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TECHNICAL MEMORANDUM X-73314

TETHERED SUBSATELLITE STUDY

I. iINTRODUCTION

Mathias P. L. Siebel

Various concepts of using tethers in space have heen studied previously;
e.g., an early concept for Skylab had the solar observatory (Apollo Telescope
Mount)} tethered (rather than hard-docked) to the S-IVB stage, and other tether
studies were performed in connection with astronaut rescue concepts. The
present in-house study was performed to gain an understanding of a report
received in September 1974 from the Smithsonian Astrophysical Observatory
(SAO) entitled Shuttle-Borne "Skyhook": A New Tool for Low-Orbital-Altitude
Regearch, by G. Colombo, E. M. Gaposchkin, M, D. Grossi, and G, C,
Weiffenbach,

In their report SAO suggests a tether of approximately 100 km length
deployed from the orbiter and carrying a subsatellite to an altitude of perhaps
100 km below the shuttle and 100 to 150 km ahove the Earth (Fig, 1-1). The
subsatellite would then be used as a platform on which various kinds of experi-
mental apparatus would be carried for upper atmospheric measurements, high
resolution gravity gradient measurements, and low frequency radio physics
experiments in the lower magnetosphere where the tether wire itself is used as
a dipole.

An in-house study performed by C. C. Rupp (see Bibliography) verified
certain parameters and results of the SAO report. A further, more detailed
in-house study was performed during the period from February 1975 fo August
1975, The following are the principal aspects and the responsible investigators
to the tether-subsatellite system that were considered:

Dynamic Analysis of a Tethered Subsatellite Mario H. Rheinfurth
and Zachary J. Galaboff

Investigation of a Tethered Subsatellite Ralph R. Kissel
Control Law

Aerodynamics Kenneth D, Johnston



Thermal Studies William P. Baker

Tethered Subsatellite Communications J. A. Dunkin
System Design

Reports on these individual efforts form the body of this report,

It will be seen that while many detailed questions remain unresolved, no
fundamental effect has been discovered that makes the subsatellite concept
unfeasible. More detailed systems and optimization studies are recommended.
Further, it should be mentioned that in the course of the study, interest in using
the tether was expressed by a2 number of members of the scientific and applica-
tions oviented communities, In addition to the applicationc originally suggested
by SAO, other uses for the tether have been found both in the Atmospheric
Magnetospheric Plasma in Space { AMPS) area (generation of Alfven waves and
study of plasma wakes) and in more general areas. The more general applica-
tions proposed include cargo transfer, space station stabilization, the use of
tethers as aids in the erection of large area space structures, satellite retrieval,
power generation, and others.

It is recommended that further studies be performed to define common

and specific application function features of tethered subsatellite systems. Such
studies should culminate in an experiment on an early shuttle flight.

1-2



SHUTTLE

SUBSATELLITE
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Figure 1-1., Tethered subsatellite.



1. DYNAMICS ANALYSIS OF A TETHERED SUBSATELLITE

Mario H. Rheinfurth and Zachary J. Galaboff

A. Summary

A dynamic analysis was performed to study the feasibility of the tethered
subsatellite concept with emphasis on its dynamic response and stability charac-
teristics. The differential equations were derived that describe the three-
dimensional motion of the subsatellite and the flexible tether that connects it
with the main satellite. Because of limitations in manpower and resources,
only a simplified model could be simulated on the computer. However, a serious
effort was made to include the most significant factors in the analysis, factors
that were deemed necessary to prove the dynamic feasibility of the concept.
Analytical investigations and computer simulations performed thus far did not
expose dynamic characteristics that would preclude a satisfactory deployment
and stationkeeping of the tethered subsatellite. However, a serious dynamic
problem was encountered during the attempt to retrieve the subsatellite. This
problem occurs in the vicinity of the subsatellite and is characterized by a
strong tendency of the subsatellite to sling around the main satellite. This
phenomenon and the lateral tether flexibility, which was not included in the
present analysis, are still critical issues and require further study,

B. Introduction

The objective of this study is to conduct a feasibility analysis of a sub-
satellite that is attached to an orbiting spacecraft by « tether. For this purpose,
a computer program was developed that allows the prediction of the dynamic
behavior of the tethered subsatellite during its deploym.ent, stationkeeping, and
retrieval, The dynamic analysis is kept sufficiently general to accommodate a
rather wide variety of system parameters, Because the equations of motion
are fairly complex for the general case of three~dimensional motion and tether
flexibility, they are written in concise vector-dyadic and matrix form using
Lagrangian mechanics., The derivation is carried to a point from which the
interested reader can readily proceed towards a detailed scalar formulation,
The computer simulation itself was performed under certain restrictive assump-
tions dictated by the nature of the study and by the limitations of manpower and
resources. A detailed formulation of the corresponding simplified equations of
motion is provided, In selecting the simplifying assumptions, particular



attention was given to the identification and deletion of dynamic effects that can
be safely neglectad. A point-by-point discussion of these effects is included,
Consideration is also given to effects that should be included in a more refined
analysis. The necessary extension and augmentations of the equations of motion
cah be obtained without difficulty from the vector~dyadic formulation presented
in this section.

C. lagrange's Equations

The dynamic analysis of complex systems is greatly facilitated by an
approach attributed to Lagrange and generally referred to as analytical
mechanics. This approach is general and systematic in nature and is readily
adaptable to modifications and refinements of the mathematical modecl that is
used to describe the dynamical system. It is obviously beyond the scope of this
report to derive the equations of motion in an expository manner. A certain
familiarity of the reader with the concepts of analytical mechanics will, there-
fore, be required for the understanding of this derivation. However, this
familiarity is not necessary for the application of the equations of motion as
they appear in their final form. On the other hand, the treatment is detailed
enough that the cognizant reader should be able to supply potentially desirable
addenda to the existing mathematical model without great difficulty.

