, seems to be stable. Conversely for a, = 0.45 and 0.6,a

yaw inversion occurs prior to the second orbit,and the configuration is
considered to be unstable. The onset of an inversion appears to be closely
dependent upon yaw reaching an angle of -90°.

Effect of Sun Angle

The 1nvestigation of absorptivity led directly to the observation that
the satellite' s computed response and stability could be strongly influ-
enced by a small change in sun angle. This was previously noted in the
flight data of Reference 7 and now tends to be confirmed by the present
quasi-static analysis.

The sensitivity to a change 1n sun angle is typified by the computer
plots shown in Figure 10, which depict the yaw, pitch and roll motions of
NRL 164 for sun angles of 0°, 10°, 20° and 30°. Here thermal lag is zero,
and the magnitude of boom thermal absorptivity 1s 0.5, a value which for
the 60 ft. main boom and normal sun incidence results in a computed static
tip deflection of approximately 5 ft. (see Figure 8).

In Faigure 10(a), with the sun angle at 00, a yaw 1nversion starts
almost immediately and, as previously seen in Figure 9, the satellite
response 18 unstable. In Figure 10(b), however, by just shifting the sun
angle to 10~ the inversion is suppressed and the motion is surprisingly
stable. In fact, in Figure 10(c), a further increase 1n the sun angle to 20
st1ll leads to a stable configuration. Finally, in Faigure 10(d), at a sun
angle of 30°0ccultations” begin to occur, and the satellite is again unstable.
The latter instability 1s probably involved with the deflection transient
that arises as the satellite enters the earth's shadow.

Effect of Thermal Lag

‘

Faigure 11 showsothe effect on stability of a change in thermal lag
with the sun angle at 0" and oy = 0.5. Previously,with no thermal lag,
(Figure 10(a)) this condition was unstable. For the time span shown in
Figure 11, the inclusion of thermal lag appears to have a stabilizing
tendency.

“Occultations are indicated by the downward facing steps in the
horizontal line across the top of Figure 10(d).
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Despite this observation it is not at all clear whether or not
certain critical combinations of thermal lag, absorptivity, sun angle
and damper spring constant may still result in an instability. In this
respect 1t should be noted that, in Figure 1l,as thermal lag is increased
from 10 min to 30 min, the magnitude of the second peak in yaw
increases substantially. A further increase in thermal lag to 40 min
Figure 11(d), however, has the opposite effect,and the yaw amplitude
begins to decrease.

2

Effect of Hinge Stiffness

The comparison of most of the computed results with flight data 1s
in 1tself quite remarkable. As in flight, the controlling factor in
establishing NRL 164's stability boundary appears to be most closely
allied with sun angle. Hinge stiffness, however, also plays an important
role 1n the results.

Some indication of the sensitivity of the computed response to a
change 1n h1ng§ stiffness 1s shown in the plots of Figure 12. Here the
sun angle 1s 0 and ¢, = 0.4. For the nominal hinge stiffness
(K = - 000714 ft -1b/ rad) the yaw response 1s stable. By just increasing

the stiffness about 10%, so that Kp is equal to . 0008 ft -1b/ rad, the yaw
response becomes unstable.

Figures 13, 14 and 15 illustrate how the computed quasi-static
stability boundaries for sun angles of 0°, 10° and 30° were 1nfluenced
by variations in hinge stiffness (damper spring constant) Kp, and
absorptivity, a g. The 1llustrations essentially summarize the outputs
from a large number of computer runs.

In these figures, the divergence region arises solely from the con-
sideration that,in the absence of sunlight,the system becomes unstable
for Kp < .00064 ft-1b/ rad. Conversely the unstable regions that are

shown 1n the figures encompass areas of yaw instabilities that were
deduced by applying the nonlinear stability criteria.

In Figures 13 and 14 the stability boundary 1s not only favorably in-
fluenced by a low value of hinge stiffness, but the stable region increases
in area as the sun angle changes from 0° to 10°. For a sun angle of 30°,
Figure 15, the satellite passes through the earth's shadow, and the s
stability picture becomes quite confusing. Now the unstable regions are
1solated into two pockets that restrict the onset of an instability to only
certain limited combinations of absorptivity and hinge stiffness.

In obtaining Figures 13 to 15 a number of especially interesting
cases were found 1n which the satellite responded in a yaw spin. A




28

8
2
o T
{a) Kp * 000714 ft-ib / rad
8
2|
~N
8
=3 RUN B9
8
"
o
wl
w
IQ
So
=3
w
Do
zﬂ
Twnd
>
g 4 %
o
‘ -
(=3
o
ol
ES
[~]
S DABIT 3 ) .
S —l r v L r 1 1
‘0 00 40 00 80 00 120 00 160 00 _ 200 00 240 00 280 OO 320 00 380 00 400 00 440 O
TIME, MINUTES
8
o
N v
b) KD = 0008 ft-1b / rad
8
wn
o~
~
8
3] AUN 86
S \
ol
s
[
)
EQ
So
Qg-
W
4
g8
T
>
(=]
° y x
8
"
?-
o
S ORBIT 2 R ‘
3 1, . -1 . | .
‘0 0o 40 00 80 00 120 00 160 00 __ 200 00 240 00 280 00 320 00 360 0O 40O 00 440 00
TIME, MINUTES
. [o]
Figure 12 - Effect of hinge stiffness, o = 0, Qg = 0. 4.




"
< R
LR
SO N
o] N \\? \‘:\\\\\;Q-\\\\\t‘\\;::kx
> \‘{\\ RN
= . RN '8‘\" oY *
> ORGSR S N
= S N ~ \\
= \ '.Q‘\\\ L 1N
Qo: b NN o .
4 b o o
<<
|/ DESIGN Ky °
\§ STABLE
00' T T T T T
00 0 0006 00007 0 0008 0 0009 0001
SPRING CONSTANT, KD, ft-1b / rad
. cqs o
Figure 13 - Stability boundary, oo = 0.
080
UNSTABLE
o
3
o
=
S \\\ .
I DIVERGENCE
= \§ F 4
A
< i o]
s DESIGN K
0 ZOH\ STABLE
00'& T T =Y T T
00 0 0006 0 0007 0 0008 00009 0001
SPRING CONSTANT, Ky, ft-Ib / rad
. . o
Figure 14 - Stability boundary, o = 10",
-O———Cr
<5
V.
S
UNSTABLE
> 7’
Z N
= 040 DIVERGENCEN °
a h N
= \\
w1 .
[==]
< DESIGN Kp
0 20 STABLE
00 -&w.

00 00006 00007 0008 00009 000
SPRING CONSTANT, Ky, ft-Ib / rag

Figure 15 -  Stability boundary, o = 30°.




270.00

225,00

RUN 114

NGLE, DEGREES
45 00 99 00 135 00 180 00

A
i3

0 oo

DN X
7 Nel o .~ é

-4s. 00

O Ao
& PITC
+ TR ORBIT 2

A { i 1 2 ‘

T T T T T T i v
00 40 00 80 00 120 00 160 00 _ 200 00 240 00 280 00 320 00  360.00 40O 00  4lo a0
TIME, MINUTES

=80 00

Figure 16 -  Yaw spin, Kj = .001 ft-1b/rad, a = 10°,

= O. L
% 425

typical occurrence is illustrated in Figure 16, in which the computed
response in yaw rotates through 360° in about three orbits. Similar
phenomena also were seen in the flight data of NRL 164 and conceivably
were caused by parameter combinations of the type studied in the present
investigation.

CONCLUSIONS

A nonlinear analytical model and a corresponding computer program
have been developed to study the possible influence of solar heating on the
anomalous low-frequency, orbital yaw instability of the Naval
Research Laboratory's gravity gradient satellite 164 in a circular orbit.
The model' s formulation was based on a quasi-static approach in which
the deflections of the satellite' s long, slender booms were determined in
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terms of thermally induced bending without consideration of the dynamic
effects of boom vibration.

Within the confinés of relatively narrow stability crit eria, it has
been found that,under the quasi-static model, NRL 164 not only becomes
unstable but,1n a number of cases responses were computed that closely
resembled flight data.

From a review of the results, it has been discovered that:

1. The onset of a yaw instability 1s particularly sens1t1ve to a small
change 1n sun angle,with the least favorable sun angle at 0°.

2. In order to obtain an adverse effect from thermal distortion it
was necessary to assume a larger thermal deflection than might be
inferred from a boom's nominal thermal properties. Some evidence 1s
available, however, to justify this assumption.

3. Occultation of the satellite produces 1solated regions of
instabilities believed to be related to the abrupt changes in boom deflections
that occur as the satellite enters or leaves the earth's shadow.

4. In most cases an increase in hinge stiffness tends to be de-
stabilizing,while an increase in thermal lag seems to be stabilizing.

By comparing the data collected during the computer study,it has
been concluded that the quasi-static approach provides a valid means of
predicting the anomalous behavior of NRL 164. In retrospect the analysis
probably could have been used to anticipate the instability seen in the
flight data of NRL 164.

RECOMMENDATIONS

If three-axis gravity gradient stabilization of a satellite through the
use of long, slender booms is to be considered in future spacecraft
designs, adequate consideration must be given to the influence of: -
thermal distortion on system performance. Assuming that such satellites
are still of practical consequence,it is important that the designer have
available a means of selecting configurations that are free from the
thermally induced instabilities.

Since the present investigation has been limited to NRL 164 1n a
circular orbit,it is difficult to reach any definitive conclusmn as to either
an optimum configuration or the influence of eccentricity ‘on stability. A
general interrelationship between analysis and design selection is there-
fore necessary before further development of three-axis stabilization
systems can be adequately conmdered In th1s respect, the formulation of
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a quasi-static model of sufficient generality is recommended as the
analytic tool for selecting and evaluating the nonlinear dynamics of a
hinged multibody satellite.

Closely related to this suggestion is the need to obtain a much
,better physical understanding of the behavior of a boom exvosed to solar
heating. A review is needed of existing GSFC experimental data with a
view toward ascertaining the thermal bending process of a boom. This
advice includes the possibility of additional experiments aimed at determin-
ing the effect of sun angle on the boom and end conditions on actual thermal
deflection,

r
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o T APPENDIX A -
BODY ROTATIONS

t
1 -

An Euler rotational sequence of pitch, roll and yaw has been selected
in order to define the orientation of the body frame, { e} , relative to the
local vertical frame, {E} . The three rotational t:rax;sforma.tmns"~ are:

1. Pitch rotation E3
r4
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X -1 cB 0 -sP -1 El-l 3 /
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2. Roll rotation
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Here ¢ = cos, s = sin
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Yaw rotation
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where Slj are now the desired direction cosines that provide the

relationship between the body frame and the local vertical frame

- .
In a similar manner the angular velocity vector, @ ,, canbe

expressed in terms of the Euler angles and orbital motion by the
matrix relationship

- - - s - - . ~ A

@y 12 <y O B S12

w, | = 522 -sY 0 al + ¢ S22 (A2)
S

"3 | 52 ° S A ®32,




APPENDIX B

INERTIA DYADICS AND TORQUE ELEMENTS

Derivation of the elements of Equation (10) and {11) 1n the section on
Dynamic Equations has been carried out in numerous references and 1s
quite straightforward.

The 1nertia dyadics are obtained from the geometrical and 1nertial
properties of the satellite through the equations

where

200

QIO
q’Ol

CD11

4

01

H

2 tm (Ly) - Lo 1- Loy Toid

-m {Lg, Ly, ! - Loy Ly (B1)
-m {Eu i:01 1 ‘Eu i01}

m {i:ll 'iu 1 ‘Ell f:11}

inertia dyadic of main body about its center of mass

reduced mass, Mg M4/ M

mass of main body, M.1 + M2 + M3

mass of lateral boom tip mass

mass of main boom tip mass

mass of payload
mass of damper boom tip mass

mass of satellite, M0 + M4

vector from center of mass of main body to
hinge point




ol
"

11 hinge point

To illustrate the mechanics
of deriving the elements of Equa-’
tion (Bl),consider Figure B-1,
which shows the main body and
hinge of NRL 164 with the booms
deformed due to solar heating.

The hinge vector, L

- d' - =
unit dyadic, e e

vector from center of mass of damper boom to

— - —

+e,e, +te,e

272 373

€3

|

Main Boom

M Damper Boom
4 (Secondary Body)

Figure B-1 Geometry of
deformed satellite.

vector from hinge to deflected lateral boom tip mass

vector from hinge to deflected main boom tip mass

vector from hinge to payload center of mass

Then the inertia dyadic <I>0 for the main body can be written

is given by the equation 0l
T MP. +MP,+M,B,)
Lp=-_11 MpPat MsPy (B2)
M
0
where
P, =
P, =
P3 =
Let
— —> —>
R, = P1 + L01
R2 = P2 + LOl
R, = Py + Ly
as




\3 -> 2
=ZM.(|R.| -
1 1

=1

=

R)y+ @ ’ _ (B3)

<§3 = the local inertia dyadic of the payload about 1ts own
center of mass

-

3

The critical element in the quasi-static approach is the inclusion of

the vector displacements YTM’ YTS and YTD of each boom due to

thermal d1stort1on in the determination of the vectors P P and L

In terms of the nominal characteristics of NRL 164 (see Figure 3), the
deformed position vectors are given by the equations

4

51 = 1 1 €08 <[>1 gl + 4 1 sincblgz + —Y:TS'

52 = L,81n Bzgl -12 sin 6, cos 6232 +l’2cos Olcos 9223 + —Y:TM (B4)
'53 - dye "

T, = £4sind,cos 68 £ scos®,cos 66, -4, 5in68, - Yo

The torque elements on the right of Equation (11) have
been derived in Reference 10 and for the present case can be expanded
into the following expressions:

- R =i - ~ =~ - -2 - ~ "- -
Ej+E = 3G[px(®po+2)-pl-6 [gx2,; - gl- “’"(‘I’oo 2,1). 3,
tmLgxlogxlogly)] - 8[&gx o, . & + & x 2y - &)
+ 5mL01x[uox (gle11)+glx(woxLH)] ’ (B5)




G_[-—- ~ > - - ~ —>— -~
+ mlLy x(1-3pp) L11+L11x(1-3pp).L01]
. = ~ > - - - - (B5-Cont. )
- O[(®pytBy) gy twgx®yc 8 tg X8 wg]
- — K - -~ - — - ~ =
By - By = 3Gg - [Fx 2 7] -8 - logx 2y - &)
- 8- (2 Bt Epx %y B +E x 2 - &) ]
-2 - = - T - g -
- 8 E (g x 8y )t mE ‘[Lu"[ao"(‘*’o"l‘oﬁ]] (B6)
+ Gmg - [L;;x(1-3pp). Ly ]
- Cpb -Kpb
where [_; = unit vector from the earth's center toward the satellites

composite center of mass

Q 2
G= _"0 3
-—2—3— (1 + ecos 4’)
(1-¢7)
CD = hinge damper damping constant
KD = hinge damper spring constant

in terms of the prescribed reference frames:

p = cos¢al+sm¢a2 = 813€ +sz3e2+s33e3

g = cos ¢,e, +smnd, e,

;9 -3 - -—
g) =-sin g,w3e, + cos ¢, wye, + (sind,w -cos ¢2m2)e3

(B7)




APPENDIX C

OCCULTATION

When the effect of solar heating on the bending of the boorns 1s included,
consideration must be given to that portion of the satellite' s orbit during
which the sun is occulted by the earth.

In Figure C-1, occultation - "
begins when the satellite in its 3 Sun —’O\—
orbital path reaches the occulta- '
tionpoint, Q,. Since the sun 1s projection of Earth o
assumed to be in the direction of earth's shadow
the vector, ¢, the distances 7 B2
QIQZ and QZQ3 at the occultation
point are given by g < Y l 5.7

2
QIQZ = |§\cos g 7
(Cl) Earth's shadow ”
2
Satellites orbit
- -y . Projection of
QZQ3 = QlQ2 sing = IRlcos Ysing cartins shadow

-

E
where { is the true anomaly of NG 3 lo
the satellite and cosysing < O. RE_1_

Let the angle between the Ea,_%; = R ; l
g

two radialsOQ, and OQ3 be de-
fined by the occultation angle v,
where in general

sinv = cos Ysin g (C2) Figure C-1 Location of occultation point.