In their classical form, Lagrange's cquations are based on an inertial

reference frame and employ generalized coordinates, Accordingly, they appear
in the form of a matrix cquation

(11-1)

o
TN
[a]
1S
~———
§
[uil fa5d
= [r—z
+
a ~
=
1>
il
2

where T = T(q,q) is the kinetic cnergy, expressed as a function of the general-~
ized coordinate vector g and its time derivative §. The term A represents
the Lagrange multiplicr vector, and C represents the constraint matrix
appearing in the matrix equation for the constraints having the Pfaffian form:

o = Cg - p = {) (II~2)



The generalized force vector Q on the right side is determined via the prin-
ciple of virtual work:

SW = Q64 (11-3)

This states that the viiteal work 8W of the applied generalized forces Q is
zero for virtual displacer:»nts 8g which are consistent with the constraints
imposed upon the system,

Equation (II-1) represents a set of second-order ordinary differential
equations. The solution of these is necessary and sufficient to establish the
complete dynamical behavior of the system as a function of time, However, it
results that for more complex dynamic configurations, this form of the equations
of motion is too complicated. A less complicated form of these equations is
obtained by introducing one or more noninertial reference frames and expressing
the kinetic energy in terms of nonholonomic velocities. These velocities are
also referred to as derivatives of quasi~coordinates. The corresponding trans-
formation from generalized velocities to nonholonomic velocities is given by
Euler's kinematical equations

2= Al9) g , (11-4)

with A(g) being the appropriate transformation matrix. The nonholonomic
velocity vector Q@ is, in general, composed of both linear and angular velocity
components. Introducing equation {11-4) into equation (1I-1) yields Lagrange's
equation in a quasi-coordinate form as

G (3) * Wh-n a0 gE - T8 e Ta s aTe

o o9 aq ’
: (11-5)
where B = CA™! andwhere J is the Jacobian matrix
J = 2g/og (11-6)



Judged by their outward appearance, the transformed equations (11-5) seem to
be more complicated than their classical counterpart given in equation (I1-1).
However, th .ir intrinsic simplicity will be obvious when the detailed steps of
introducing the above-mentioned noninertial reference frames are carried out,
Since these steps are rather lengthy — but straightforward — they will not be
repeated at this point. They will produce the result that for each introduced
noninertial reference frame, the equations of motion can be partitioned into
three distinct sets. These sets can be physically interpreted as rigid-body
translation, rigid-body rotation, and subsystem flexibility, Using vector-dyadic
notation, this result can be stated in the following form:

Rigid-Body Translation

d /atT oT

dt <8x> Texay t Iyt 2a=£K (11-7)
Rigid-Body Rotation

d (oT T .

at <89> rex st r, '2==L (11-8)
Subsystem Flexibility

d /9T oT

— =) ~-—— + T +« A= -
(7)o ety -9

where T v? I“w , and Tq are the pertinent constraint dyadics as detcrmined
by the properly transformed constraint equation (1I-2).
The elimination of the unknown Lagrange multipliers is usually performed

by a separate computational routine. A frequently used one is outlined in the
appendix,

RFPRODUCIBILITY Op THr,
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D. Coordinate Systems

1. ORBITAL REFERENCE FRAME

The motion of the tethered subsatellite will be described relative to an
orhital reference frame that is fixed in the main body. Since it is known in
advance that the short-term dynamic effects of a tethered subsatellite on its
main satellite are by engineering design extremely small, the dynamic analysis
can be greatly simplified by assuming that the reference frame is traveling
along a predetermined orbit. This orbit can be separately calculated by a
trajectory analysis. Except for rather low orbits, this analysis requires only
the consideration of gravitational forces. Tor a spherical gravitational field,
the orbits will be Keplerian, The orbital reference frame is aligned such that
the x,~axis points in the direction of the inertial velocity vector, the z_-axis
toward the center of the Earth, and the yo--axis completes the right-hand triad.
It is a noninertial coordinate system. In the particular case of a circular orbit,
the x_-axie will be parallel to the inertial velocity vector. The Jong~term .
dynamic effects of the tethered subsatellite on its main satellite can be calculated
with sufficient accuracy in a separate analysis after the completion of the
dynamic analysis described herein,

2. QUASI-COORDINATE REFERENCE FRAME

To derive the equations of motion using the quasi~coordinate formulation
of Lagrange's equations, a noninertial quasi-coordinate reference frame is
introduced. The axes of this second reference frame will be labeled x, y, z.
Its origin is chosen to coincide with the orbital reference frame, Itis
advantageous to align the axes of the quasi-cooxdinate frame parallel to the
principal axes of the undeformed tether/subsatellite body. The orientation of
the quasi-coordinate reference frame relative to the orbital reference frame
car be defined by three Euler angles, Initially, the two frames are coincident.
A series of three rotations in the proper sequence defines the relative orienta-
tion, The three rotations are:

a. A positive rotation  about the z-axis,
b, A positive rotation ¢ about the y-axis,
¢, A positive rotation ¢ about the x~axis.

Frequently, these Euler angles are given the following names: the yaw (heading)
angle 3, the pitch (attitude) angle ¢, and the roll (bank) angle ¢. Figure II-1

-6



illustrates the relationship between the two reference frames. For the sake of
visibility, only the last two ungles are shown in the figure., The angular velo-
city w of the quasi~coordinate frame relative to the orbital reference frame
can be eg{ﬁfessed in terms of the time derivatives of these Euler angles through
the well-known Euler kinemstical equations. This relationship is given as:

w =&>-zﬁsin0

X
wy = 0 cos ¢ + zp cos ¢ sin ¢ (11-10)
wZ = zﬁcosOcosgb - bsix1¢

The Eulerian angles define the orientation of a body by the minimum number of
independent coordinates. Their primary attractiveness stems from the fact
that they permit a simple geometrical interpretation of the attitude motion of

a body. However, they suffer from an intrinsic singularity condition. Another
computational drawback of the Euler angle method is the nonlinearity of the
differential equation (I1-10) which has to he solved to obtain the Euler angles.
Both of these computational disadvantages can be avoided by defining the orienta-
tion of a body in terms of direction cosines or quaternions. Since one of the
primary purposes of this study was to gain physical insight into the dynamic
charactevistics of the tethered subsatellite, the equations of motion were,
nevertheless, derived in terms of Euler angles.

E. Kinetic Energy

The kinetic energy of the dynamical system relative to inertial space is
defined as

. 2
T = ~21‘ f{.\ﬁo + (@x R) + R} dm (11-11)



where

Vo = inertial velocity of the origin of the quasi-coordinate frame

Q = angular velocity of the quasi-coordinate frame relative to inertial
space

1l

R = position vector from the origin fo a mass particle

1l

R = velocity of a mass particle relative to the quasi-coordinate frame,

The integration extends over the total tethered subsatellite system.,

Because the origin of the orbital reference frame is assumed to be in a
state of free-fall, its velocity can be set equal to zero (Vy= 0). A formal
proof of this statement will not be presented. The angular velocity Q of the
quasi-coordinate frame.can be expressed as o

10

-yt w , (11-12)

where

v = angular velocity of orbital reference frame relative to inertial
space

w = angular velocity of quasi-coordinate frame relative to orbital
reference frame,

The position vector R can be expressed in thre§ components as

R=f+tr+w (11-13)



where

i=

= position vector of a mass particle originating from 4

kS

= elastic displacement vector of a mass particle %rﬁﬁi undeformed
state. '

The generic vector £y is introduced as an extraneous coordinate for the purpose
of determining internal reaction forces at points of inte3esf. The elastic dis-
placement vector will be described in terms of the n *wal modes (eigenfunetions)
of the dynamical system; i.e., F

wint) = )2 ()q) (11-14)

where <_13] l(1') represents a three-dimensional normal mode and qn(t) repre~

sents its associaied generalized coordinate, The normal modes are calculated
by a separate struciural analysis. Using normal mode information greatly
facilitates the formulation and solution of the equations of motion. Although it
is realized that such a modal analysis is theorctically only applicable to linear
time-invariant structures, past experience has demonstrated that it can also be
used for systems whose parameters change only slowly with time. The tethered
subsatellite system falls into this category hecause the deployment and retrieval
velocities have to be kept sufficiently small to prevent undesirable nonlinear
response phenomena and dynamic instability of the tether because of excessive
Coriolis effects.

F. Equations of Motion

Since the objective of this study was to explore the feasibility of the
tethered subsatellite concept, the analysis was based on a rather simplified
dynamic model of the system, However, some of the simplifications had to he
introduced because of limitations in time and resources, The most significant
simplifications in this laiter category were the omission of lateral tether
dynamicg and the use of only one normal mode for the elastic expansion of the
tether. Torsional rigidity of the tether was also neglected. However, its
cffect will be vexry small,

HUC i\ » THE
L ‘v:;-)L)U(JIBILIlY (6}
1-8 Q,.::m,‘L\‘\AL PAGE IS POOR



In general, the elastic deformation vector of the tether &t
in modal form as follows;

be expressed

w(n,t) = [ZX(xy,2) £(t)] g + [Z Yj(x.y,Z) nj“(f'
+2 2, (%y,2) & (t) 1 , (11-15)

where eq, _6_32:, and €3 are unit vectors along the axes of the guasi-coordinate
reference frame., The terms Xi(x,y, z) and Yi(x, ysz) repregent the lateral

normal tether modes with gi(t) and nj(t) beii., their corresponding generalized
coordinates, The term Zk(x,y,z) represents the longitudinal normal tether
modes and Z;k(t) thg@“i‘;orresponding generalized coordinates, With the above-

maéttioned simplifications, the deformation vector reduces to
w(rt) = Z4(z) L((t) & (11-16)
The first longitudinal mode was approximated by

Zi(z) =~

ST EN]

(11-17)

rg
iy
RES

This approximation was considered sufficiently accurate for the feasibility study
of the tethered subsatellite concept.

The tether itself was assumed to have a congtant diameter and uniform
mass distribution per unit length, TFor simplicity, the subsatellite was given a
spherical shape and mass distribution, Because tether torsion was not taken
into consideration, the rotational motion of the subsatellite about the tether axis
was set equal to zero., Therefore, the motion of the subsatellite can be described
in‘terms of only two of the three Euler angles. The two Euler angles chosen
were the pitch angle 0, which describes the in~plane motion of the subsatellite,
and the roll angle ¢, which describes its out~of-plane motion, The equations
of motion can then be expressed in the following form:

1I-9



In~-Plane Motion

.
[<M+—r—;-> L? cos% +I] g+ 2 l<M+ r—;) £+ %lé] L(0 - 7) cos’

i
&

+ Z(M + x—}:—) L (y - 0) ¢ sing cos¢ . (11-18)

Qut-of-Plane Motion

[(M +%> 12 —rl] o + 2[<M +1-;‘—>é + r—;-z,] L

+ (M +L§-> 12 (v - 0)2cos ¢ sing = Q (11-19)

Stretch Equation

m s m LA m ‘2 3 . ~
<M + 3")2_, -+ (M+"§‘>f - <M+'—§'>L[¢) 3 ('y-())z COSZQI‘{] = QI;
(II—20)

" The -.ation for the tension in the tether is obtained by differentiating the
Lagrange equation {II-9) with respect to the extraneous variable f,. Tor the
design of the tether control system, if is necessary to know the tether tension
at the deployment reel/tether interface, This is obtained by setting the
extraneous variable

Ly = Lo g (11-21)
and the corresponding constraint condition to

(= 4, (11-22)



where JZC( t) represents a prespecified time function that is determined by the

pariicular tether control law. The Lagrange multiplier ) appearing in equation
(11-9) yields the tension in the tether directly. After all necessary differentia-
tion gteps are pel:formed, the tension equation is obtained by setting £; =0,
£;=42, and £, = £. Thisg yields

2 2

{M + m) i+ <M +Bl->.§' - (M +E>L[q;2+ (};—6)2 cpszc,f)] + T = Ql

(11-23)

where T is the tether tension.

G. Generalized Forces

The generalized forces arice from several different sources. The most
significant of these will be discussed in this subsection. Others can be added
later if needed. As previously mentioned, the generalized forces are calculated
by the virtual work done by the external forces through virtual displacements.
The virtual work can be conveniently expressed in terms of the coordinates
(%4 Yoo %) of the orbital reference frame and the corresponding components
of the external forces. The desired generalized forces are then obtained by a
subsequent transformation to the generalized coordinates. Thus, the virtual
work is

bW=7TF 6 +F & +F O ‘ (11-24)
o %o Yo Yo %y %o

The position of a mass particle of the tether can be defined in terms of the
generalized coordinates of the dynamical system as

X = [fy+ 2+ ®(z) {] sinfcos¢
Vo = -~y +z+ 2(2) ) sing (11-25)
zg = [Ly+2+ &(z) {] cospcose ,
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where ®(z) is the approximation used for the first longitudinal mode of the
tether. For the calculation of the generalized forces due to a virtual displace-
ment of the subsatellite, equation (I-25) is used setting z= ¢ and &(¢) = 1.