Here 0Q, = |R| and 0Q, = RE’
where RE 15 the radius of the earth. Now since Q‘3 must be perpendicular
to Q2Q3 at occultation it follows that occultation occurs when

IE| cos v =R (C3)

or

(C4)




Furthermore from consideration of the geometrical relationship between
the sun vector, ¢, and the occultation point, QZ’ it is clear that the

satellite must be in the sunlight as long as

(C4)




APPENDIX D

COMPUTER PROGRAM GUIDE

-
< . . s B -~

Thejéécor;ipahying information provides a brief des';:ription of the
utilization of computer program GGSAT. The guide includes the required
input data and a program listing as well as a short sample of the program
output. -

The program 1s capable of solving for the satellite' s unsteady orbital
motion under the influence of solar heating. It was written for an IBM/ 360
operating system with plotting routines compatible with a CalComp
210/ 665 plotting system.

Program Input

Actual data input is submitted as floating point information on three
cards. Starting in column 1, data on each card 1s read in with a 4E16. 8
format. The data must be supplied in the following order:

CARD1 ALPHA, deg Sun angle, q.

EPS, dimensionless Eccentricity, e, of
orbital path.

ALO, dimensionless Absorptivity, g
0.0 g <1.0.

PSCALE, dimensionless Plot scale factor
(usually 1. 0).
CARD 2 ALFAE, deg Initial roll angle.
BETAE, deg Initial pitch angle.
GAMAE, deg Initial yaw angle.
TOW, min Thermal lag, T.
CARD 3 V(15), ft-1b/ rad Damper spring constant,
KD’ (nomainal value =
. 000714).
V(16), ft-1b-sec/ rad Damper damping constant,

CD, (nominal-value = . 395),

D-1




RUNUM, dimensionless Number used to identify
case being run. i
‘ PLOTR, dimensionless Plot oydinate selection
- for 8 1 x 12" Cal Comp
‘plots abscissa rang-

ing from 0 to 440 min at
40 min per inch.

PLOTR = 1. 0; ordmate
ranges from -30° to'+50°
at 10° per inch.

PLOTR = 2.0; ordinate
ranges from -90° to
+270° at 45° per mch

Program Listing

The FORTRAN IV source deck for GGSAT consists of a main program
and nineteen subroutines. Listings for the main program and eleven sub-
routines are provided below. Of the remaining eight subroutines, subroutine
HPCG is available from the IBM Scientific Subroutine Package, while sub-
routines PLOTS, PLOT, FACTOR, AXIS, SYMBOL, NUMBER and LINE
are part of the basic CalComp Software.
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T V(4)=M1,510E BuCF ANL M&,DAMPER bOUM TEP MasS,

vlg)=MeMALN -BOCKF TIF FALS

v(3)=M5,PAYLLAU MASS '
Vig)=Li,SIVE BuCM ANL L& ,DAMPER 80u¥ LENGTn

vis)=Le MBIN BuCl LENGTEH

vie)=L3,L15TANCE FRCF PAYLUAL C.G. TCL HIMNGE

Svt7)=10141) ,FAYLEAD ROLL INEKTIA
Tvia)=1(2,2)FAYLLAD FITCH IMERTIA

Viv=1(3,3),rAYLLAL YAm iNcPRTIA

vii0)=PHIil;YAw RLTaTICn LF SIDE BOULM

VIi1)=PHL2,YsW RLTATICN oF FINGE AxI>

Wl12)=1heTal,RulL RCYATILN OF MA(N BLOM

v{33)=THETA2,PITLH RLTATION (F MAIN ©OuM

vi(l4)=ALPHA (EAC,NUL PUSITION UF DAMPER blJK

v(1S)=KD,DAMFER SPrInG CuUNSTANT ,,FT-LbS/RADIAN

v(161=CO,0AFFEKR LAPPINC (CNSTANT ,FT-LB-SEC/RADIAN

1

PASS IN SLUCS

LENGIH IN FEET

INERTTAS IN SLJUG-FcEl882

RCTATIUNS JMN DECKEES

ALPHA = OSUN ANGLE(UECREES) - ANGLE BETWEEN SLMN ANC ACRMAL To LRolTAL
PLANE VECICRS

ALFAt = INITIAL 'wOLL ANCULE(DEGREES)
bEl1Ar = INMTIAL PITCH AMCLE (DEGREES) '
CAMAL = INLITIAL YAw ANULE (DLEGREES) .
wl = SEMI-MaJLR AXIS (KM) CF CRpITAL PATH ’
eP) = ECCENTKILITY Cr (RBITAL PATH
ERKDS = cARTE RALILS (K¥)
PS1 = iN1TiAL TRUE ANCFALY. {DEGREES)
FMy " = GRAVITATIONAL CCASTANT (KM3e3/SECe92)
CNcGa = MEAN CRBITAL RuTE (RAD/SEC) )
ISUM = 1, CLNSTLER CReIT EN SUN SHAULCW(ECLIFSCD)
= ¢y MUN-ECLIPSEL LRBIT (SuNSHINC) '
alU = ABSOKPIIVITY
1Ck = LINEAR ThHExMAL CLEFFICIENT OF EXPANSION,IN/(IN-
Ll = SIQF BGCF CIAMETER, INCHES
ue = MALN BUGVM LIAMETER, INCHES
WA =DAMPER bCCM DIAMETER, INCHES
rl = STUF BUCKF TRICKNESS, INCRES
r2 = MALN BuCM THICANESS>, INCHES
k4 =DAMPER BL(M TrICKMESS,INCHES
iC = THERFMAL CCNDLCTIVITY,BTU/(nR.=IN.~F) . ,
RS = REAT RaDIATILN Ct THE SCURCE, BTU/(HR-IN®®2)
PSLALE. = PLCT >CALE FALTLR

10w = THEKMAL LAG TIME, INPUT IN MINUTES
KUaUF = RUN MUPLER ¥CKk IDENTIFICATIEN

EXTERNAL OUT ,rCh

COMMUN/BLOCKI/ANBN w02 CHNEGALEP S, NN, ISUNLALPHA,ERRDS

COMMUN/BLD(K/T1230 ) RLLLIC3C),PITCHI23C),YAN(22C),11SUM230),
KX(230),hY(230),k(230)

CCMMUN/BLDY/VILE)

COMVLN/CUNSTS/PToThCPT ,RADIAN,FMU,DEGREE ySAR,CAR,CWI1,NDIM

COMMULN/XINZ/ALFAE,0ETAC yCAMAE,PST,UMBC(3)

COPMLN/HEATC/ATS JATR,ATD,ATCL(3),ATC2(3)

LIMENSICN PRPT(S),WEFFAC{9) AUX(16,15),Y(15),DERY(1S)

VIMENSLION 1BCD(2)

VATA 1BCu/'CrBL'»'T v/




AN

'

[aXalalaRal ol o

1000

vATA BLANK/® '/ - N ,

LATA IBRN/CRLN ¢/ Iy
vIMENSICA JBCP(Z) - e
LIMENRSICN £SP(23C)

LIMENSICAN NC(9) .
vATA ToCr/°*RCLL'/ ;e .
VATA JoCP/'PLTCy'n v/ * :
vhATA 18CY/*Yaw */ i v
VATA NO/alssilasil5,110€6¢017,128,119,120,123/ - K
FI=3.14159265 L -
CALL PLCTS o |
TWUPL=¢.%P}

wADLaN=PL/)A8C.0 -
VEUREE=1.C/RACIAN ! s
Al=7:0¢.43
FMU=,398¢13E+6 1
cRuDS=6378.1¢5 .
LMBECL1)=0.0

LMBC(21=C.0 .t
tMpC(3)=C.0

#Si=0L.0 -
VEL=C.0 -
VELDLT=0.0

v{l)=0.11754

vie¢)=0.1592 N
v(3)=8,7998 - »
v(4)=35.0
vi5)=60.C
vie)=1.375
v(7)=4.0
vig)=4.0
viv)=4.0
viiC)=-3C.0
vill)=120.0
vil21=0.0
¥l(13)=0.C
v(i4)=Q.C
TCE=.104Ek~-4 '
ul=.¢5

U2=,.50

v6=.,25 -
rY=1.4E-3

h2=2.E-3 '
r4=1.4E~-3

1C=4.167

FRY=3,045

READ SUN ANGLE ALPHA ECCENTRICLTY £PS,ANU ABSORPTIVIIY,ALO FhDA~

INPUT CAKDS BS WELL AS PSCALE, PLOT SCALE FACTuR

V(15),V(16) ,RUNUM

PLCTR=1. FCR Y RANGE CF -30 DEGREES Tu +50 CEGREES .
¢. FOR Y RANGE CF -9C DEGREES TD +27C DEGREES

READ(5,1C0G,END=5400)ALPFAEPS,ALO,PSCALE
FCRMATI4E1b . B)

READ(5,2C00) ALFAE,BETAE,GAPAE,TCW
READ(5,1C00)Vv(15),v(16) )RUNUN,PLOTK
NDIM=12 .
AF(TUW.EG.0.)GU TO 2




IF(TLW.LT.1C.) CL TC ss5CC '
NDIM=15 ! '
LW=TLW®*6C. :
LWi=1./0m I

¢ w1=1./FLLAT(ADIM) st
AR=ALPHAZRACIAN ¢
SAR=5IN(AR] -
LAR=(CS (AR) N
ALFAEI=ALFAE ' , -
pETAEI=BETAE -
CAMACT=GAMAE
CALCULLATE LINEAR TrnERMAL CuNSTANT FCR EACH BLCHM
ATC=(3.¢ALUSTCc®*RRO I /TC
ATS=AT(C®L1l/F1] '
ATM=AaTCoL2/V ¢
ATU=ATC2L4/F4 -
ATUL(1)=aT5e .50V (4)2v(4)
ATC2(1)=(ATS®V(4)) /3,
ATC1(2)=ATH® 58V (5)ev())
ATL2(2)=(ATM2V(5)) /3.
ATLL1(3)=ATUS.58VvI(b6)ov(g) -
AT 213)=(ATCOV(4)}) /3, .

vl 1u [=1,¢3C
1(s)=0.0
rROLL(T)=C.Q
rITCr(1)=0.C
YAW(1)=0.0
wXil)=u.b
sY(I)=Uuel
k(i)=0.C

10 CONTINGE

LMEGa=(FMU/(AZo®0z2) ) 20,5

FERILD=(2.%P1/uPcGA)

PRMT(1)=0.C

PRFT (2)=¢64CC. '
PRMT(3)=120.C .
PRMTI4)=.] i

CALL INPUT(DEPENL)

Y(4)=DcPEND(T)

Y(c)=DePcNule) .
Y(3)=DcPeNUI(Y])

Y{4)=Cel LTexALIAN b

Y(5)=DEL?*RACIAN

Y{o)=DcPchU(1)

Y(7)=0cPeNu(¢)

V(b)=DePcNU(3) oo ' ’ )
Y{9)=DEPcNuL(4) . ' [ : "
Y(IC)=suEFEND(S) . . IR s
Y(a1)=VEPEAC (6] ' - - ¢
Y(1l2)=PSionALlAN o - -
Y{i3lsy.d

Yii4)=y.C . - - f 1 . "‘
iS)isv.L ‘ PR

wl 135 J=1,NLIM - e ey - Lo
155 LERY{J)=ul

D-5



IRUN=RUNLM
wRITE(6+499G ) IRUN

4999 FORMAT(1hl,6CXy'RUN"y14,7/)
th'lt(b,SOOoHV(u).J=1.é).01.02.h1.|‘2
WRATE(09SOACHIVIJ) 9d=Ty1¢)
WRITE(L6¢5100) EPS,A2,EKRCS,PSI,FMU,CMEGA JALPHA
WRITe{6+5020)ALO,TCETCHyrRY,TOW
WRITE(6+5150) ALFAEL,BETAEL ,LAMAEI
wR1TE(6+510C)

AN=0.0

sN=1.0

aN=1
aR1TE(6,+5200)

CALL HPCC(PRET,Y,DERY,NCIM, INLF,FCN,LUT ,AUX)

MN=NA-1
WN1=nN+1
KN2=AN+2
T(AN1)=0.0
T(AN2)=4C.0
$5=45,
(L=3.
tV==30.
LV=1Q.
IF(PLOTR.EW.1.)CL TO 156
$5=2¢5.
wal=2.
FV==90.
LV=45.

156 KDOLL(NNY)=FV
wOLL(NN2)=0V
PITCh{nNL)=FYy
PITCFINNE)=CV
YAN(NNL)=FV
YAn(ANg)=DV
ESPINNL)=FY
cSP{ANc) =DV

LUl 160 f=1,An
VPO YAW(T ) obEC RLANK ) JAMNLL(PITCH(T) .EG.BLANK))IGD TU 1857
wRITE(ooS3LCITUR) ym CE) oRXCT) GRY (L) yRELLOL) W PETCHI) ,YARI(T),
C TISLALID
o TU 16C
157 wRITE(04S530ITLL)yh (L) RXCE)RY(E) ROULLETY,TISUNC(T)
5:01 FCrMAT{4X,4F)C.2,2PF12.2424X,15)

16y (DONTINUE

CALL PLET(LT749=15.4=3)
CALL PLUT‘O-!].SI-j)
IF(PYCALELEC.1.C)GL 10 1¢5

CALL FACTOA(FSCALE)

165 (ALl AXI)(C..G..13thth MINUTESl'l3llloOO-QCo"OCa,
CALL AAIS(U«90.s GFANGLE) LEGREES 414,8.,90.4sFV,LV)
CALL PLOTlU. 2L, 3)

CALL PLET(1YeyiLy2)

SPaCe=0.

tFPA=0

ul 2.0 1:=22,6

SPuCr=3PACE+PERILD/(120V.%40U) -




19v

191

<00

3u

2
2)
2¢
25
5C0u

501v

CALL PLCTI(SPACELG.y3) .
YLEN=.125+MCC(1,c)%7.875 '
CALL PLCT{SPACE,»YLEN,2) '
IF(MLD(T+2) cEQ.C) GC TL 199 !
LFPN=zIFPA+]

YP=SPACE~.125

CALL SYMBDL(YP, ecsoelC ACIIFPN)40.y-1)
0 TL ¢0Q

FFLTWNEL2IGE TU 191

XPaAGE=5PACE

XQ=XrAuE+. ¢

CALL SYHUDL(XPﬂGt'oBCch(!lIc-"l)
CALL SYMBOL(20Q,.75,.10,1ECK,0.,4)

CALL SYMBOL(APAGE,)o55,.1092904y9-1) >
CALL SYMBOL(xQ,.50+.10,1ECP,+G.y8)

CALL SYMECL(XPaCEye3(,.1Ce3,4Cep~1)

CALL SYMoOu(x0,.¢54.1C,1ECY,Cay4)

APL=APAGE~.TS

LALL SYMBOL(XPuskerelriBxN,0.y4)

XX=XPG+eD

LALL NJHBER‘XX .t .)olgRLhLPuOop-l)

iF(I.NE.w) GC TC 2CC

APAGE=5PaCk~-.25

CALL SYMBOL(APAGE,+25,.1441BCDy0.,8)

LONTiINUE

CALL LINE(TUCL),RELLEL) 4NN ,1,48,1)

CALL LINE(T(1),PITCH(1),AN ,1,+8,2)

CALL LINE(T{4),YAW(X)sAN 51,+48,3)

0D 3y K=alyNA

eSP(Kk)= 5545 o LLAT(IISUM(K)=])

CONTINUE

CALL LINE(T(1),ESP(1),NN,1,4Cy11)

(0 Tu 2

FORMAT(//v(4X,3F17.7))

FCRMAT(//yi4Xx,2F17.7))