The virtual dispiacements can be expressed in terms of the generalized
coordinates by using the following differential relationships:

6x = [Ly+2+3(z)¢] cos 0 cospb- [+ z + ®(z) L] sin 0 sin ¢ 3¢

0

+ sin 0 cos ¢82; + ¥(z) sin 0 cos ¢ &L

6y = - [gy+z+ ®(z) ] cosp O¢ - sin¢ 64y - &(z) sin ¢ 8¢

0

(11-26)

6, = -tz ®(z) ¢] sin 0 cos ¢ 00

0

- [Ly+z+ &(z) L] cos 0 sing 6¢
+ cos 0 cos ¢ 8Ly + d(z) cos 0 cos ¢ OL

Inserting equation (1I~26) into equation (II-24) and collecting the appropriate
terms yields the virtnal work as

6w = Q, 60 + Q, O6¢ + Qg 6t + q, o2 (11-27)

¢ 0 0 )

1. TFIRST~-ORDER GRAVITY GRADIENT FIELD

Since the origin of the orbital reference frame moves along a free~fall
trajectory, the only gravitational forces acting on the tethered subsatellite arise
from the gravity gradient field, The gravity gradient force terms arc obtained
by a Taylor-series expansion of the gravity field about the free-fall trajectory.
The first-order terms of this series are well known, Applying these terms fo
a mass particle of size dm results in the following:
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dF(l) = - % dn
x 0
G
dF (1) = —wgyodm
Yo
sz(l) = 2 wf z dm (11-28)
0
where
2
2 & Rg
Gy =

R3

1t should be noted that these expressions are not restricted to circular orbits,
but are valid for general orhits followed by the orbital reference frame. Sum-
ming up the forces over all mass particles of the dynamical system yields the
first-order gravity gradient terms as:

QgGl) = - 3<M + -’;—1> wg L sin 0 cos § cos?¢
(G1) m 212 2, o
QL;5 = ~3 M+—3- woL cos“0 sin ¢ cos ¢

(11-29)

QZEGI) - (M +-r32) w? L(3 cos? 0 cos® ¢ - 1)

0
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2. SECOND-ORDER GRAVITY GRADIENT FIELD

The accuracy of the dynamic model can be improved by including higher
order terms of the gravity gradient field in the analysis. For most practical
space structures, however, it will not be necessary to go beyond second-order
terms. These are less known than the first-order terms, but their derivation
is straightforward, Applying these second-order terms to a mass paxrticle of
size dm yields the following forces:

dF (2) = -3 wg Bz dm
X Ry
0
L (2)_ 2 Yo %
dFyO = -3 @y B, dm (11-30)

In comparison with the first-order gravity gradient terms, it is seen that they
are very small. Even for distances up to 100 km from the origin of the orbital
reference frame, their contribution is on the order of a few percent. They were,
therefore, not considered in the analysis.

The generalized forces associated with these forces can again be obtained
by summing over the whole dynamical system and applying equations (11-25) and
(11-26).

3. ROTATING ATMOSPHERE

For tethered subsatellites moving in orbits of extremely low altitudes
(100 to 200 km), the acrodynamic disturbances arising from the atmosphere of
the Earth dominate those arising from the gravity gradient field and decisively
influence the dynamic response of the system. To limit the size of the computer
program, the variation of the atmospheric density with altitude was agsumed fo
be exponential. A least-square curve fit for such an "exponential' atmosphere
is shown in Figure 11-2. For the analysis, it was of some advantage to define
the exponential density variation in the form



bh h/H
p=pe =ope / (11-31)

where
po = reference density

= reference height

o =

h = distance from main satellite vertically down.

The data are based on the 1962 U.S. Standard Atmosphere. Only a single scale
height H was used in the analysis, which corresponded to an altitude range of
80 < h < 100 km. This was considered the range of major concern. As a con-~
sequence, the atmospheric density in the vicinity of the main satellite was much
smaller than the actual one. Therefore, the dynamic response of the tethered
subsatellite during its initial deployment phase was not accurately modeled.
However, this was not considered to be critical, because it was found that the
initial dynamic transients damp out rather quickly during the deployment phase.
In fact, an increase in drag on the subsateliite will benefit the deployment initia-
tion. For the tether, the aerodynamic forces were defined as:

a. Normal Force

1
= = A -
Dy = 2P %% A v Y (11-32)

b. Axial Force

-1 v -
D, =50C, A, V, ¥V, (11-33)

where _Y_N and V A represent the normal and axial relative wind velocities,
The normal and axial force coefficients CN and CA are usually given as
functions of angle of attack and other aerodynamic parameters, In the present
analysis, they were assumed to be constant.
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For the spherical subsatellite, the aerodynamic force was defined as
1
D=35pC AVY (11-34)

with V being the relative wind velocity and CD the aerodynamic drag coeffi~

cient. The latter was assumed to be constant.

The relative wind velocity was determined with the assumption ihat the
atmosphere rotates with the Earth. Resolving the relative wind vector in com-
ponents along the axes of the orbital reference frame yields the following
results:

V. = - Ry (wy - Qg cos i)
X
0
(11-35)
V. = By (9 sinicos f)
Yo

it can be easily verified that the motion of the tethered subsatellite relative to
the orbital reference frame is negligible when compared to the total relative
wind velocity. Therefore, the velocity terms in equations (11-32), (11-33), and
(11-34) can be directly calculated from equation (11-35). The detailed steps of
this calculation will not be given. Likewise, the calculation of the generalized
aerodynamic forces acting on the system via the principle of virtual work will
not be presented, The final result gives the generalized aerodynamic forces as

A bt M M
Q(() ) = p e)10 [CD( ) ALy V( ) + CN(m) Uy VN(m)] VX cos ¢

Q™ = L, P [CD(M) AL 4y ML CN(m) oy VN(m)] v,

(11-36)
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Q&) _ , ohho [C 0y v s (M) 2, VA(m)] v

t D
ng) =p ebhO[CD(M) Ay v CA(m) Ty VA(m)] Va ,
(11-36)
{Concluded)

with the following definitions:

V. = V_ cos 9
X X
0
V =V_ singsing +V_ cosg¢
y Xy Yo
VZ = Vx sin 0 cos ¢ —Vy sin ¢
0 0
and
VM - 7 v
* Yo
V(m) - V2 +V2
N N 'x y
(m) _
VA - Vz
Also,
1 bL cos 6 cos ¢
Bo = 5 €
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ebL cos 0 cos ¢

_ 1
M = T cos 0 cos ¢
- ebLCOSOCOSq’(bLCOSOCosqS ~1)+1
Ha (b cos b cos ¢) °
he
hy = 5 [1-cos (v+n)]

The last of these definitions is to be used for elliptical orbits of the main
satellite where he represents the altitude variation because of the eccentricity

of the orbit. The angle y represents the true anomaly of the main satellite,
and the angle 4, provides a convenient definition for initiating various maneu-
vers of the tethered subsatellite.