FORMAT (/74 (4x,4F1T7.7))

FORMAT(//+84),F17.1))

FORMAT (/420X ,'HW1,SICE BCCM AND M4, DAMPER BUCM TIP MASS=',F10.5,1X,1
C* SLLGSY/ 2
CcOAs M2 FALN BUCHM TIF PALS =¥y F9e4,42X, " SLLGS'/ .
CcOxy "M PAYLLAU MADSS =V F9e4 42X,y SLUGS'/
CeOXxs'L1ySTUE BUCM ANL L4 ,DAMPEK BOUM LENGTH =9,FT7.2,4X,' FEET?/
Celry'LesMALN BYUCH LENGTH =Yy F7.244Xy" FEET'/
CcOXy'L3,CISTANCE FKCM PAYLUAD C.G. TU HINGE =',F8.3,3X,* FEET'/ !
CcCxy'CLlySTUE Bul¥ AMNL L4,DAMPEK BOOVM DIAMETER=',FT7.2+4X,y"' INCHES'/
CcOas'D2yMALK BUON. UIAMETER =0 FTa244X%s ' INCHES/
CcOXy'HLySIDE,AnD H4,CARPER, BOUM THICKNESS =*,1PE11.2," INCHES'/

=)

CcOKy 'Ho MAIN BUCM THICANESS s1PEY1.24" INCHES")'

FORMAT U/, .
C2Cxy ‘101,10 4FAYLLAL ROLL INERTIA s?,F7.244X%," SLLG-FT2
Y/

CeOXo'10202)4PAYLLAD FITCr INERTIA 59 9F2.204X4" SLUG-ET2

ce/

CeOXy "1(343),PAYLLAY YAR INERTIA =%, F7.2,6X" SLUG-FT2 .
cy/

CcOXy 'PHILyYAW RCTATICN CF SI1DE BGOM =4, Fl.244X," DEG'/
CclXo'PHIZyYAN RCTATILN CF HINGE AX1S =, F7.2,4X," DEG'/

LcOXo "THETAL 2 #0LL RGTAVICM OF MAIN BOOR EVsFT.2560" QEG'/

CeOXy "THETAZ ,PITCH KCIATICN CF MAIN BOCM =ty FT.246%," DEG'/

CcCXy'DELTA ZERU,NULL PCSITION OF DAMPER BLGKF =',F7.2,4X," DEG'/




ﬂcQA,'Ku.cAﬂP:R SPRING CCASTANT

v /'

CceOXy'"Cu UAMPER DAMPING CUNSTANT
CSEC/nRLY//)

530U FORMAT(/,2CX e CCENTRICTTY =4 ,Fil.6/ 1
CcOXxy'ScMI-BACR AX]S S UPEllac, ' KMY/ 2
D¢OXy'EARTH RACLLS P94PELaLcy ! KP 'Y/
CeOXy "INITIAL TrRLE ANCMALY YJ4PEYLL2, Y LEG',/
CeCX, 'GRAVITATIUNAL COASTENT *+4PEY1.2," KF3/SEC23

YyePELl)oc," FT-LB/KA

"CPF8-3'3XI. FT‘LE'

C*/¢0a, *GMEGA ,MEAN LREITAL KATE ='44PE1L.2," RAL/SES
pC/
DcOA.'SUN ANGLE ='.bPF7.2'“’1. JEb']/

t/)
5C20 FORPAT(/,
FeOAy *tABSCRPTIVITY
FeOXxy "LINEAR THERMAL (CEFFICIENT LF EXPANSICA

.'F702"x'/l
'24PELL.2y " IN/IH-F?

Fo/
FeOXySTHERMAL CUNCUCTIVETY =4 ,4PEL1Ll.2y" BTU/NR-1
FiveF */
FcOX,y 'HEAT RALIATION LUF THE SUURCE ='y4PEYi.e,y"' 8TL/AR-1
FN2' /1200, *THERPAL LAG TiMc 2V 0PFT.206A,"
GMIN',/2)

54150 FCkMaT(/,2uX%,y'iNITIAL ROLL ANGLE =V ,Flleb,' D
EeG*tyy/

EcOXo'INITIAL PITCH ANGLE
E20X»'INITIAL YAW ANGLE
£160 FORMAT(1h1)
5200 FCRMaTU//799X s ' TIPE 38X "R g 8Xy "RX" 38Xy '"RY", 7, *RULL",7X,*PI1T(H?,
CoX, "YAW "' SX, *ECLIPSEL,/)
530y FCKRMAT(4X,4F10.292P3E12.2415)
£500 WRETE(9,560C)TON
S600 FORMAT(1hl,' THERMAL LAG TIMe =',E16.8," AND IS LUT CF RANGE.! )
Lo TC 1
5400 CALL PLOT(12+4049999)
s1CPp
END

.l’11-€|' CEG',/
C9F11.64"' DEG',y/)




{8808

(9

10

2y

3

50
60
T

0000000008080 SUBROLUTINE LUToss0000
SUBRLUTINE (UT{X,Y,LEKY,IHLF,NCIM,PRMT) !

CCHMEN/BLCCK /AN BNy A2 CFEGAEPS NNy ISUN,ALPHA,ERRDS
COMMUN/BLOCK ¢/T (230} ,RULL(230),PITCH(230),YAn(230),115UN(2301),
C kX(2301,RY(2350),R(230)
COMMUN/CONSTS/PY+TwCF1,RADIAN,FMU,DEGREESAR,CAR
LIMENSICA PRFT(5),Y(1),DERY{1),A(3,3),803,3),5(3,3)
LATA ALPLLD ,EETCLO,GAMCLC/320.0/

LATA BLANKZ _ Y/

(=X-ANSPRMT (3)

IF(Z2)50C,20,1C

FRMT(5)=1.G

Wl Te 500

Al=Acoll.~tP5202])
CY12=CusSiY(1c))
SYL2=SIN(Y(1c})} .
A2=(L.+EPSo(Y12)

KInNNI=AY/AS

KX(KN)=R(My)eCY1¢
KY{NA)=R(NN)OSY]2

T(NN)=x/¢e0.0C

JISUN(NN)=LSLN

CALL EULER(Y A48,5)

IFUS(3,1)eEQ.0.0. AhD S(3.3).t0 0.0)60 TO 5C

wz=5(3,2)

ALFAE=ARSIN(W)
IF{ApSIALFAF*DECREE) . 6T.£9.0.88D . A SIALFAE®DEGKEE) .LT.9]1.0)
16l Tu 30

IN=CLS(ALFAE)

SNl=1.75N

TEST4=0(2y23) 25l

w=51{3,1)25h1

vETAC=ARSIN(n)
IF(TESTIWLT.CulEET1RLE=-ARSIN(NI+P] |

TESTe=5(2+2)%5N]

w=3(1y2)95N1

LAMAC=ARDIN(W)
JFUITEST2LT.Co0)VANMAE==-AMSININ)+P]

4

ALFAE=ALFAC suEGREE
EETAL=bETAEL*LEGRLE
GAMAE=UVAMAE®LELREE

BLPCLC=ALFAE
BETOLD=BETAE
GAMCLD=GAMAE

60 To 113

ALFAE=ALFAESCELREE
ALPCLD=ALFAE

WC TL 10C
LFLS(3,2)=-1.C)6C,B8C,¢C
1F(5(3,2)+1.0)10u,7C41C0
ALFAE=9C.C

ALPOLD=ALFAE




.o TC 10C

80

100

110

11}

500

D-10

ALFAE=-9C.0
ALPOLD=ALFAE
KOLL{NN)}=ALPLLD
PITCH(NN)=BLANK
YAW(AN)=BLANK
60 Tu 111
CONTINUE '

ROLL (NN)=ALPLLD
PITCh{NN)=BETOLC
YAW (NN)=GAMOLD

NN=Nh+1
AN=AA+BN
RETURN
ENU




(o000 c030009¢S 000 S LBKOLT AL FCoEISDR
SUBRGUTINE FCN(A,Y,0ERY)
9
COMMUM/BLOCKLZAM »Bn s A2 yCWFGAFPS o NNy ISUNLALPRA, EKRUS
COMMUN/BRUDY /VLLE)
COMMN/CuUNSTS/P T, TalPl ,PADLIAGFIHUZUEGLREE ySAR,CAR,Ouw] JNOIN
COMMON/HEAT CZAES JATMLATD,ATCa(5) ,ATCc(3)
UIMFASION EYEOULlSy3) 4 FYELOD(3,3) ,eYE01(0543)yEYELL(3,3),
Telult),y3),eliltl,3)
UIMEWSIOw 2 U295) yHU1,3),eYEO0(393)yEYE2(3,3)9EYe2(3,3),EYE3(3,3)
Ul 4ELS10u0 Ul(ljalvle(Jol)pl\Ull:‘))l)|AlU(lpJ"All(lnl)'AA(‘O"O)'
12110(3,1),c¥e412,3),1103,1),T2(3,1),T3(3,13,T4(3,1),15.(3,11),
210603,1)sT7(3,1),1803,1),T913,1),T20(3,1),T11(3,1)},T1cl3,1}),
A3T1o0541),T2413,109T150351),T1643,11,LMEGCLI(443),
SuHUG ) JRA2T (401) JRuD il 442) yR1DUL343)46203),6iDUT(3,41)
UIMEASIC EOLISTU5,1),E025T(3,1),E15T(141),al1(a,4),
1LLt6) ,li6) ytSTAK(G 1), TLRAUE(4 1)
VIMENSICH “l).DtR\(1).Al3.3)uﬂ(do)).5(3.31.UMLG(3)OH(DJ
UIMENSION AC(3)
COULVALERCE(ACE ,AaCt 1)), LACC ACL2)) ,(RCo,AC(3))
uIMENSIOw US(3),LM13),LD(3)
cQUIVALENCECUSTL),CPL),{LS(2),5P1), (US(3),LEKD)
cPUIVALFRCELUMIT) y0Te) , (LMI2),STuCT2),4UMI3),CT2(T2)
cQUIVALENCE(LDLY1s0P2CuUL )y (ULLc) CP2CRL), (UD{3),5DLN)
IMENSINN 6S(3),MI3),LD(3) -
UVIMEWSIOwW YS(3),YM(3),YD(3)

LWl=(1.0-tPo%%2)

n2=Are21.5

h3=Agee3

ab= (1. 0+EPSECOS(Y(12)))

AS=Rhyn0?

hb=Aq223 . '
AT=DpEVARAS /a2

L= (DHECASSc ) oA /A3

RS=A sAl /P g

uUM=-SURT(1.C~(ERRDS/R>)%22)

CALL FULER(Y,A,B,S)

1SuN=1

STGE3=5AR®B (3,1)
IFESIGEIOT oLU4) THUN=2
LMEGIL)=Y(1)
MeGi2)=Y(g)
LMEG(3)=YL3)
LELDLT=2Y(4)

uFL=zY(5)

PHE1=V{Iu)eRUDIAN
PHE2=VI11)2RADLIAN
tHETA1=V(1Z2)°RADIAN
THETA2=V(13)*RADIAN
ufl 1 K=21,3

' 1 ACIK)=3AK®A (1K) +CaARBA(3,K)
(Ti=(0S(THETAL)
CTe=C05((HETA2)
3Ti=51i{ [HETAY)
STe=slnw( fHETA2)
LPLl=C0y(PHIL)
LP2=C0s(PHI2)
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SP1=5IN(PHI 1)
5P2=51In(PHI2)
LDL=COS(0EL)
SDL=5IN(UEL)
STLICI2=-5T12(T¢
CTiCi2=CN12CT12
SPeCul=5P29CLL
LPeCul==CP2e(DL
SDLN=-5D0L
LtErC=0.0
itF{ISUN.cO.1)6u 10 7
LALCULAT: SUN ANGLES D o0uMS FOR THERMAL VEFO«MATION
XIS 1S THE SuN ANGLE ON SIVE BLOM IN RADIANS
AIM IS THE SUN ANGLE ON MALIN BuOM IN RADJANS
AlU IS THE SUN ANGLE On LAMPER BUDM [N RADLANS
(OSX1S=CP1eX(l+SP1%X(2
XIS=ARCDSICLOSXLS)
A0SXIM=ST2%XL1-S119CT29X(2+4CT1#CT2%X(3
AIM=ARCOS(CONXIM)
COSX1D=5p22CuLs*XC1-CP2oCLL»X(2-5DL#XC3
Alo=aRCOS(COSX10)
YTS=nTCL (L) SIN{AISIot) -ATC 202 )%CUSX]S )
YTM=uaTCLI{2)2STW(AIM) (1. -ATCZ(c)*CTSXIN )
YTuzATL1(3) o0 wlalul2(2.=ATCels)2CuSAIL )
CALL VECTRI(XC,U5,G6S)
CALL VECTREIU(XC4UM,LM)
CALL VECTRI(XC,UL,0LD)
IFINUINLEQ.1)ul TU 5
UFRY(15)=(X¥TS~¥(4i3))»0anl
MERY (14)=(YTRH-Y(14))*Chl
VERY (15)=(YTu-Y(15)) 0wl
vl 4 K=1,3
YS(K)=Y(13)#uSiK)
YM{K}=z¥{14)*uMiK)
YD(K)=Y(15)*GD(K}
4 CNONTINGE . o L
0Ty &
S vl 6 K=1,3
e XS(K)=YT52GS (K)
YMIK)=YTuzOuM(K)
YD(K)=YTuzuD (K]}
6 CONTINMNUE
«0 Tu 8

~ee b

C
1 Pllai)=V{4)2 P -

Pllyc)=V(4)}25P})
Pllys)=0.0
Plcaa)=V(5)23T¢ e —
Plese)=-Vv(5)s5T18CT2
Plee3)=V(5)2(T12(Ty¢

S &1 L 1 -

6 Fllyi)=V(a)e(PL4YS(])

Plisc)=VI4)25PL+YS5(2)
P les)=Yo(3)

C
Pl2,1)=V(5)05Te+YM(1])
 Plea2)=oN{5)2ST1RCT 24X M) .
Plee3)=V(S)I2LTLIO(TZ+YM(3)
9 r(3+1)=0.0
Fl3+s2)=0.0
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P(3'J’='V(6)
e LALL INERTULP et YEQ). . .. v

LMU=V (1) ev(2)4v(3)
ceMi=v{i) . — -
EMBAK=EMG2EeML/ EHO*EHI)

~ o 110 1=21,3 - -
\ 110 clo1{1,1)==H(1,1)
IF(I5UN.EQ.1)GU 10 112
ELil 1) 1)=yalosP2aCul-Y0la)
tlil(1,2)==V(4)eCPoCDL-YD(2)
ELLI1(1,3)==V(4}%5DL-YD(3)
—_—— -l Tu 1l o
11 cLil(l,10=v(4)eSp2oCLL .
ELi1(1,2)==-V(4)8(Pce(D,
el 11i1,3)==V (412301 [ \ '

C
115 CALL INERT(EMBAR,ELOR ycLCl,EYEQO) .
— et AL L INERT(-EMOAR,EL 1L ,ELOL,EYEOL) .
CALL INERT(-tMbAR,ELCL1,ELYIL,EYELQ) .
CALL ITWERT(EMRAR,ELL1L,ELLL1,EYELL) '
Ll 115 I1=1,3
vl 1.5 J=1,3
—_— YEL(L, Jd=EYEO ULy d)+eYEOU(L L) +EYEQLI (T JI+EYE10( 1, Jd)+EYELL(LJ)
eYE2(T,J)=tYEO (1, J)+EYELL(T,J)
eYe3(I,J)=eYeli (4, J)+EYELOL],J)
1S cYre o (1, dlmeYe O d) Y e OC(iyu)+EYELL (L0} . . . _ ___ .
¢

vi(l,1)=LP¢

- e owl{1,2)25P2
vl(l,3)=0.

C

— w0 120 I=2,3 . . - . _

WMeGu(ly 1) =0mEu (i)
120 oT1(iy1)=G1(1,1)
N S

CALCULLATE 0l vl 13 = alQ al 122
143 X2 143

~lee e

vl 1c2 I=1,3
k1oL, l)=0.0
vl 1¢2 J=1,3
12¢ wlulas 1)=200101,1)40) (Y, JISEYE3LI,1)
CALCoLaTe §12 Dul GI1 = _wOM_ AL STATEMENT 124
343 X1 3X1 ,
¢ CALCULATE 121 o0T T4 = AL10 AT STATFMENT 1.3
ul 1¢3 1=1,3 - -
n0ilisi1)=0.0 ,
K110(I,41)=¢.lL .
—_ w0 1.3 J=1,3 . T
124 ADS(14,1)=A021T, ) %Y 2(I, J)°le(J.l)
123 AllO(l-l)-uhO(I.l)*thlA(l,J)"GTl(Jyl)
o C CALCULATe _GL JOT A1L10 = A)) AT 124 -
wl1(1,1)=0.0
vl 1¢4 J=1,3
126 Alilaedd=Asl (), 040101, J)®aly

oje

LRI I
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ul 125 1=1,3

B T
AA(T ,J)=eYEL(T,J)

“AALT4)=A0L(141)

WALL L 1)sA ullsl]) _—

125 AKA(&4,4)=A11(1,1)

¢
FTTITEE ELTS P B I e e
RHU(2)=512,3)
xHu(3)=513,3) .

— -—

vl 130 1=1,3 -
KHUL1 (1, 1)=RHC(]1)
—_— o kHUT 1 1) 5302 R RO C e e e e e
13u L2(T1)=061(1,1)
¢
—LALL MECTI(BRD E¥Eu 1 )— e e e — - —
CALL VECTI{OMELEYE4,Te)
CALL VeCT1(GesEYELL,T3)
— - CALL VECS2(ELOL UMEG,OMEG,ELLLTS) R - - 8
CALL VECT2(ELOL yMEGGoEL1L,TS) :
CALL VECT2(ELOLy62sCMELELLL,TO)
e LALL NECT2{ELOLla02+Geeb 41,12 ... . ..
CALL VECT2(EL14,LMEG,OMEC,ELTLsTo)

C
——L . . CALCuLATE «HUT DUT RnC1l = KHUD AT STATEMEANT 132
. 2X4 1A2 2Xa
vl 102 =1y
w182 d=leas L o . —— e e —em e eme— e e e
132 ’HuD (1, J)=RHUT(1,1)*KHCLL(1,J)
C
e LD 1435 J=1,3_ . - -- s
135 wHUDiJyJ)= L.UMHLD(J,J)
-
_oAALL VeCU3(EWOL mHuDLEL LT - . © . L e eo
CALL VECT3(EL1i,RHUD,ELOL,T10)
CALL VECT3(OMEGL1,EYEL1,4Ga,l10)
— CALL VECTA(GL EYcla MeGl Tla) R
CALL VeCT1(RAOL,EYELY,TL1S) .
__&_A_\._L__V_ECT](cl‘!Eb.cYCllvl_lt)

V1ODT(L,1)=2=3Pc2LMCG(3)

. LIUCT(241)=CP2eCMEG(3) . .l
VIulIls,1)=5P280CMEL(L1)=CP2% uMLGI(2)

.
_L___\.AL_(U_LAJL___LO.L_ DUT_GIDLT = 111 BLV______._.__.__ e
111 0OuLT GIDLT = Ti12 BeLuW TJ STATEMENT 136

vl 156 1=1,3

- 112(1+1)=0.0
11alayi)=0.C
W0 136 J=1,3 )

e TIL k=T UL e YRD U (L 91260 0WT (s
Tle(iyl)=2Ti201,1)4cYeli(d,J)2GL0UT(J,

136 LONTINUE

1)
1)

vl 140 131,23
€04 ST0151)=22,0969Tal3sd)=T2l3s1)-DELUCTE(TII(141}+T10(1414))
_d =L EDuT22¢ ) 2T (lsa J4EARAROTG (L o 4 L2EMBRR 20 LLOT2{TECL 1) .

‘




ISLTOUI, 1 )+T20ll,1) ) ~LELDCTo(TIa1,10+T22(1,1))
— 360 £1iST11,2)=3.0969T2511,1)=-T1601,1)-DELDGT#(T1341,11+T1411,1))
1-(UELDUT o0 ) 8T ( L0 ) +ENBARSTO( 1, 1) +ENEARSGRTA0M],1)

I 247604 ,1) )+ MEARSIDELLOToe2)2(T7¢ 1,1 ) +EMBAKSTE (1,1 )+EMBARSL
{
|
{ ZﬂbcLunl°le(l.1)

. — e e+ - . - —_—— - —_
L ¢ CALCLLATE Gl CLT FaldT = ELST AT STATEMENT laé
v 123 3xl 1X1

Po——— - £15T41, 1) =0 -
! vl 146! J=1,3

' 166 £15T(1,10=010T(1,10+01(1,Ji2cdtS5TLI,1)

13741, =E 13T 4l ) =l b6y BLbLT=V 1o} oDEL— .

] 9
LD 145 121,44
— —u0 16S J2l,4 . ..
165 WRLLL,d)=8A01,4)
%
J0 150 121,23 —_
15U eSTAR(Ls4)=ECIOTHT 1)
. ESTAKRIG,1)=ELST(1,1)
—y e iemn 4 - P - - - - e me ———
CALL IwVERT(AAL,u)
[
& (ACUIATE BAL DLT ESYAR = TuRWUE AT STATEMeNT 151
¢ 4Xa “Xi 4x1
W 131 1=1,6
e TOROUE(I 41350 a e o i e e e
ol 151 J=1,6
451 IDKQUE(T,1)=10KQUE(T,1)4nd [ (1,J)2ESTARIJI 1)
. I _ . S
\ wl1)2401,2)0ME6(3)-Al1,:)20MEL(L)
'l )3=allyl ) S0AEGI'2)44(1,3)%uMeG(]]}

o wl33sA(1,1)8LMEGI2)-Al), ) SDMELILY
wla)2B(2,2)8uMcG(3)=Aley ) OMEL (2)
W(2)3=alc,1) t0AEGI3)+A(2,3)8UMEGI])
wlo)sA(2,1)0 MG -alc,c)20NEGLL)

C :
D 200 J=1,4

&0y VERY(J)=10RQUE(J,Y) . . . ___.

VERY(5)=Y(4)

-
Ai[' m J=lLb
¢lu vERY(J45)=uly)
VERY {1 )=AT7
T ReTwRw T
) END

i D-15




!ZX——~—-———~/ ) - .

LE30000600300000000200030800SLBROLTINE INPUT SO0t 000
SUSBRLUTINE INPUT(DEPENL)
L
LOPMIN/BLOUKL/AN,Bh A2 CPEGLA EPSWNN s LSUNLALPFALERRECS
COEMUN/CUANSTS/r ), TaCFIyRP2DIAN,FMLL,UEGREE ,SARyCAR
WOMMUN/XiNg/ALFAC ,eETAL +CAMAE,PST,uPBCI(3)
CIPERSICN DEPENDI9)»SXLMCI3]), PB(3,3)
LIMERSLION 5(2,3),5alz,2), CrCL3),LPEC(3)

ALFAC=ALFAEcRADIAN
BETAc=0ETAE°2RAU]AN
VAMAESGAPAESRAG 1AN

SALFAE=SIN(ALFAE)
CALFAE=CUS(ALFAE])
SBtTAE=SINI(BLETAE)
CBETAE=CLS(BLETAE)
SGAMAE=SIN(GAMAE )}
CCAMAE=CLS(CAMAE) _

ANG1=CBETAE*(GAMAE
ANGR2=CBETAE9SGANMAE
ANC3=SBETAE®SGAMAE
ANGG=SoETAES(GAPAE
C
S11y1)=ANGI+SALFAESANGS
S(291)=2=ANG2+SALFAE®ANGY
_ 510344 )=CALFAESSBETAE
SUlsc)=CALFAE®SGAMAE.
52y ¢ )=CALFAL*CGAMAE
S(2,¢)==SALFRE
50142)==-ANGG+SALFAE®ANGZ
S(ep3)=ANG3I+SALFAE2ANG)
5(3:3)1=CALFAE®LBETAE . '

PSL=PSIORADTAN

o (PST=CUS(PSI)

SPSIZSIN(PST)

88(3,1)=CPSI_

6B(3,2)=5Ps1

©8(3,3)=C.0

.. BBil,1)=-BBl2,2)
88(1,2)=88(3,1)
68(1,3)=0.0

. .BBI241)=20.0. . _ _ .

©B(2,21=C.0
8B(2,3)=1.0
CALCULATE BBT ODT ST = SA AT STATEMENT 31
3x3 3x3 3X3 .

e .. .BC 31 M=ded .
VD 31 J=1,3
SA(T,J)=C.0 \

. .. . bD 31 K=1y3 — - '

30 SAUI,J)=5A(T,J)%EB(K,1)25(J,K)

Al=(],-EPSeeg) .
A2=(1,+EPS3CPSI)
A3=SuRT{A}l)
AL=CPSL+EPS
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Su

Tu

8u

9y

KAUILS=AL=al/82

KRX=RAUILS®(CPS1]

KRY=kADILS®SPS)
VX=-u2¢0PELARSPSLI/A3

VY=A eUMEGARAG/AY

WMC(1)=0.0 :
UMClc)=(RRX®VY=-RRY®VX)/RADIUSEO2
LML (2)=0.0

LoD SO i=),3

SXuMC(11=0.0

vl 5C J=1,3

SXuMC IR )=SADMCLTI*+S(]1,4)sONC(J])
L0 70 l=21,3
UMEGUT)=LMBC(I)+SXLMULL)SDEGREE

(V]

ul 8y l1=1442

CC 8y v=1,3

L=+l
VEPEND(L)=SA(1,J)

wl 9C 1=1,3
UMEG(T)=LMEC(T) ®RAL IAN

VEPENDLI+6)=LMEGLT)
wETUKN
END




1 ' )

(090000000000080000SUBKAUTINE 1N5ﬁ10°°°°°°°°°°°°°
Cocodcoosnoontocosos INERTIA DYALIC 10TA 2ER(ov¢ssoodoe

C

[aN a Y a¥ o

[aN ol ol ol o

10

20

3y

40

SUBRLUTINE INERTC(P,F,EYEQD)
COMMLN/BLOY /N 1) . ’

UIMERSION P(3,3),H(1,3),EYEQ(3,3),R(1,3),5(1,3),

1701,3)4R103,3),5103,31,1143,+3) .

CALCLLATE EF. DOT P = hH AT STATEMENT 5

1x32 3X2 1x3
0o s I=1,3
""lll)=000
o 5 J=1,3
Flled)=H(1, 1)4V(J)2P(J,1)
tMM=V{1)*¥(2)+v(3)
EMMI=1./EMN
vC 1C I=1,3
Hilol)FHIl,1)0EMP]
CONTINUE

LD 20 -d=1,3

K{1yJd)=P(1,J)=-H(144)
SUlsa)=P(2,Jd)=r1(1,Jd)
T(lya)=P(3,J)=H(1,yJ)

LONTLNUE

CALCLLATE (RT CLT R)®EF(1,1) =R1
(ST DT $)2Er(1y2) =S
(TT DCY T)2ENMIL,3) =Tl
axl 1X:2 aX3

G0 3¢ 1=1,3

00 3C J=1,3

K1(T,Jd)= REl,I)eR(10y)2V (1)
SItIadd= SU1,1)e8(1y.)0V(2)
TH(l,Jd)d= Til,Ide7l1,9)9V (3}

EYEO(T»Jd)=R1(T,J)451(1,Jd)+T2(1,J)
tYEO (T »J)==EYEU(14J)
CONT {NUE

L(R{1,1)2024R(],2)002+4R(1431002)eV(])+

1(5(01,1)9082+45(1,2)292¢5(1,3)e02)2V(¢) +
20T(1,1)902+T(1,2)2%24T7(1,3)2%2)0V(3)

Jl@ 4C Jd=1,3
EYECIJoJISEYEQO(J,d)4v{yse)+VU
CONTINUE

%ETUKN

eND

AN
ANC

L

BELCw TC

STATEMENT 3C




LO00000e00205¢0000RSUBKOLTINE INERToeess

(to00800050000808088 0 yPPUTES

[aK all o

~r

15

2u

SUBRLUTINE INERT(EMBAR,ELA,ELB,EYE)
LIFENSICA ELAl143)4ELB(1,3),EYE(343),Ull]}

CALCULLATE (ELA TRANSFGSE DQT ELBI®EMBAR = EYE AT 1IC
wl 10 1=1,4

vl 1o u=1,0

eYE(L,J)=-EMEARS(ELA(L,]I%ELB(L,J))

CALCLLATE ELA ulT tLo TRANSPOSE U AT 15
L‘l 1=0.0

LC 15 J=1,3

Ull)=Utl)eklal),d)oELB(1,J)
L{l)=U(l)eEMulnr

wl 2¢C d=1,3

EYE(L u)=EYEWd Jdd*u(])
RETURN

eNvD

ELEMEMNTS CF IMNERTIA uvADi(oss0ve




(o050
[ X1 Y
(escare

10

ceweoooe:oeocsuQ&CLTLN; VECT1o%020
¢ VECTLR PRCLULT AXBsA=7 A ANL 1 AR
& X 1S veCTCR PRLDLCY, » 1S uCi
SUBRLUTINE VeCT1(A,R,2)

CIMENSICN a(3),B(3,3),202,1),

O 1C 3=1,3

hbhxt1,8)=0.C

RAX1iyse)=-atl2)

AAXtlys)=A(2)

wAXleyi)=a(2)

AAXL¢y3)==a1(1)

ARz 1)=-A(c) -

C

C

€

C

L
14
15

¢

D-20

wha(2,2):A01)

VALCLLATE B DLT A = DM AND
ax: X4 31
AAY CuT DuP = 1 BELuw AT
WO 14 J=1,23

vUM(1,413)=0.0

WG 14 J=4,3

vUMET, L )=0uM(T,1)+ B(lyd)® A(J)
vD 15 1=1,>3

&(lel)=0.0

CC 15 J=1,3

LU 1)=2(T 41 )¢alx(l,yu)eCLM({J,1)

RETUKRN
END

E JECTLRS,0 1S A CYALIC
PRUDWLCT

AAX(3,3),0UNF(3,1)

STATENMENTS 1« ANL 1S




L220800000000008920SUBRALT [Ny VECT2 v9csso
(290000 vECTOR PKROCUCT AKBXCXC=Z A,8,(,0 AND L ARE VECTORS
(osesos x |S VECICK PRIDULCT
SUsRLUTINF VECT2(A,B,(,C,2)
LIMENSIDON A{3,5),B(3),00.),0(1,3),AX{3,3),BX(3,3),LX{3,3),
1 DUML(3,1)4DUF212,1)441341)

AX(1,2 (143}
AXi1,31=4(1,¢)
AX(2,1)=A(1,3)
Ax(2|3)='A(l'l)
Ax\3'l)=‘A‘l’2)
rX{3,2)=4A01,1)

oX(1,21=-B(3])

1 oX(,1,3)=8(2)
WXL2,1)=m03)
oX(243)=-B(1)
6X(3.1)5-R( 2]
oX(3,2)=6(1)

(ALCLLATE Cx DuT uT = DuMl AnD
Ba OuT QOuMl= CuMc¢ AnD -
AKX DLT DLM = BELOW
2X%X3 3al1 3xl

T ol ol sl ¥ o

vD 2C J=i,s
LUMLI(T,2)=0.C
L0 2C J=iy
20 wUMI(Tel)=ullI(l 1 24CXUTJ)%0(1,d)
ult 3¢ 1=1,3
JUR2(1,1)=0.C
L0 20 J=1,43
30 JUM2(T 41 )=uUN{Y, 1 04EX(T JielUMTI(J,11
€ 4y =140
«(ly1)=0.0
L0 4L J=143
G4y 111 ,0)=22101,1)4aX{T,d0%LLP210,1)
KETUKN
eND