The numerical values for the aerodynamic coefficients were assumed to
be constant af the following levels:

Subsatellite — CD(M) = 1.0

Tether — CN(m) = 2.2

(m)
= 0,2
CA

4, ORBITAL ECCENTRICITY

The effect of orbhital eccentricity on the dyna;nic response of a tethered
subsatellite is twofold; one is a geometric effect, and the other is a dynamical
effect. The geometric effect is due to the altitude variation of the tethered sub~
satellite which is caused by the eccentric orbit of the main satellite. As a
consequence, the tether/subsatellite system is subject to unsteady aerodynamic
disturbances, To incorporate this effect into the analysis, it was assumed that
the main satellite moves in a Keplerian orbit whose geometry is defined as
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R (1+¢)
S

R = 15 coos v : (11-37)

where Rp is the perigee distant, ¢ is the eccentricity of the orbit, and vy is

the true anomaly.

Since the eccentricity € will be small (¢ << 1) for all orbits of practical
interest, it is possible to expand equation (1I-37) in a Taylor series as follows:

R = Rp(1+ €) (L-eccosy+elcosty~-...) . (11-38)

Taking only the first-order term in ¢, the altitude variation becomes then

h = R-R = eR(1-cosvy) (11-39)

From this it follows that, for small eccentricities, the altitude variation of the
tethered subsatellite is approximately sinusoidal. The relationship between the
maximum altitude change and the orbital eccentricity can be readily obtained
from equation (11-39) as

(11-40)

It is instructive to ~onsider a numerical example. Assuming an altitude of
200 km for the main satellite (Rp = 6570 km) and a maximum altitude variation

(he= 20 km) of the subsatellite leads to an orbital eccentricity of e=1.5x 1072,
This result confirms the validity of the above Taylor-series expansion.

Having demonstrated the smallness of the eccentricity, it is now possible
to assess the dynamic effect of the eccentricity using a series expansion express~

ing the true anomaly vy in terms of the eccentricity ¢ and the mean anomaly
M. This relationship is given by
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= I S A 5 o 11 4\ . )
y—M+(2€ 4e)smM+(4e o1 € sin2M + ... , (II-41)

where
8o R%
M = '—ag,— t = nt
and
n = 2n/T

with a representing’the semimajor axis and T the orbital period. Neglecting
terms higher than first order in equation (11-41) yields the angular velocity of
the main satellite in its orbit as:

79 = n(1+2¢ cosnt) (11-42)

From this it follows that the angular velocity of an cccentric orbit is sinusoidal
for small values of its eccentricity., However, it is seen that the sinusoidal
fluctuations are extremely small. For most practical orbits, these fluctuations
are less than 1 percent of the mean angular velocity. 1t is, therefore, permiss-
ible to replace the time-~varying angular velocity v by its mean angular velocity
n in the equations of motion.

The angular acceleration of the eccentric orbit is obtained by differen-
tiating equation (I1-42) with respect to time. This yields

¥ = -2 entsinnt . (11-43)

The inertial forces arising from this angular acceleration are, therefore, pro-
portional to ¢ n*. Their magnitude can he estimated by comparing them with
the gravity gradient forces of equation (1I-28). These are seen to be propor-
tional to the square of the term wy. This term, however, is very nearly equal
to the mean angular velocity n. As a consequence, the inertial forces arising
from the orbital angular acceleration are by a factor ¢ smaller than the gravity
gradient forces, Because of the extreme smallness of the eccentricivy, they
can be rightfully neglected and were not included in the equations of motion,
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5. OBLATENESS OF EARTH

The effects of the oblateness of the Earth on the dynamic response of a
tethered subsatellite are threefold; two aspects are geometrical in nature,
while the third is dynamical. The first geometrical effect, the flattening of the
Earth at its poles, brings about variations in orbital altitude of approximately
20 km. It has its greatest effect on satellites in polar orbits. The second
geometric effect results because the orbits of the main satellite are no longer
circular, In fact, they are not even closed but precess in a westerly direction,
The rate of precession will depend upon the inclination of the orbit and, tc a
somewhat smaller extent, on its altitude. However, the orbit regression amounts
to only a few degrees per day and will not induce any discernible dynamic effects
on the tethered subsatellite. The altitude variations resulting from these non-
circular orbits range from 5 to 10 km, depending on the inclination of the orbit,

Like the geometric effect of the orbital eccentricity, the geometric
effects of the Earth's oblateness will result in a constantly changing aero-
dynamic disturbance force. A detailed simulation of this condition was not
attempted, It is expected that the influence of these effects on the dynamic
behavior of the tethered subsatellite is very similar to that observed for the
orbital eccentricity.

The dynamical effect of the oblateness of the Earth is due to the deviation
of the gravitational field from its spherical symmetry. To determine this effect,
we begin with the oblateness force exerted on a particle of mass m. Resolved
in components relative to the orbital reference frame, they are

~
D

R, 1
-2md g\ sin®i sin f cos B

F_ =
0
R Y
F = 2mJ g(—Fi sin i cos i sin B (11-44)
Yy : R/
R 4
_ | E I ioiaina)
I‘ZO = 3mJg(R> (3 smlsmﬂ) Dy
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where the oblateness texm J = 1,637 x 10=%, The angle g defines the position
of the main satellite relative to the intersection of the orvbital and equatorial
planes. The position of any mass element dm of the tethered subsatellite in
terms of (Ry, f) can be approximately expressed as

By = B + ll—:_ (11—45)

- 'rlﬁ" (1 , %) (11-46)

Analogous to the gravity forces, only the gradient effects of the oblateness
forces are of interest. These are obtained by inserting equation (11-45) and
equation {11-46) into equation (JI-44) and subtracting the zeroth oblatenuss
contributions, Retaining only linear terms then yields the first-order oblateness
gradient forces as

N R.\?
dFX(O) = ~2 w02 J(%) sin® i(x cos 2 B+ 2z sin’ ) dm
0 A
2
O - 5 f{ZE) sini cos |
dFy = 2w, d R/ simicosi (x cos 8+ 4z sin ) dmn (11-47)
0
R_\*?
dr (0) - 3 (_02 J ._I:l_ 4 l - sinz i Sjn?‘ Byt x sin2 i sin2 B dm
2, ~o R 3