L0063 00080080880000_SLBRELT]
Covoeds VECTUR PRCCUCT axPE2(

NE VECT3 96030580
=2 A,C AND Z ARE

Ceocoss x 1S VeCTCKk PRCDUCT, © I5> DDPT PROGDUCT

10

[aN el ol ol e

20

SUBRLUTINE VECT3(A,B,C,2)
LIMENSION A(I.J).B(B:EH'((1,3).AX(3.JM

Ll 10 1=1,3
AX(I,1)=C.0
AX(1,2)=-A(1,3)
AX{1,3)=A(1s2)
AX(2,1)=4A00,2)
AX12,3)=-A11,1)
AX(3,1)==A01,2]
ax(3,2)=A11,1)

CALCLLATE B OLT (C
Ax CCT CuM i BELOW

3x: 3x1 3X1

vl 20 J=1,3

bumGi,1)=0.0

LD 2y u=1l4s3

UUM(T,1)=DUM(T,1)+B(L,u)0% C(1,J)

ulb 3C I=1,3

({1,1)=0.0

LD 3C J=1,3

allol)=2(T,1)4aX(1,J)eDUM(J,]1)

KETUKN

ENU

VEC1(RS!B IS A DYADIC

CLPi351),8(3 /1)

VUN AND (CC=C TRANSPCSE)




L8205 3308000823200 SUBRDLTINE INVERT S 222

(e220838232¢c0033¢0MATR]

(v

1o

13

lc

13
14

lo
17
lo

19
2v

i0v

(oIS

i0v
>Ny

SUBRLUTINE TAVERT(A,N)

LIMENSICHA u(h.N) BI5L)C(S50),La(50)
JUM=,.9Q

bD 5 l-llN

sUM=sUmea(l,1)

RANG=)y.0%8 (-ALCLIUISUMDI/ZN)

WO € 1=1,N
L0 6 J=1,N
All,J)=A1l, J)enVG

LE 1L J=1sN

L2(J)=u

vl 2u [=4n

n=l

‘=A(lyl)

L=1-1

LP=1+]

LFAN=-LP) 14,151011

00 1 Jd=LP,N

v=A(1,J)
IFCALSIWI-ARSIYY) 13,123,442
h=Jd

rzh

LPaTiINUE

sFlY.LT.d.E=8) GL 10 20C
Yl=1.C/Y

L0 13 u=lah
CiJdl=A(J,K)
wla,R)=A1J, 1)
klJdyl)==clJd)oyl}
Alh,g)=A(1,J0)eY]
cld)=A01,J)

wliyad=Yl

JELZAT)

LZ{E)=LZ(K)

LZiK)=Jd

vl 1y K=1leN

1FUT-K) 16,16G,i¢

vl 1o J=1lyn

IF{1-J) 1741¢€447
nlin,d)=A(K,J)=ly)oC{K)
COATUNVE

(CwTIMUE

CONTINGE

ul 200 T=1,M
1tF(1=LLC1) ) 1000 c000100
K=+,

WO SL0 J=K, A
WFUI=Letod) t0uyo0uybCu
ML)

LZe=L2td)

LZ{J)=M

V€ 700 L=l N
cled=p01,L)
sla,Ll=81d,yL)
"(sql.)=(‘l.)

WP TINGE

»

INVEFSICA oY GALSS-JCRULAN cLlMlhATl[h°°°¢°°

\

D-23




<50

<60

D-24

LENTENVE

MAKE 1T A SYMMETIRIC MATRIX
L0 250 1=1,K

vl 250 J=1,N
AVG={A(TJh+a(Jy1))2.52R0V0
M(l'~,=AVG

H(Jpl’=AVG

CONTINUE

KETURN

N==1ABS(N)
RETUKN
END




(0000000005000 08000SUBKOUT INE EULER®S 0000

C
¢

X ala

180

SUBRLUTINE ELLER(Y,A,B,5)
CIMENSION Y(1),A(3,3),0(2,3),5(3,+3)

pl3,1)=CLS(Y(1¢))
bli,¢)=SIN(Y(12)])
B{(3,3)=0.0
U(lv1)='°(3'2)
Bll,2)=B(3,1)
B{1,3):=C.0
B(2,1)=C.0
B(2,2)=0.0
elt2,2)=1.0
Allysd)=Y(6)
Alasc)=YLT)
ally2)=Y(8)
Aley1)=Y(9)
hleee)=Y¥110)
uleyzl=Y(11}
Al3,10=Y(T7)eY(11)-Y(E)sY(1y)
Al3.4)=Y(8)2Y(9)-Y(6)2Y(11)
Af{3,3)=Y(6)0Y(4iC)-Y(T)2Y(9)

CALCLLATE AT OCT 8T = § AT 180
) ¥ 3x3 33

0 180 I=1,
uC 10 J=l'
5(1|J)=000
uC 140 K=1,3

SUhyul)sStl,J)+ A(Ky1)2B (LK)

3
2

"KETURN

END




Cooeooseoooeo SLBROLT NG VECTRIOO502030000050000030000000000000080088080830
SUBRCUTINE VECTRI{AJENC) ) N
DIREANSION AL]1),B(1),01(1)

VvECTRI CALCULATES THE VECTUR TRIPLE CROSS-PRCDUCT. (AXB)XB ANv -
PUTS TnE RESLLT IN D WhEKE (AXB)XB = (-BDCTBJA + (BDCTA)E, ThE T
KESULT, Ds IS NCRMALIZECL-- ThUS D IS ORTHONCKMAL

't v ’

[aN N ol oW o

812=8(1)%8(1)

v22=b(2)2B(2)

E32=6(3)°B(3)

AlBl=A(1)2BL1)

A2B2=A12)°B(2)

A3B3=A(3)%b6(3)
Lll)=-a{1)3(E22+832)+B(1)2(A2B2+A3B3)
Llc)==Alc)o(B124B32)+4B(2)2(A1B1+A383)
Llad==A(3)s(Ele+k2¢)+BL3 )= (ALBL+A2B2)
OMI=1.0/(5uRTIDI1)osD(1)+C(2)2D(2)+40(3)2D(3)))
0(131=D(1)20M]

V(2)=0(2)9DK]

D(s)=D(3)2DM|

RETUKN

tND

b-26




Program Output

N

For each set of input data the run number and all of the imitial
primary satellite parameters are first printed out.’ The variable parameters
are then computed and subsequently printed out at 2-minute time intervals
throughout the 440 minutes of simulated satellite orbital motion. The com-

puted printout includes:

TIME, min

R, km

RX, km
RY, km
ROLL, deg
PITCH, deg
YAW, deg

ECLIPSED,
dimensionless

Time 1n orbit after specification
of initial values. L

Magnitude of the radius vector
from the earth's center to the
satellite' s center of mass.
Rcos §

Rsiny

Roll angle.

Pitch angle.

Yaw angle.

Occultation parameter.
ECLIPSED = 2; satellite is in
sunlight.

ECLIPSED =1; satellite 1s 1n
earth’ s shadow.

A typical printout follows. Only a small portion of the computed
time history 1s shown since the remaining output has the same format.

D -27




M1,S10E BOJY AND M4%,UAMPER BOOM TIP MASS= 0.11754

M2,MALN BOOM T1P 44SS

M3,PAYLOAD MASS

L1,SIDE BOuM AND L%,JAMPER BOOM LENGTH
L2,MAIN BOGM LENGTH

L3,DISTANCE FR3% 28YLIAC T.G. TO AINGE
01,51DE BOuM AND D4,DAMPER BOO4 DIAMETER
D2,MAln BOUM DIAMETER
Hl1,SIDEAND H%,DAMPER,
He,MAIN B33M THICKNESS

I(1+1),PAYLOAD ROLL INERTIA
1(242),PAYLOAD PITCH INERTIA
103+3)PAYLOAD YAW INERTIA
P411,YAd RUTATION JF SIDE B3J0M
PHI2,YAW RGTATION JF 41INGE
THETAL,ROLL ROTATION OF MAIN BUOM
THETA2,PITCH RITATION JF 9AIN B00M
DELTA ZERO,NULL POSITION OF DAMPER BOOM
KDyBAMPER SPRING CINSTANT

CO,DAMPER DAMPING CONSTANT

ECCENTRICITY

SEM1-MAJOR AXIS

EARTH RADIUS

INITIAL TRUE aNOMAL_Y
GRAVITATIONAL CONSTANT
OMEGA,MEAN DRBITAL RATE

SUN ANGLE

ABSORPTIVITY

LINEAR THERMAL COEFFICIENT JF EXPANSION
THERMAL CONDUCTIVITY

HEAT RADIATION OF THE SOURCE

THERMAL LAG TIME

INITIAL ROLL ANGLE
INITIAL PITCH ANGLE
INITIAL YAW ANGLE

D-28

B034 THICKNESS

0.1592
8.7993
35.00
60.30
1.375
0.25
0.5C
1.40E-03
2.J0E-33

Do ow o o oaonon

%.00

4.00

.00
=30.390
120.00

0.0

0.0

0.2

85.00€-05
0.395

0.0
7302.43E 00
$3783.16E 00

0.0
=3986.13E 02
=1J11.75E-06
= 30.00

= 2.70
=1040.00E-08
=4167.00€E-03
=3365.J0E-03
= 0.0

=-10.2330330
=30.000000
30.00000

SLUGS
SLUGS
SLUGS
FEET
FEET
FEET
INCHES
INCHES
INCHES
INCHES

SLUG-FT2
SLUG=FT2
SLUG-FT2

DEG

DEG

DEG

DEG

DEG

FT-LB/RAD
FT-LB-SEC/RAD

KM

KM

DEG
KM3/SEC2
RAD/SEC
DEG

IN/IN-F
BTU/HR-IN-F
BTU/HR=-IN2
MIN

DEG
DEG
DEG




TIME

0.0
2.00
.00
6.00
8.00
12.00
12.00
14.00
16.00
18.00
20.00
22.00
24.00
26.00
28.00
30.00
32.00
34.00
36.00
36.00
40.00
42.00
44.00
46.00
48.00
50.00
52.00
54.00
56.00
58.00
60.00
62.00
64.00
66.00
68.00
72.00
72.00
74.00
76.900
78.00
80.00
82.00
84.00
86. 00
88.00

R

7302.63
7302.43
7302.43
7302-.6413
7302.43
7302.%3
7302.43
7302.43
7302.%3
7302.43
7302.43
7302.43
7302.43
7302.43
7302.%3
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.643
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.4%3
7302.43
7302.43
7302.43
7302.43
7302.43

RX

7302.43
7248.67
7088.20
6823.38
6458 .09
5997.73
54649.07
4820.18
%120.34
3359.83
2569 .86
1702.35
829.78
=55.01
-938.938
~1809.14
-2652.65
=3457.11
-4210.67
-4902.264
=5521.64
-6059.75
-6508.66
-6861.76¢
=7113.81
-7261.16
-7301.6)
-7234.56
-7061.01
-6783.51
-6406.15
-5934 .48
-5375.45
=4737.27
-4029.36
=-3262,13
-2446,.88
=-1595.61
~720.8%
164.53
1067.43
1915.02
2754.37
355s.16
4299.65

RY

0.2

886.%1
1755.80
2601.35
3408.59
4165.55
4861.39
5485.55
6328.35
6483.59
6342.78
7101.23
7255.13
7302.22
7241.80
7074.78
6803.59
6432.25
5966.21
5412.35
4778.79
4374.30
3311.22
2498.39
1648.38
175.29
-109.8)
-393.28
-1962.1%
=-2703.59
-3505.23
-4255.28
-4342.68
-5557.32
-6090.13
-6533.29
-6880.28
-7125.37
-7266.76
=7300.57
=7226.91
-7046.85
~6763.05
-6379.70
=5302.%1

JILL

-10.00t 20
-98.80E-01
-95.00E-01
-88.43E-01
-79.09€-21
-67.23E-01
-53.35€-01
-38.16E-01
-22.55E-01
-75.31€-02
59.51E-02
17.06€-01
25.18E-01
29.96€E-01
31.27E-01
29.24E-01
26.11E-01
16.27€-01
61.328~02
-58.47E-02
-19.21E-01
-33.49E-01
-48.23E-01
-62.95E-01
-77.18E-01
-86.63E-01
-34.80E-01
-95.82E-01
-34.45E-01
-91.82E-01
-85.86E-01
-81.04E-01
-73.77e-01
-66.34E-01
-57.98E=-21
-49.71€-01
-41.47E-01
-35.86t-01
-27.10E-21
-21.59€-01
~17.59E-01
-15.55E-01
-14.99E-01
-16.61E-J1
-20.14E-01

PITCH

-30.J0¢E
-29.64E
~28.59E
-26.88E
-264.58E
-21.75¢
-18.49¢E
-14.88E
=11.04E

30
00
20
00
0
00
00
00
]0]

YAMW

30.00€ 00
29.82E 0D
29.30€ 230
28.51E 00
27.49E 20
26.35E 00
25.17€ 00
24.03E 00
22.99€ 00

-70.72€-01
-31.J0E-01
76.11E-02
44.01E-01
77.22E-01

22.09¢c
21.34E
20.68E
20.06E
19.39E

00
00
0
00
00

10.64E
13.09¢E
15.04¢E
16.47E
17.38E
17.79E
17.73E€
17.25¢
16.40E
15.24E
13.84E
12.25E

90
00
00
00
30
00
20
J0
00
00
20
00

18.58E 00
17.53€ 00
16.19€ 00
14,51 00
12.46E 00
10.05E 00
73.11€-01
42.66E-01
96.13E-02
=25.57€-01
~62.48E-01
-99.15€E-01

10.58€ 20
87.30E-01
69.36E~01
51.16E~01
33.4%42E~Q1
18.28E-01
37.26E-02
-82.93E-02
-18.70E-)1
-26.55E~01
~32.32E-)1
-35.63E-01
~36.74E-01
-35.60E-01
=-32.43E-01
-27.39E-21
-20.76E-01
-12.84E-01
-39.64€-02

-13.69E
=-17.29¢
-20.95E
=24.54E
-28.06E
-31.57¢E
=-34.89¢
-38.10E
-41.10E
~43.92E
-46.51E
~48.89E
-51.03E
-52.96€E
=54.66E
-56.17E
-57.48E
-58.63E
-59.62E

0o
J0
00
00
00
00
20
00
39
20
00
oc
20
20
vo
00
00
30
00

ECLIPSED
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90.00

92.00

94.00

96.00

98.00
100.00
102.00
104.00
106.00
108.00
110.00
112.00
114.00
116.00
118.00
120.00
122.00
124.00
126.00
128.00
130.00
132.00
1364.00
136.00
138.00
140.00
162.00
144 .0V
146.00
148.00
150.00
152.00
154,00
156.00
158.00
166.00
162.00
164.00
166.00
168.00
170.00
172.00
174.00
176.00
178.00
189.00
182.00
184.00
186.00
188.00

D-30

7302.43
7302.43
_7302.43
7302.43
7302.43
7302.43
7302.643
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.643
7302.43
7302.43
7302.43
7302.43
7302.43
7302.643
7502.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43
7302.43

6982.83
5592.67
€120.17
6557.57
6896 .43
7137.73
7271.96
7299.14
7218.85
7032.30
6742.22
6352.88
5870.01
5300.74
_4653.42
3937.60
3163.82
2343 .46
1488.5%
611.81
-273.97
-1155.72
-2020.46
-2855.45
-3648.40
-4387.66
-5062.30
-5662.44
-6179.23
-6605.00
-6933.56
-7160.05
-7281.164
-7295.03
-7201.53
-7002.01
~6699.41
~629d.18
-5804.23
-52264.84
~4568 .52
-3844.9%
-3064.73
-2239.50
-1381.264
-502.6%
383.34
1263.63
2125.44
2955.90

-5338.264
-4695.47
=3383,59
=3213.27
-2395.24
=1542.14
-666.34
219.26
1101.63
1967.79
2804.99
3600.68
4343.77
5022.71
5627.71
6149.86
6581.47
6916.19
7149.09
7276.175
7297.29
7210.39
7017.35
6721.00
6325.71
5837.29
5262.%4
4611.10
3d91.39
3114.39
2291.56
1434.96
557.24
=328.67
=1209.74
-2373.01
-2905.76
=-3595.72
-66431.29
~5101.562
-5696.85
-6208.20
-6628.16
~6950.55
=7170.61
-7285.11
-7292.36
=7192.26
-6986.27
~6677.43

-25.45E-01
-32,32€-21
~40.43€E-01
-49.41E-01
-58.84E-01
-68.31E-01
-77.42E-01
-85.80E-01
-93,16€~01
-99,27€-01
-10.40E 00
-10.72E 0
-10.89E 00
~10.92E 00
-10.52€ 00
-10.61E )0
-10.31E 00
~99,37€-01
-95.34€-01
-91.26E-01
-87.46E-01
-84.25€-01
-81.94E-01
-80.78E-01
-81.01E-01
-82,77€-01
-86.17€-01
-91.20E-01
-97.79€-01
~10.57€ 00
-11.48E 00
-12.46E 00
-13.15E 00
-13.79E 20
-13.90€ 00
-13.78E 00
-13.61E 00
~13.11E 00
-12.74E
-12.11€ 00
~11.44E 00
-10.61E 20
-97.43E-01
-87.96E-01
~78.42E-01
-59,05E-01
-60.46E-D1
-53,14E-01
-47.65E-01
-64,43E-01

 54,86E-02

15.11€-01
26,52€E-01
33.31€-01
41.29€-01
47.51E-01
52.23E-01
54.36E-D1
55.46E-01
53.55E-01
49.12€-01
42.14E-01
32.67€-01
20.87E-01
69.71E-02
-86.89E-02
-25.72€E-01
-43.67E-01
-62.06E-01
-80.41E-01
-98,264E-01
-11.51E 00
-13.06E 00
~14.45E 00
-15.65€ 00
-16.64E 00
-17.41E 00
-17.95€ 00
-18.27E 239
-18.36€ 00
-18.25E 00
-17.93E 00
-17.34E 00
-16.67€ 00
~15.72€ 00
-164.82E 00
-13.79E 00
-12.71E 00
-11.52E 00
-10.40€ 00
-91.48E-01
-17.93€-01
-63.59€-71
-648,11E-01
-31.66E-01
-13.48E-01
58.44E-02
26.46t-01
48,18E-01
70.69€-01

-60.49E 00
-61.23t 20
-61.88E vl
-62.45E 00
=62.94E 00
-63.36E 00
-63.71t 00
-63.99E 20
~64.20E 00
-64.33E 00
-64.37¢ 00
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APPENDIX E

EXAMINATION OF THE ANOM;\LOUS BEHAVIOR
OF THREE GRAVITY GRADIENT SATELLITES

S - . By

Robert L. Goldman

Research Institute for Advance Studies
Martin Marietta Corporation

-

(Because this study 1s required for the clear understanding of the basic |
publication, 1t 1s ’reprolduc'ed in its entirety.from publication TR-71-07c,
RIAS, ‘Martin Marietta Corporation, March 1971.) ‘

b . - SUMMARY -
RN

The anomalous 6SC111atory behavior of three satellites orbited by the
Naval Research Laboratory has been examined. The satellites, a part of
the 160 series of experiments, were all hinged two-body gravity gradient
configurations passively stabilized about their three principal axes by
gravity gradient,and damper torques. Two basic behavior patterns were
observed. 'Either the satellites were stable with attitude perturbations
less than +5° or their behavior tended towards a low frequency rigid body
oscillation dominated by largé yaw motions and in some cases by yaw
inversions. A causal relationship between sun angle and the character |
of satellite behavior was observed that appears to indicate that thermal
distortion is a critical factor in a gravity gradient satellite's dynamic
behavior. The behavior appeared to be further modified by the existence
of response frequencies that were higher than anticipated values.

INTRODU CTION

Threc-axis, passive, gravity gradient stabilization of spacecraft through
the use of extendable booms has been demonstrated as a practical means
for providing an earth-pointing equilibrium orientation (ref. 1). The suc-
cess of these gravity gradient systems, however, has, for certain satellite
configurations, been inexplicably associated with a low frequency anomalous
oscillatory bechavior. This unpredictable behavior has usually appeared

as « sustained large-amplitude, rigid-body oscillation modified, in some
cases, by one or more attitude inversions. A typical example of this type
of bchavior 1s 1llustrated in figure 1. Such a performance was clearly
seen in the flight data collected during an initial series of gravity gradient
expcriuments conducted by the Naval Research Laboratory (NRL) (ref. 2)
and more recently in the data collected from the latest series of gravity
gtadient satellites orbited by NRL.




This new NRL flight test data is used in the present'report as a basis for

a further examaination of a passive gravity gradient satellite's low frequency
behavior. The investigation has been directed towards the collection, dis-
play, i1dentification, interpretation and evaluation of data from three of
these satellites, and is oriented to the objective of attempting to ascertain
the essential ingredients of the behavior mechanism.
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Figure 1 Typical Yaw Inversion, Satellite 163

The anomalous low-frequency behavior of a passive gravity grauient satellite
can be viewed in its most general sense as an unstable interaction phenomenon
1nvolv1ng coupling between internal dynamic properties of the satellite and
external environmental energy sources. Depending uponm the satellite's
orbital distance and eccentricity, environmental energy sources (such as
those due to aerodynamics, solar radiation and magnetic fields) may intro-
duce destabilizing torques that are large when compared to the satellite's
stabilizing gravity gradient torques (ref. 3). An adequate understanding
of, the dynamics of- the anomalous behavior-is required befoce any logical
attempt can be made to eliminate the problem. The task that irises' in the
présent study, therefore, is one that tries to find out which of the many
internal and external system characteristics clearly dominates the unstable
interaction phenomenon. S}nce the flexibility of a gravity gradient
satellite's booms and the influence of solar pressure and thermal bending
are generally suspected as being pr1nc1pa1 offenders in boom 1nstab111t1es
(refs. 4 o 9), they have been given principal consideration.

' SPACECRAFT CHARACTERISTICS
The gravity gradient satellites in the NRL 160 series were launched
together in the latter part of 1969 and successfully placed in a nearly
circular 500 nautical mile orbit at an inclination of approximately 70°°
to the earth's equator. Their orbital parameters are summarized in
Table 1. The satellites essentially moved along the same orbital path
with a spacing of roughly 100 nautical miles between them. The orbital
period and precession rate were such that the satellites came close
(within 5°) to passing over the same point on the Earth's surface every
14 orbits.

E-2




—

F 1 TIP” WEIGHT (TYPICAL)

MAIN soom‘N

v

YAW AXIS

s .
TIP WEIGHT (TYPICAL)

KMAIN BOOM

Yaw
AXIS\j

\\ N - HINGE
~_ GINGE o axis —»—<_ZPITCH AXIS
LATERAL -
.- DAMPER
" e 3 BOOM | — l ROLL AXIS
AD ROLL AXIS Se N NG
LATERAL T J FIXED
DAMPER \j::>,/
EARTH Y BOOM LATERAL
POINTING _— ARG — BOOM
VECTOR ~ VECTOR -

Figure 2 Satellite Geometry, Payloads 161 and 163 Figure 3 Satellite Geometry, Payload 164

Because of their susceptibility to rigid-body anomalous oscillations and
their geometric similarity three of these satellites, payloads 161, 163
and 164, shown in figures 2 and 3, have been singled out for examination.
These particular satellites were hinged two-body configurations (ref. 10),
passively stabilized about their three principal axes by gravity gradient
and damper torques. The satellites were asymmetric with respect to both
their geometrical shape and mass properties, but each had a plane of
géometrical symmetry with respect to their principal axes. They each used
three long extendable booms with a passive hinge damper attached to one

or more of the booms. Tip weights were located at the deployed ends of
the booms. The long booms and tip weights were needed in order to obtain
a large enough moment of inertia for gravity torques to be effective,
while the damper mechanism was designed to dissipate energy in order to
inhibit tumbling and limit librational motions. Although active devices,
such as momentum wheels and thrusters, were available on these payloads,
their use was not required for stability. The important physical char-
acteristics of the three satellite configurations are summarized in

Table 2. The inertial properties listed in Table 2 are consistent with
the definitions used in the formulation of the general equations of motion
for a hinged two-body satellite given in reference 10.

Satellites 161 and 163

Gravity gradient satellites 161 and 163, 1llustrated in figure 2, have
basically the same geometry. They differ mainly in their boom construc-
tion, a dissimilarity that makes examination of their motion attractive,
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Table 1—Orbital Parameters

Parameter Valve °
Eccentncity 0.00203

* Inchnation 70.014°
Peniod 103.46 mun/orbit
Perigee altitude 490 5 naut mules
Apogee altitude 506.5 naut mules
Orbatal precession (eastward) 2.121 deg/day

1

¢

Table 2—Satellite Physical Properties

&

Satelite . .
Property Umnts 161 163 164
Payload weight b 235 247 Tl 283
Main boom tip weight 1b 5.28 5.28 5.12
Lateral tip weight (each) Ib 376 ) 376 3.78
Main boom weight . gm/ft 6.866 4.584 6 866
Lateral boom weight (each) gm/ft 2.709 4584 2.709
Main boom length ft 60 60 .| 60
Lateral boom length ft 37 37 35
Reduced nertias about hinge
Man body pitch slug-ft2 641 631 . 623
Man body roll slug-ft2 641 631 623
Main body yaw slug-ft2 3 3 4
Secondary body pitch s]ug-ft2 240 243 220
Secondary body roll slug-ft2 87 85 73
Secondary body yaw slug-ft2 327 328 293
Total wnertia about hinge , ) i
Pitch slug-ft2 881 874 . 843 . .
Roll slug-ft2 728 716 696 -
Yaw slug-ft2 330 331 297~
Two-axis hinge
Pitch spring ft-1b/rad 0182x 102 | 0.194x 1072 :
Roll spring ft-lb/rad 0382x 103 0.403 x 1073
Pitch damper ft-lb-sec/rad 0.162 0155
Roll damper ft-lb-sec/rad 0.029 0.0268
Single-axus hinge
Spring ft-Ib/rad 0.714 x 1073
Damper ft-lb-sec/rad 0.395
Damper stops +27.5° +27.5° +29.5°
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since observed variations in their libratiomnal behavior may possibly be
due to differences in their boom properties. The three-axis, two-body
gravity gradient stabilization system used on 161 and 163 (ref. 11)
consisted of three extendable booms arranged i1n a symmetric pattern about
the plane of the roll-yaw axes. The primary body was composed of the
payload and the main boom; the secondary body consisted of the two lateral
damper booms fixed in a V shape relative to each other. The lateral

booms were nominally located in the horizontal pitch-roll plane. The
secondary body was connected to the primary body through a two-axis

(pitch and roll axes) hinge mechanism employing an eddy current damper and
a torsion wire spring suspension system. Because of the inherent gyro-
scopic roll-yaw coupling in the libration of a gravity gradient satellite,
restriction of the rotational hinge motion of the secondary body to two
axes is theoretically sufficient to achieve three-axis damping of the
entire satellite.

Self-extending SPAR BI-STEM booms manufactured by SPAR Aerospace Products,
Ltd., of Canada were used on 161 (main boom 1/2" dia., lateral booms 1/4"
diam.). Self-extending booms manufactured by the Westinghouse Electric
Corp. of Baltimore, Md. were used on 163 (main and lateral booms 1/2"
diam.). Both types of booms were interlocked, a feature which tended to
give these booms a higher torsional stiffmess than the open cross section
booms used on earlier satellites. Perforations were provided on the
Westinghouse booms in an attempt to better distribute the solar radiation
energy picked up by the boom and thus reduce the magnitude of thermally
induced boom distortions. The SPAR booms were not perforated.

Satellite 164

The basic geometry of satellite 164 is illustrated in figure 3. The three-
axis, two-body gravity gradient stabilization system used on 164 (refs. 12
and 13) consisted of three extendable booms arranged in a symmetric pattern
about the plane of the pitch-yaw axes. The booms were the interlocked,
nonperforated SPAR BI-STEM type used on payload 161. The primary body was
made up of the payload, main boom and front lateral boom (fixed to the
payload) ; the secondary body consisted solely of the lateral damper boom.
The lateral booms were nominally located in the horizontal pitch-roll
plane. The secondary body (damper boom) was connected to the primary body
through a single-axis hinge mechanism that constrained boom motion to a
vertical plane. The hinge provided hysteresis damping torques and torsion
wire spring restoring torques.

The design of this single axis damper configuration was based on the
inertial coupling concept suggested by Tinling and Merrick (ref. 14). By
skewing the horizontal principal axis of the secondary body (damper boom)
out of the orbital plane,all motions become strongly coupled. Under
these conditions, three-axis damping of the entire satellite is achieved
by the single degree of freedom motion of the damper boom about its hinge.




FLIGHT DATA - e

The three satellites were equipped with attitude instrumentation for

determining the Euler angle relationships in pitch, roll and yaw between

the satellite's local vertical coordinate system and its body fixed axes.

The angles in this case are defined in the usual sense so that in its: -

preferred equilibrium orientation the satellite's body fixed axes are.

assumed to coincide exactly with its local vertical coordinate system

(pitch ax1is with the orbital angular momentum vector, roll axis withi the

orbital velocity vector and yaw axis with the :local vertical.wvector). .
i b= I

Attitude Reference System

The method of solving for these attitude angles, described in reference 2,
depended upon an accurate determination in both local vertical and body
fixed coordinates of the direction vectors to the sun and the Earth’ S ;
magnetic field. A digital computer program, based on tracking data, was
used to calculate these vectors in a local vertical coordinate system*°
satellite sensor data was used to determine these same vectors in a body-
fixed coordinate system. A digital computer orthogonal matrlx transforma-
tion was then used to determine the desired Euler zngle relatlonshlp between
the two coordinate systems as defined by the two sets of identical vectors.

The sun data was obtained from a set of three Adcole solar sensors (Adcole
Digital Solar Aspect System) manufactured by the Adcole Corp. of Waltham, -
Mass. These sensors had a pyramidal field of view of about 128° and were °
judiciously arranged on the top of the payload so that there was nearly
complete coverage of the celestial sphere. However, certain ‘fields of
view (e.g., directly over the payload) were not covered, while others were
covered by two sensors. The sensors measured the angles of the incident
sunlight with respect to the body-fixed coordinate system of the space-
craft. These angles, in the form of digital outputs, were sampled and
stored in the satellite's memory system.

The magnetic field data was obtained from a triaxial flux-gate magnetom-
eter (Triaxial Magnetic Aspect ‘Sensor) manufactured by the Schonstedt
Instrument Co..of Reston, Va. The unit consisted of three sensors orthog-
onally aligned with the spacecraft's body-fixed axes. Each sensor pro-
duced an analog output voltage which was dependent upon the magnitude of
the ambient magnetic field and the angle between the field vector and the
sensor's axis. Sampled values of the three output signals, stored in the
satellite's memory system, were later used to digitally compute the
direction of the Earth's magnetic field vector in a body-fixed. coordinate
system. The digital program used in this computation included provisions
for correcting the flight measurements for that portion of the ambient

* These calculations were based on an empirical formulation of the com-
ponents of the Earth's magnetic field obtained by Jensen and Cain (see
ref. 15) and the known Earth-Sun ecliotic relationship.
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magnetic field emanating from the spacecraft. This correction was based on
laboratory pre-flight measurements of the spacecraft's magnetic properties.

The accuracy of. the attitude reference system depended not only upon the sensor
resolution and alignment but also upon the accuracy of the tracking data, the
computer: formulation of the Earth's magnetic field and the magnetic field
compensation. An independent check on the accuracy was obtained by comparing
the scalar angleibetween the sun vector and the magnetic field vector in both
the local vertical and body-fixed coordinate system. If the error difference
between these two separate computations was less than 5° the results were
considered to be acceptable.