A comparison of these terms with the corresponding gravity gradient terms of
equatior {}1-3) will readily reveal that they are several orders of magnitude
smaller. ‘thorefore, the dynamical effect of the oblateness of the Earth can he
safely disregarded, '
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6, VISCOELASTIC TETHER I'ORCE

The viscoelastic properties of the tether were modeled by very idealized
elements. Accordingly, the elasticity was represented by a linear spring whose
spring constant k is

md? B
k = ( i > n (11‘48)

where d ig thediameter of the tether and E is Young's modulus. Likewise,
the damping, whigh is a rather complex phenomenon, was represented by an
equivalent viscous damper with a damping force propertional to the velocity of
the generalized modal coordinate (modal damiiag). Consequently, the general-
ized force due to the elasticity and damping of the tether can be directly obtained
as

N

Qé = -kt - Cgi (11-49)

where C, is the coefficient of viscous damping. It is important Yo-Hote that the
"eénergy dissipation due to frictional losses in the tether material is, in general,
too small to aid in damping out transient responses of the tethered subsatellite,
As ig pointed out in other sections of this report the removal of these transients
re‘q{ti_nges the employment of an active teth. --—tiof law,

H. Tether Control Laws

The d:épio yment, retrieval, and quite probahly the stationkeeping phase
of a tethered subsatellite require an active tether control system to guarantee
adequate dynamic gystems performance, In accordance with the principles of
control system des:lém',‘ the tether control law will incorporate information about
the dynamic state of the system in a closed~loop mode. This can be implemented
in various ways depending on whether the design is based upon classical or
optimal control theory. In subsequent chapters, a tether control law is analyzed
which generates a tether tension, T, through a linear feedback law of the form;

To=lgt +ed v It (11-50)
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in which the gain values ki, ¢y, and k, are properly chosen, Implementation of
this control law requires the measurement of the tether tension, the rate of
tether deployment, and the length of the tether itself. The present discussion
examines the possibility of employing a control law that does not require the
measurement of the tether tension. Besides being simple, this control law is
useful for exposing some distinctive features of the dynamic bchavior of the
tethered subsatellite during its deployment, In this discussion, some facts will
also be presented on the problems associated with the retrieval of a tethered
subsatellite, The tether control law to be analyzed consists of the following

1. Lx’bonential Increase of Deployment Rate

= a0 for 0y < 0 = { (11-51a)
2, Constant Deployment Rate

? o= c for 0 < & oty (11-51b)
3. Exponential Derrease of Deployment Rate

i = a(t vt =0)  for 0y < € =0 (11-51c)

Numerical values used for the dynamic analysis are:

2y = 10m ¢, = 10" m
£y = 9% 10 m (’C = 9,999 x 101 m
¢ = 5m/s o = hx 107 g™

Time histories of the tether length and its deployment rates based upon this
so~-called exponential control law ave given in Figures 11-3 and I1-4, To gain
physical insight into the dynamic behavior of the system, the attitude equations
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were examined for both the in-plane and out-of-plane motion in the

absence of aerodynamic disturbances. Furthermore, the tether mass was
assumed to be negligible and the orbit of the main satellite to be circular, For
this special: case, the in-plane motion is decoupled from the out-of-plane motion
and is described by

. AN 2
0 + 2(;) 6+ wisin20 = 2(;) Wy . (11-52)

The out-of-plane motion only decouples from the in-plane motion for small pitch
angles ¢. With this assumption, the out-of-plane motion is described by

o + z(ﬁ%)é +dwie =0 . (11-53)

At first the dynamic behavior of the system is examined for constant tether
length (3 = 0). For this case, both the in-plane and out~of-plane motion are
analogous to a simple pendulum motion with stable equilibria at ¢ = 0° and
= 180°, However, the in-plane oscillation has a different period than the
out-of-plane oscillation, even for small attifude angles. They are given as

Out~of-Plane Period

T, = (QLO (11-54)

n-Plane Period

The in-plane period is seen to be somewhat larger than the out-of-plane period.
It is important to noiice that the periods of both oscillations are independent of
the tether length.



For large attitude angles, the in-plane and out-of-piane motions are no
longer decoupled. As a consequence, the tethered subsatellite will, in general,
exhibit a rather complex motion. Because the frequencies of the two oscilla-
tions are incommensurable, the resulting pattern of the motion will somewhat
resemble the so-called Lissajous figures encountered in ceclestial mechanies,

During the deployment and retrieval maneuvers, the tether lengih is no
longer constant. Examination of the preceding equations of motion reveals that
the dynamic behavior of the tethered subsatellite becomes cistinctively different
for these two maneuvers, TFor deployment, the tethexr length ¢ is increasing
(£ > 0) and the second terms of equations (I1-52) and (II-33) containing the
derivative of the tether length take the place of an equivaleat damping. In such
a case, existing oscillations will have a tendency to die. For retrieval, the
tether length is decreasing (f < 0) and the second term irtroduces ncgative
damping. In this case, existing oscillations will tend to build up. It has been
found by simulation that this pattern is very pronounced in the out-of-plane
motion. Because of the presence of the term of the right side of equation (11-52),
however, the in-plane motion does not build up rapidly. It is expected that this
accumulation of kinetic energy during the retrieval phase can be held within
acceptable limits by a proper design of the tether control law, Such a control
law will, by necessity, lead to a "'yo-yo'' type of retrieval motion. This motion
will be characterized by fast retrieval rates in the neighborhood of the maximum
attitude excursions of the subsatellite and slow or even ne¢ gative retricval rates
(i.e., S 0) in the vicinity of the equilibrium points. Bucause of this yo-yo
effect, the retrieval time of a tethered subsatellite will, zeteris paribus, be
longer than the time for its deployment. Some preliminery studies concentrating
on the problems associated with the retrieval of a tetherc d subsatellite are pre-
sented in a subsequent section. One can conceivably als: use this yo-yo effect
for the removal of residual kinetic energy from a tethered subsatellite during
its stationkeeping mode. An optimal bang-buang type, yo--yo control law for this
purpose is illustrated in Figure II-5. Lach time the sub.:atellite passes through
its equilibrium position the tether length is suddenly decreased by a small
amount § and then increased by the same amount when :he subsatellite reaches
its extreme position, The digsipation of kinetic energy per cycle resulting from
this maneuver can be related to an equivalent viscous damping effect, For small
oscillations of the in-plane motion, the corresponding c:itical damping ratio
becomes

2T (8
ge] = 5 (00 (» ) (11-55)
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where g, is the amplitude of the in-plane oscillation. It is seen that the damp-
ing effect increases with decreasing amplitude, indicating that yo-yo control of
the in-plane motion could be very effective. The corresponding damping effect
for the out~of-plane motion can be calculated as

be = %r(%) (11-56)

This damping effect is independent of the amplitude, indicating that a yo-yo
control of the out-of-plane motion could be very ineffective., In fact, a yo~-yo
motion amounting to a 3 percent change in tether length induces only a 1 percent
damping ratio.

A schematic presentation of this yo-yo control law is shown in Figure
11-5. 1t should be realized that the bang-bang type operation of this optimal
yo-yo control law prevents its direct hardwave implementation. It was only
discussed for demonstrating the dynamic principle involved in removing kinetic
energy from a system without the expulsion of mass by reaction jets.

Inspection of the in-plane motion, eguation (I-52), also uncovered an
interesting and important dynamic peculiarity associated with the deployment
and retrieval phase of the tethered subsatellite. It is seen that the subsatellite
can assume a steady-state attitude angle ¢ if the deployment velocity increases
exponentially as in equation (1I-51a), However, stability of the motion can only
be maintained as long as the attitude angle stays below 45°. Obviously, this
limits the deployment rate o, which, in tumn, establishes a lower bound for
the deployment time of the subsatellite. Tor negligible tether mass, the upper
limit of the deployment rate, @y is constant with time, If the tether mass is

taken into account, the system reaches only a quasi-steady state and the upper
limit of the deployment rate changes with time according to the relationship

=
+
wéB

Wy (11-57)
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where m= m(t) is the instantaneous tether mass, To verify this result, com-
puter simulations were made with the deployment rate « as a parameter. The
dynamic behavior of the subsatellite during the exponential buildup phase of the
deployment velocity is shown in Figure II-6, The critical deployment rate was
dstermined by iteration to be approximately @, 9,5% 10~ g7, This value

agrees rather well with the quasi-steady value of equation (II-56). Physically,
the onset of the instability is caused by the loss of tension in the tether, From
this time point on, the subsatellite becomes a free-flying object until the *ension
is regained, TFor all practical purposes, however, loss of tension in the tether
also signals loss of control over the subsatellite. The same dynamic peculiarity
also exists, of course, for the retrieval phase with the proper sign reversal of
the attitude angle 9. Instead of trying to stay "in front' of the main satellite as
during its deployment, the tethered subsatellite will now stay 'behind'' the main
satellite (§ < 0). As was discussed previously, the retrieval phase is, however,
dominated by the second term of equations (11-52) and (II-53), especially for
the out-of-plane motion. The negative damping effect caused by this term
hecomes very noticeable in the vicinity of the main satellite where the tether
length is small, There the tethered subsatellite acquires a spectacular tendency
to wrap around the main satellite, unless the retrieval rate is reduced to an
extremely small level. It should be pointed out that these dynamic characteris-
tics of a tethered subsatellite during its deployment and retrieval are intrinsic
in nature and therefore independent of the particular tether control law chosen
for these maneuvers.

I. Resulfs of Computer Simulations

To gain a conclusive engineering understanding of the dynamic behavior
of the tethered subsatellite system, the analytical investigations were supple-
mented by detailed computer simulations. These were based on design specifi-
cations proposed by the Smithsonian Astrophysical Observatory. Accordingly,
the following system parameters were used:

Main Satellite

Orbital Altitude H = 200 km
Subsatellite

Spherical Mass M = 170 kg

Cross Section A~ 1m?

Drag Cocfficient CD = 1,0
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Tether

Deployed Length £ =100 km
Radius r=0.,183x10%m
Density p = 7.93x 10% kg m™3
Total Mass m = 83.4kg
Normal Force
Coefficient CN = 2,2

= 0,2

Axial Force Coefficient C A

The sensitivity of the dynamic response characteristics was investigated with
respect to variations of both system parameters and initial conditions. This
revealed a number of interesting and important aspects of the system. First,
it was noticed that the system is relatively insensitive with respect to variations
of the initial deploymeni: conditions. Dynamic transients arising from these do
not build up but stay within acceptable limits, The initial alignment of the sub-
satellite and its actual release mechanism should, therefore, not be a critical
item., Likewise, it was found that the dynamic response characteristics were
not very sensitive to changes in payload and tether mass., The design of the
tethered subsatellite system can, therefore, accommecdate a rather wide range
of these parameters. On the other hand, the effect of orbital eccentricity was
very pronounced because of the drastic atmospheric density variations induced
by the altitude changes of the subsatellite, Care has to be taken, therefore, to
maintain a nearly circulayx orbit of the main satellite during the operation of the
tethered subsatellite. For a subsatellite altitude of 100 km, it seems advisable
to limit the altitude variations due to orbital eccentricity to 10 km or less.
This requirement becomes, of course, less stringent for higher subsatellite
altitudes because of the decreasing effect of the atmospheric disturbances.

To illustrate the dynamic behavior of the tethered subsatellite, only a
few typical cases were selected, and these are shown in Figures II-7 through
M-20, The plots are arranged in the following order:

1. Pitch Angle ¢

2. Roll Angle ¢
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3. In-Plane Motion (x - z Plot)

4. Out-of-Plane Motion (y-z Plot)
5. Equut rial Motion (x-y Plot)

6. Tether Elongation ¢

7. Tether Tension T

Initial conditions for all cases are 0y = ¢, = 3° and (30 =0, Q;O =wy. They
reflect initial misalignments and a small out-of-plane release impulse of the
subsatellite, Each figure contains two plots: one for a circular orbit (Case A)
and one for an eccentric orbit with AH = 10 km (Case B). Tigures II-7 through
11-13 present equatorial orbits and Figures 11-14 through 1I-20 present polar
orbits. Cases of intermediate orbital inclinations were not included because the
general nature of their dynamic response characteristics can be easily visualized
by proper interpolation between the cases shown. The time histories of the state
varizbles presented are essentially self-explanatory, However, a few remarks
seem to be in order, For eguatorial orbits, the out-of-plane motion (y-z plot)
is essentially dictated by th: initial conditions. Since the exponential deployment
does not provide damping, the responses are very nearly constant. The equa-
torial motion (x-y plot) shows the typical Lissajou characteristics, especially
for the fully deployed condition. Eccentricity of the orbit introduces substantial
excursions of the in-plane motion (x-z plot) with dynamic transients of several
thousand meters over and above the steady-state response. For polar orbits

the effect of the rotating atmosphere is cleaxly visible. It leads to out-of-plane
transients of 2000 to 5000 m, However, there are no indications of resonance.
The tensile forces in the tether never exceed 100 N, They should not present
problems relative to the material properties of the tether. The same holds true
for the elastic expansion of the tether which stays below 400 m or 0, 4 percent

of the total tether length.