!

Data Collection

The flight attitude data provided by NRL covered the first six months of
satellite operation.- It consisted of printed time histories of each satellite's
pitch, roll andyaw attitudes as determined by the day-to-day interrogation of
their memory storage systems. The memory systems stored about one day's worth
of satelllte sehsor data sampled at a range of about one sample every 154
seconds¥,” ' These attitude plots were carefully compiled, edited and assembled
in chronologlcal order. After an initial review it became apparent that
certain of these plots tended to capture the essential characteristics of each
satellite's behavior. These 1ndividual plots were therefore singled out for
further examination and have been reproduced in their entirety in Appendix A.
They have been 1nd1v1dually enhanced by tracing through the computed data
points so as to br;ng out the distinctive features of each satellite's motions.
For reference purposes the time for each south-north equatorial crossing,
starting with Orbit 1 at launch, is also indicated.
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Figure 4 Solar Aspects Data for NRL 160 Series Satellites

% Real time 1nterrogation was also available.for the short period of time
the satellites were 1n view of a ground station; during this time, data
could be directly sampled at rates as high as one sample per second.
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Solar aspect data for these satellites is shown in figure 4. The percent
sun in figure 4 is indicative of the period in each orbit in which the
satellite is not shaded by the Earth's shadow (eclipsed). The sun angle,
o, in figure 4 is the angle between the sun vector and the normal to the
satellite's crbital plane. When ¢=0°, for example, the sun vector is
perpendicular to one side of the orbit plane, when ¢=180° it is perpendicu-
lar to the other side, and when o=90° it is in the orbit plane. Because
of symmetry, sun angles do not exceed 180°. Since sun angle, ¢, appeared
to be such a significant parameter, it has been identified in the ‘attitude
plots in this report by marking the point in time at which a designated
sun angle was reached.

SUMMARY OF OBSERVATIONS

An overall examination of the collected flight data for payloads 161, 163
and 164 leads to the general observation that there are two basic behavior
patterns. The satellites are either stable with attitude perturbations
less than +5° or their behavior tends toward a low-frequency rigid-body
oscillation dominated by large yaw motioms. It is these two behavior
patterns that are examined in the following discussion. The events leading
into and through these patterns are described by referring tec figures S

to 7. The figures provide information on sun angle versus orbit number

as well as the location of key events. They begin with the first orbit

on day 273 of 1969 and end on day 144 of 1970. The broad lines (solid‘and
dotted) superimposed on the sun angle line indicate the characteristic
behavior patterns for those periods when actual flight data for each
satellite was available. The figures are supplemented in the discussion
by referring to copies of appropriate sections of the flight data in
Appendix A and to the ground commands summarized in Table 3.

Satellite 161

This satellite displayed a simple form of anomalous behavior. It was either
very stable or it oscillated in yaw. There were no yaw inversions.  Pitch
and roll motions were generally small and they did not appear to play a
significant role in the behavior mechanism.
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Table 3—Summary of Ground Commands

Payload | Orbit Command Payload | Orbit Command
161,163 6 | Primary modulation 163 1420 | Thruster 2 off, pitch off
163 7 | Boom motor 1 on and off 161 1689 | Pitchon
164 7 | Primary modulation 164 1689 | PCM bad
163 8 | Lateral booms released 161 1690 | Pitch off
161 20 | Lateral booms released 161 1703 | Pitchon
164 21 Lateral booms released 161 1704 | Thruster 1 on
163 34 | Thrusters 1 & 2 on and 161 1709 | Thruster 1 off, pitch off
off, heaters 1 & 2 on 164 1689- | PCM moperative
163 40 | Heaters ] & 2 off 2054
163 48 | Command main boom 164 2054 | Last orbit with successful
n and out command
161,163 90 | Command memory slow 163 2867 | Pitch on
164 read 163 | 2868 | Thruster 2 on
161 ) 145 Thdf”S;ffS and heaters on 163 | 2877 | Thruster 2 off, pitch off, thruster 1
and o on, yaw on due to failure of
163 159 | Thrusters and heaters on thruster 2
and off 163 | 2884 | Yaw off
164 159 | Pitch momentum wheel 163 2889 | Yaw on
on and off
163 2896 | Thruster 1 off
161 325 | Voltage control on
163 2898 | Yaw off
161 335 | Thruster 1 on
163 2903 | Yawon
161 394 | Thruster 1 off
163 2908 | Yaw off
163 491 | Pitch momentum wheel on
) 161 3151 | Heater 2 on to reduce charge
161 494 | Thruster 2 on current
163 | 494 | Thruster 2on 161 | 3165 | Heater 1 on for load
163 504 | Thruster 2 off 163 3165 | Heater 1 on for load
161 | 506 | Thruster 2 off 163 | 3254 | Heater 1 off
163 | 506 | Puch off 163 | 3262 | Thruster 1 on,
161 1096 | Truster 2 on, pitch on ) pitch on
161 1099 | Pitch off 163 3267 | Thruster 1 off
164 1179 | Pitchon 163 3268 | Thruster 1 on and off
164 1180 | Thruster 2 on 163 3270 | Pitch off
164 | 1185 | Thruster 2 off, pitch off 163 | 3276 | Thruster 1 on and off
163 1413 | Thruster 2 on, pitch on 163 3277 | Thruster 1 on
163 1415 | Thruster 2 off 163 3282 | Thruster 1 off
163 1418 | Thruster 2 on 163 3290 | Heater 1 on for load




At point 1, see figure 5 and Appendix A, shortly after insertion into
orbit and in full sunlight, the satellite 1s oscillating as a rigid body
1n response to the insertion transient. The spacecraft has settled down
into an inverted yaw position. Pitch motion 1s almost completely damped
out, roll is decaying rapidly, and yaw 1s dieing out slowly.

Yaw motions continue to fall as the satellite enters into its first period
of eclipsing orbits, reaching a minimum amplitude of less than +10° at
around point 2. After this point, however, the oscillations 1in yaw
unexpectedly start to grow so that by the time point 3 is reached, the yaw
oscillations are actually greater than they were at insertion. The yaw
response frequency during this time was about .73 cycle-per-orbit, varying
from .75 cycle-per-orbit at insertion to .69 cycle-per-orbit at point 3.

After the satellite enters 1ts first period of full sunlight (orbit 720)
the amplitude of this large yaw oscillation starts to decrease and is
gradually replaced by a low amplitude, decaying one-cycle-per-orbit
oscillation in yaw, pitch and roll. At point 4 the oscillation has just
about disappeared and the satellite is extremely stable. After passing
through the 180° sun angle position (a position in which the vector from
the sun lined up with the satellite's pitch axis), the low amplitude one-
cycle-per-orbit oscillation in yaw, pitch and roll very slowly reappears.
This full sunlight region of stability ends as the satellite enters into
1ts second period of eclipsing orbits, and the one cycle per orbit motion
is gradually replaced by the .73 cycle-per-orbit, large amplitude yaw
oscillation that was seen earlier.

The oscillation pattern that followed persisted for the next 1300 orbits
(i.e., until the satellite was again in full sunlight). The behavior
throughout this long period was repetitive. The yaw oscillation first
gradually rose 1in amplitude, then, after reaching a maximum value, it
slowly fell in amplitude; finally, after reaching a minimum value, 1t
started rising all over again. The location of regions of minimum values
are indicated on figure 5. A good view of this rise and fall pattern can
be seen by examining the flight data in Appendix A near the minimum value
at point 5 and the maximum value at point 6. ‘

Coming out of this long period of eclipsing orbits, the satellite, at
orbit 2240, enters its second period of full sunlight. As before, the
yaw oscillations decrease and are gradually replaced by one-cycle-per-
orbit perturbations in all three attitude traces, point 7. The sun angle
on this pass, however, does not reach 180°, and the oscillations do not
completely disappear as they did during the first full sun pass.

As the satellite leaves full sunlight and enters into a third period of
eclipsing orbits, the oscillations again begin to grow. The low-amplitude
one-cycle-per-orbit motions are replaced by the larger amplitude .73
cycle-per-orbit yaw oscillations, and the rise and fall pattern that was

seen earlier is repeated. The whole behavior pattern, in fact, is repeated,

starting all over again at orbit 3160 as the satellite enters into its
third period of full sunlight.
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Satellite 163

The behavior of this satellite was quite complex. It appeared to be sus-
ceptible to one per orbit pitch oscillations throughout its entire flight
and large amplitude yaw oscillations and yaw inversions during periods of
eclipsing orbits. The only prolonged periods of stability were during
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Figure 6 Sequence of Events, Payload 163

At point 1, see figure 6 and Appendix A, the satellite, captured in an
inverted pitch position, 1s still responding to the insertion transient.
Roll and yaw rigid body frequencies are damping out very slowly. Pitch, on
the other hand, 1s responding at a one-cycle-per-orbit frequency and is
exhibiting no tendency towards dieing out., At point 2 the 180° pitch error
is successfully corrected by moving the main boom i1n and out. After this
controlled inversion, the resulting transient in roll and yaw is still
damped while pitch continues its sustained one-cycle-per-orbit response.

As the satellite makes 1t first entrance into eclipsing orbits, the yaw
oscillations unexpectedly grow quite large. The satellite rapidly becomes
unstable in yaw and by the time point 3 1s reached, the behavior is so
erratic that the satellite undergoes a yaw inversion. This undesirable yaw
performance continues through point 4. 1In fact, during the entire first
passage through eclipsing orbits the behavior 1s marked by numerous yaw
inversions and several large amplitude oscillations in pitch and roll. The
yaw frequency in this region seemed to generally be about 1/2 cycle-per-
orbit,

The erratic behavior ends soon after the satellite enters its first period
of full sunlight. By the time point 5 1s reached the satellite is very
stable with no pronounced attitude perturbations. This stability was
probably maintained throughout the full sunlight period.




Although data for the time between orbit 940 and 1450 was lacking, it seems
probable that the satellite again became unstable in yaw after entering its
second period of eclipsing orbits. By the time points 6 and 7 are reached,
the satellite's yaw behavior is again completely erratic, with several yaw
inversions occurring near point 7, Large, one-cycle-per-orbit pitch
oscillations are prevalent, while large yaw oscillations occur that appear
to be a mixture of ome-cycle-per-orbit motions and 1/2 cycle-per-orbit

motions.

As the satellite continues into full sunlight the yaw instability once
again disappears. At point 8 the satellite is again stable, its angular
perturbations having been reduced to a relatively low level one-cycle-per-
orbit oscillation in all three attitude traces., In all probability this
stable characteristic continued until the next eclipsing period was entered.

Satellite 164

The behavior of this satellite was markedly different from that of 161 and
163. It was stable throughout its initial period of eclipsing orbits and
unstable in yaw during its first excursion into full sunlight. This pattern
did not persist, however, for during 1ts second passage through eclipsing
orbits its behavior rapidly deteriorated and the spacecraft ended up in a
sustained, large amplitude yaw instability.
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Figure 7 Sequence of Events, Payload 164
At point 1, see figure 7 and Appendix A, shortly after insertion and in
full sunlight, the satellite has settled down into a well stabilized orbit.

Its attitude in yaw 1s inverted® and the perturbations in pitch, roll and
yaw are small. This satisfactory performance continues through points 2

* This inversion error was corrected in orbit 159 by energizing and de-
energizing a pitch momentum wheel.
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and 3. In fact, during the entire first passage through eclipsing orbits
and: first entrance into full sunlight all attitude errors are small.

During the sequence of events from point 1 to point 3 there were only slight
changes in attitude behavior; and in general the resulting small amplitude
perturbatlons were confined to approximately one-cycle-per-orbit oscilla-
tlons 1n pitch and 1/2 cycle-per-orbit oscillations in yaw.

As the satellite continues into the 180° sun angle position, the amplitude
of the 1/2 cycle-per-orbit oscillation in yaw unexpectedly increases. The
satelllte rapidly becomes unstable and by the time point 4 1s reached 1its
behavior is completely erratic with numerous yaw inversions and several
large amplitude oscillations in pitch and roll. Just as suddenly as the
1nstab111ty appeared, however, it ceases and by orbit 900 the erratic
behavior has not only disappeared, but 1s followed for several days by a
period of extremely stable operation.

Entering into the second period of eclipsing orbits the performance of the
satellite begins to slowly degrade as the amplitude of the 1/2 cycle-per-
orbit yaw oscillation gradually increases. Shortly before point 5 the
satellite again breaks into an instability with several successive yaw
inversions, ending up at point 5, in an inverted yaw position. What follows
is a large amplitude, limit cycle oscillation in yaw at a frequehcy of
about 1/2 cycle- per-orblt that persists through orbit 1130 and probably
longer.

Data for the time between orbit 1130 and 1280 is lacking. Between orbits
1179 and 1185, however, the satellite was successfully inverted in yaw
through the use of the pitch momentum wheel, so that when the satellite data
is picked up again at orbit 1280 it 1s now in a limit cycle yaw oscillation
about the 0° yaw position. Within the next few days the yaw amplitudes
become excessive and the satellite's behavior is again completely erratic.
Yaw inversions now occur nearly every day, and as typified by the traces
near point 6, the instability persists to the very end¥.

EVALUATION OF FLIGHT DATA

In seeking to provide an insight into those factors that most directly
influenced the anomalous behavior of the three satellites, it became
apparent that any attempt to single out one or two characteristics could
not easily be substantiated solely on the available flight data. The com-
plexity of actually defining (at least in a mathematical sense) the inter-
action phenomenon between a satellite's internal dynamic properties and its
external environmental energy sources precludes the simple pin-pointing of
these critical factors. For example, the effects of aerodynamic torques
cannot be readily-discerned without some additional measurements. Despite

1

* On orbit 1689 the PCM telemetry transmission from 164 was lost. Subsequent
attempts to correct this malfunction or to send commands to the satellite
were unsuccessful.
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these restrictions, however, the observations summarized in the previous
section indicate several relationships that warrant discussion.

Magnetic Torque

Although attitude responses due to variations in the Earth's magnetic field
can be seen in the flight data, there is no evidence that the generating
magnetic torques were large enough to contribute adversely to the anomalous
behavior. For satellite 163 the effect, although small, seemed to be most
pronounced in pitch as the satellite passed over the equator, see figure 8.
Even the magnitudes of these small attitude perturbations are believed to
be somewhat exaggerated due to computational inaccuracies resulting from
slight errors in the magnetometer compensation factors and in the empirical
description of the Earth's magnetic field.

270

180

ANGLE, DEGREES
8

a= 169 35

813 815 820
ORBIT NUMBER

ECLIPSE — Y AW —— PITCH ROLL

Figure 8 Magnetic Field Effect on Satellite 163

An interesting l4-orbit repetitive pattern can be seen in some of the flight
data (e.g., orbits 606 to 620 on satellite 163). The pattern probably can
be related to the Earth's magnetic field, since at the end of 14 orbits
the satellite nearly retraces its path over the Earth's surface.

Solar Radiation

The relationship between sun angle and satellite behavior that can be seen
in the flight data tends to indicate that the effect of either solar pres-
sure or thermal bending due to solar radiation plays a significant role 1in
a gravity gradient satellite's stability. Since a boom's thermal bending
and twist is related to sun angle, it can be expected that a satellite's
stability will be influenced by its thermal distortion properties.

The sudden instability of satellite 164 as it reaches the 180° sun angle
position (see point 4 on figure 7) is a case in point., The instability
appears to be related directly with the sun angle, disappearing as soon as
the sun gets a few degrees away from 180°.
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Similarly, in comparing data from 161 and 163, at least three regions of
sun-related characteristic responses, illustrated in figure 9, can be
discerned,

In Region 1 the satellites are in full sunlight with the sun nearly per-
pendicular to the orbit plane. Both satellites are quite stable with no
pronounced attitude perturbations.

In Region 2 they are still in full sunlight but the sun is now inclined
about 20° to the orbit plame. Although both satellites are still stable, a
one-cycle-per-orbit perturbation appears in all three attitude traces.

In-Région 3 the satellites have gone into an eclipsing orbit with the sun
inclined about 50° to the orbit plane. Satellite 163 is now unstable in

yaw with a period of about 2.0 orbits. Pitch perturbations on 163 continue
at one-cycle-per-orbit. Satellite 161 has begun to undergo relatively large
yaw oscillations with a period of about 1.5 orbits. Pitch and roll perturba-
tions on 161 are now small.

Some perception into the mechanism of thermally induced instabilities of
gravity gradient satellites can be deduced from Kanning's studies reported
in reference 6. In this work the behavior of several gravity-oriented
satellite configurations under the influence of solar radiation was examined.
The effects of solar pressure torques as well as changing geometry and mass
distributions due to thermal distortion on the performance of symmetrical
and asymmetrical satellites were considered for a 1200 km orbit inclined 45°
to the sun line. Kanning concluded that thermal distortion changes can be
a critical consideration in the design of an asymmetrical satellite configu-
ration. Although only one sun angle and only a few isolated configurations
were examined, it appears that the simulated performance was significantly
degraded (none of the cases examined were unstable) by the inclusion of
thermal distortion.

An indication of the effect of sun angle on satellite stability can also
be partially inferred from the recent study by Flanagan and Modi (ref. 16).
They examined the behavior of a very simple representative satellite (no
booms) under the influence of solar pressure (thermal distortion neglected)
and found that in an elliptical orbit the sun angle significantly affected
the satellite's response. Reviewing their work, it appears that the
influence of sun angle would probably be much more pronounced for an
asymmetrical satellite than for a symmetrical satellite.

1

Consideration of thermal bending and twist as a contributing factor to the
anomalous behavior is complicated to a degree by the effect of '"thermal
twang' (ref. 4).” The 'thermal twang' excitation is associated with
eclipsing orbits and 1s a repetitive disturbance that occurs every orbit.

In full sunlight the booms are bent due to thermal distortion. Upon enter-
ing into the earth's shadow the booms return rapidly to an unbent position,
introducing an impulse to which the satellite must respond.’ The reverse,

of course, occurs as the booms enter into full sunlight. The shape of ‘the
resulting impulse can be broken down into a Fourier series so that sustained
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satellite inputs can be anticipated at the orbital frequency and its
harmonics. Since sustained responses during the anomalous performance of
the three satellites were at frequencies that did not approach these
"thermal twang'' frequencies, it can be assumed that the behavior is not
being driven solely by these impulses. The impulses on the other hand
probably contribute to an instability mechanism and may be a feature in a
feedback path that has not been accounted for.

Considerable evidence has previously been presented in references 7 to 9
that relates high frequency flexural oscillations of a sun-lighted boom
with an instability that is sometimes referred to as thermal flutter.

There were also some qualitative conjectures in references 2 and 3 that

the low frequency anomalous behavior of a gravity gradient satellite is
associated with thermal flutter. Although there i1is some evidence that the
final degradation of satellite 164's behavior was coincident with a higher
frequency boom oscillation, the preponderance of flight data tends to rule
out thermal flutter as a controlling factor.

Dynamic Response Frequencies

The rigid body frequencies and stability of a hinged two-body satellite
are controlled to a great extent by the size of the springs used in its
damper unit. If the springs are too stiff, relative displacement between
the two bodies is small and energy dissipation due to amplitude dependent
damping is negligible. If the springs are not stiff enough, that is below
some critical value, the satellite will oscillate about a cocked position.
The ultimate selection usually involves an optimization procedure that
ends up with springs that have stiffnesses that are slightly above the
critical value.

The linearized equations for determining the small amplitude response of
configurations such as 161 and 163, in which the hinge lies on the principal
axes, leads to the characteristic equations given in Appendix B. Roll and
yaw 1n such a case are decoupled from pitch. The characteristic equations
for configuration 164, in which the hinge does not lie on a principal axis,
are given in reference 12 and are somewhat more complex than the equations
given in Appendix B. Roll and yaw in this case are not decoupled from'
pitch.

The theoretical response frequencies change as a function of spring stiff-
ness and in the case of satellite 163 lead to the plots shown in figures 10
and 11. The plot for satellite 161 is similar. The pitch, roll and yaw
frequencies for the selected pitch and> roll springs are appropriately noted
on these figures. In observing flight data one would expect that the
frequencies during transient,and even during an anomalous performance,
would bear some relationship to these characteristic frequencies. This,’
however, was not observed. Instead, as noted on figures 10 and 11, the
flight frequencies for 161 and 163 (even at small amplitudes)* were close

* The pitch frequency observed in the flight data for 161 and 163 may be a
response to a one-per-orbit excitation rather than a transient responses.
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to the stiff spring frequencies, a condition which cannot occur without
either assuming some change in the mechanical properties of the satellite
(e.g., a locked damper spring) or by postulating an additional 'but unknown
attitude-dependent torque. )
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The observation that the roll frequency on 161 and 163 and the yaw frequency
on 161 exceeded the theoretical rigid damper frequency is not easily explained
without assuming some further change in the satellite's structural properties.
Whether this change was due to an unanticipated variation in inertial
properties or thermal bending is subject to speculation.

Because of the inertial coupling in a configuration such as 164, it is
difficult to ascertain modal respomses or to completely distinguish between

pitch, roll and yaw disturbances.

A configuration of this type, because of

its inherent dependence on coupling for stability, is semsitive to both

thermal distortion and variation in damper spring properties.

Whatever the

outcome of this coupling mechanism on 164, there is a change in its dynamic
character, somewhere around orbit 1020, that leads to a rapid degradation

in its behavior.
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CONCLUDING REMARKS

The interaction phenomena observed in the flight data appear to establish

a causal relationship between sun angle and the character of a satellite's
response. Since thermal distortion and solar pressure are the two
disturbance factors directly influenced by solar radiation, it can probably
be assumed that they are influential in the anomalous behavior. Thermal
distortion properties, bending and twist of each of the satellite's booms,
may in fact be critical; even though a boom might be perforated to minimize
thermal bending at normal sun angles, it still may deflect substantially

at acute sun angles.

The observations related to discrepancies in the rigid body frequencies
could be associated with a faulty hinge damper; however, the possibility of
unanticipated boom deflections inhibiting the operation of the hinge cannot
be ruled out. Further analytical clarification and classification of the
mechanism of solar interaction is probably required. If a correct analy-
tical model of this interaction can be obtained, then the chances .of
designing to avoid an instability are much enhanced.

A case in point is a configuration such as 164 that relies heavily on
inertial coupling for three-~axis stability. Such a configuration is
particularly sensitive to thermal distortion,and it seems as if such a
scheme should be avoided until a better understanding of thermal distortion
effects is obtained.

A theoretical examination should be directed towards discerning the influence
of thermal distortion and solar pressure on the long term or orbital
stability of a satellite as opposed to boom stability. The study should
consider a complete range of sun angles, boom thermal properties, damper

unit properties, 1initial conditions, orbit eccentricity and eclipse times
consistent with anticipated conditions.
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Figure A-1. Flight Data, Satellite 161
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Figure A-1 (continued) Flight Data, Satellite 161
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Figure A-1 (continued). Flight Data, Satellite 161
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Figure A-2 (continued). Flight Data, Satellite 163
E-A-13



Page Intentionally Left Blank



ANGLE, DEGREES ANGLE, DEGREES ANGLE, DEGREES

ANGLE, DEGREES

270
180
80
q \
0 [ N\ l )< ' e Nk S AN Neend N ~_ a1 < ~. / !
\JV 1 - "\_‘j(,_f 2 =~ 7 R Vg ‘*W'\/' e T B A 5P R ; = v/ ) ‘ -
\/ ~ \/ o= 4485 \/ N \] = 4649
90 v | , v |
1737 1750 1755 1760 1765 1770 1775 1777
ORBIT NUMBER
270
180
80
/ N A
4 N\ N
gy 2 . s ~r — S L "ﬁ: et } p g . ..
0 Pempe—Snd : /W. /ﬁ—% X < e n ~ » g5 7—% = S >
a= 4826l N al= 5217
4 \ 4
1777 1780 1785 1790 1785 1800 1805 1810 1815 1817
ORBIT NUMBER
270
180
80
0 IS < D S e XX 3 ds < NV \>.‘->\ slee X ke £
N 0=5427 \‘/ \‘/ \4/
A 4
80— 1825 1830 1833 1847 1850 1855 1860 1865 1870
ORBIT NUMBER
270
180
%0
/) 7 } 13 /
\/ S N ~lg W ﬁ '7‘ 5£\Zf&\ w |7 & ol 4\,/\/\¥ o AptN N x-( ~ L= g N
0 > 3 T T T L3 T < - oy b~ o ol 52X = e - O -y (A o v e = » S —
N\ xS R Y S S XY oD Sl G SV 7 NG AN
a=6105 Y M g a-6344 ' d ’ a-eses ) Y / .f
% \J 4 v |
1870 1875 1880 1885 1890 1895 1800 1905 1910
ORBIT NUMBER WOURS 0 1 2
ECLIPSE === YAW —— PITCH ROLL MINUTES 0 30 60 120

Figure A-2 (continued). Flight Data, Satellite 163

E-A-15



Page Intentionally Left Blank



ANGLE, DEGREES ANGLE, DEGREES ANGLE, DEGREES

ANGLE, DEGREES

270

270

180

270

180

270

180

\\\ / ~
« N\ L\ = NN \ N\ / ANN — ~ NN Ny Wi \\ / \
L . C -
- . ”~ ~ \ P NN N\ - ” V4
N N W e, ,//')* o s = e e, Yl A P N N - < h . A P e / <‘:\ P
a7 A a7 o g7 AT e ¢ ™~ / T ) N R S I o N I R Ry P b = v e A S B B N S = i N B G o N BN X Ty /
U -
a=6837 \/ ~ a= 7605 a=7867 /
\ 2| AN | w 4 /
1910 1915 1916 1943 1945 1950 1955 1960 1965 1970 1975 1976
ORBIT NUMBER
s / » %
. &J?g NS o Vo > o, el :(& /.Y %&f%/ N } N A W g’} s \"_:( e DA VAR N W4 < y‘ MQ ANA VB /o \_J‘( = X ( ,'X_x_,g SpsA A__ N e
'—:/ ~\\J' B el ~:;/ Yo & = - \X\7 o — T \’/ TN ) Lol o S 4 ) - " — L~ A
- rd h /
\1/ a- 8399 ~, / a=18667 N
R 4 \ 4
1976 1880 1982 1985 1990 1995 2000 2005 2010 2015 2018
ORBIT NUMBER
y
7 > - Vel 7 S P ey
2l } Ao AN dese L D TIX L4 VS VA U»} g e AX S <l X < ~ AR \va )_")(" IR VA, . G o L = =
’~7‘ baad D . . ‘r‘.‘/' ~N-TX N 3 W"é d.’y Pl v \'/_’bH \'/ b N"/‘ . N ~ hﬁ:é—‘( ~ # \lﬂf v w—’)< 5 \< -1’ - bl g | -’f -,,r % y ¥ ,'__ ~
a=8937 o=9209 o= 9482 4 -
4 v v |
2018 2020 2025 2030 2035 2040 2045 2050 2055 2058
ORBIT NUMBER
7/ < 7 - ™~ e ~ —y
NP i = » =K M_T‘ | \ 'X VA WA M.‘ L [' % - % 1 « / IS . et -k-’ ”Q____ Y < ﬁ\(; - >‘ JC L /' '/K 2 - L ke ? )
7 - ey ~ r g il o g > = a3 - = L - » e = ~
N s i o ~T ~“ 7 - “ ~ -l - ‘ - ~ — - -
- @ = 10020} a=10304
| \ 4 A 4
2058 2060 2064 2068 2070 2075 2080 2085 20an 2095 2100 2101
ORBIT NUMBER HOURS 0 1 2
ECLIPSE — Y AW — PITCH ROLL MINUTES 0 30 60 120

Figure A-2 (continued). Flight Data, Satellite 163
E-A-17




Page Intentionally Left Blank



ANGLE, DEGREES ANGLE, DEGREES ANGLE DEGREES

ANGLE, DEGREES

270

g

8

270

180

AN

]

LR
N
)

3
)
\

Lo TN

9
7

)i

.

yi

A0
a
)
k)
T;

2101

2105

2115
ORBIT NUMBER

2120

2125 2130 231

@=11129
lw

|
f

’C M/Q it

1
N

)

ba

L

PN

q=
[+,
~
(-

2135

2137

270

180

-90

@= 15825
Ly

e

2441

2445

2448

2151

2155

ORB!T NUMBER

2160

2165

2435 2440 2441

R U i, SO

a= 15520

2495

ORBIT NUMBER

2500

2504

2518 2520 2524

270

180

90

S .

@ = 15182

2524 2525

ORBIT NUMBER

2530 253t

ECLIPSE

HOURS O 1 2

— Y AW — PITCH ROLL MINUTES 0 30 60 120

Figure A-2 (continued). Flight Data, Sateilite 163
E-A-19




Page Intentionally Left Blank



ANGLE, DEGREES ANGLE, DEGREES ANGLE, DEGREES

ANGLE, DEGREES

270

180

270

180

270

g

8

o

270

-
[
o

8

(-]
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It can be shown that the small-angle attitude motion of a two-axis hinged

APPENDIX B

CHARACTERISTIC EQUATIONS

two-body satellite about its equilibrium position is described by the
following set of linearized equations.

where

A+ (M -n)+d; m-k’'n,=0

My +Cy (M- 1)) +dyNy- k' =0

E +C"(€)- &)+ qt +u & -k £,=0

gz“cg”(&;z‘ é])*‘bﬂ& tuy &, ‘Ezgl =0

E+(1-1)-)2%¢ -9 &, -6, = 0

= Cyfls, Cy = Cylls
= ky/l5. Ky = Kyfls
= 327 (1, - 13)/1, + Kk’
= 307 (I - 1)/1g + k'
= GO/, Cyr=cyfly
= (1, +13-1,)/1,

= (4+1g-15)1,

= 427 (1-q)+ K¢/l

= 497 (1-q0) +ky/l,

= k/I Ky = Kk/ly

= (I +i3-1) /(3 +1g). 1,

= pitch motion of primary bodv
= pitch motion of secondary bodv
= roll motion of primary body

= roll motion of secondary body

= yaw motion
= roll spring constant

= pitch spring constant

= (Ig+1g-

15)/ (15 +1g)

L

(B-1)
(B-2)
(B-3)
(B4)

(B-5)

2




C; = roll damping coefficient
Cy = pitch damping coefficient
- I4,15,13 = roll, pitch and yaw 1nertia of pnmary body about hunge

0]

Iy, Is, i6 foll, pitch and yaw 1nertia of secondary body about hinge

2 = 2w divided by orbital period
The pitch equations (B-1) and (B-2) are decoupled from the roll and yaw
equations (B-3) to (B-5)., The resulting characteristic equation in
pitch is then )
s*+(Cy +Cy) 83+ (d) + dy) S+ (d;Cy + dyCy - Cp'ky - €k ) S
o +(dydy-kp’ky) =0 ; ' (B-6)

The roll and yaw equations (B-3) to (B-5) are all coupled, a result that
makes the use of a damper only in roll practical. The characteristic
equation in roll and yaw is

bgSO +bsS> + bys* + 5583 + 1,52+ b S +by = 0 (B-7)
where
by = 22(1-f;-fy) (uyuy-KKy)
by = Q-1 0) (€7 + €17 ug Ky Cy Koy )
by = Q21 -f) (g +u) +upy KK,
+ 92 (fyagk, + fqu'l-('2 +£1q;u, + fq5u)
by = 22(1-f;-6) (€7 +Cy)
+C)” ( + 2219+ 22505 -K))
+Cy7 (uy +Q26q, +2%f1q; -K))
by = R2(1-f]-f)+uy +uy+ Q% (fq; +F,q))
bs = C;”+C,"
bg = 1
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