J. Steady-State Lateral Tether Deflection

Because of limitations in manpower and resources, only a cursory
examination could be made of the effect of lateral tether dynamics, The follow-
ing analysis makes use of the Rayleigh-Ritz method, which is based on the
premise that the exact deflection of an elastic system can be approximated by
the superposition of suitably ~hosen mode functions. The success of the
Rayleigh-Ritz method depends very much on the choice of these mode functions,

«PRODUCIBILITY OF THIy
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They are usually selected from the natural mode shapes (eigenfunctions) of the
dynamical system under investigation or of one which is very similar to it. For
the tethered subsatellite system, it would be natural to use the eigenfunction of
a string vibrating under nonuniform tension. This would be determined by the
gravity gradient force field, The string would be suspended at one end and have
a mass attached to the other end. Since a computer program was not readily
available to compute these eigenfunctions, the analysis was based on eigen~
functions of a string under uniform tension. The string was assumed to have
an infinite end mass. To provide for maximum tether flexikility, the tension
was set equal to the smallest value of the tension in the tether. This occurs at
the attach point of the subsatellite. For this condition, the eigenfunctions, ¥ ,
are simply given by n

¢ (z) = sin —-2

N . n=1,2 .. (11-58)

The associated eigenvalues (natural frequencies) of the system are

ni T -
w, T oA (11-59)

In accordance with the Rayleigh-Ritz method, the modal response of the system
is obtained from the equation

7
EROE TR

M
n

2
+ w
nn n’n

(11-60)

where £(£,t) represents the aerodynamic force per unit length of the tether
n, the generalized coordinate, and Mrl the generalized mass of the nth mode

shape. The total response of the tether over and ahove the rigid tether response
is then obtained by superposition of the individual modal responses as

u(zyt) = 2 zpi(z) ni(t) i= 1,2, ... N , (11-61)
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where N is the total number of mode shapes used in the Rayleigh~Ritz approxi~
mation, For the present feasibility study, the response of the fully deployed
tether was only determined for a steady-state acrodynamic excitation force,
This very closely corresponds to a tethered subsatellite moving in a circular
equatorial orbit, For eccentric or inclined orbits, the aerodynamic foreing
function contains a component that has an approximate sinusoidal variation with
time and a period close to the orbital period of the orbiter. However, it should
be remarked that the period of the first few tether mode shapes is very much
smaller than the oxbital period, Therefore, no serious resonance phenomena
are expected to occur for these orbits, at least not for the fully deployed con-
dition,

The total number N that has to be used to obtain a satisfactory approxi-
mation to the actual deflection of a dynamic system depends strongly on the
forcing function itself, Because of the drastic exponential increase of the
atmospheric density with decreasing altitude, the aerodynamic excitation is
concentrated at the lower end of the tether, As a consequence of this strong
nonuniform force distribution, it takes a relatively large number of mode shapes
for convergence, This fact is illustrated in Figures 1I-21 through 11-25, 1t is
seen that satisfactory convergence requires the inclusion of 8 to 10 mode shapes.
The maximum deflection of the tether is about 6 km, i.e., about 6 percent of
its total lengih.

A more accurate analysis of the lateral tether flexibility would have to
be based on Lagrange's equation (11-9) using the previously mentioned refined
mode shapes.

K. Conclusions and Recommendations

The feasibility study conducted thus far did not expose any hazardous or
adverse dynamic response characteristics of the tethered subsatellite during its
deployment and stationkeeping phase. In fact, its dynamic behavior was unex-
pectedly favorable. Part of this can, of course, be attributed to the fact that a
rather long duration was allowed for the deployment maneuver whose initial
velocities were kept at a few millimeters per second. In practice, this would
lead to deployment times of 8 to 12 h, However, there seemed to be no objection
to allotting this amount of time to the total deployment phase, The dynamic
transients and steady-state excursions during the stationkeeping phase appeared
to be acceptable for the proposed satellite-borne experiments. Besides, there
seems to be the possibility of reducing these dynamic responses by a properly
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chosen yo-yo tether control law. This could obviate the potential necessity of
having an active reaction-jet control system on board the subsatellite, Tensile
forces in the tether were well within the strength limits of the proposed tether
materials and gauges, No dynamic resonance phenomena were observed as a
result of aerodynamic disturbances for inclined or eccentric orbits, Although
diurnal fluctuations of the atmospheric density were not simulated, they will
probably not introduce serious dynamic response problems. They will, however,
slightly increase the steady-state excursions of the subsatellite. Whereas the
dynamical effects of the Earth's oblateness were found to be negligible, its geo-
metric effects are significant. A satisfactory assessment of these would have
to be based on a more accurate definition of the atmospheric density variations
above the surface of the Earth including diurnal effects. It did not come as a
surprise that a serious dynamic problem arose during the attempt to retrieve
the subsatellite, This problem is characterized by a spectacular wrap-around
phenomenon during the last phase of the retrieval maneuver, when the sub-
satellites come into the close vicinity of the main satellite. A similar behavior
had already been observed in earlier dynamic studies that were performed to
prove the feasibility of rescuing a disabled astronaut by tether retrieval.
Since this problem and its potential solution will be discussed in a later section
of this report, it will not be pursued further here. It seems appropriate to
mention, however, that an earlier planar analysis of the retrieval phase did not
reveal this phenomenon because the tether control law could provide sufficient
damping for the in~plane motion. Therefore, it is recommended that future
analyses be performed using a three-dimensional dynamical model of the
tethered subsatellite, '

Based on the physical insight gained in the present dynamic analysis, it
is further recommended that the dynamic analysis be expanded by including
lateral tether mode shapes in both pitch plane and yaw plane. In addition, the
effect of the tethered subsatellite on the main satellite should be assessed, in
order to estimate the propellant consumption for maintaining proper attitude
and orbital position of the main satellite. This can be done in a separate analysis.
Some effort should be devoted to analyze the effect of the ionospheric plasma and
the Earth's magnetic field on the tether, Both of these effects are expected to
be small.
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Figure 11-5, Optimal yo-yo control {out-of-plane motion).
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IT1. INVESTIGATION OF A TETHERED
SUBSATELLITE CONTROL LAW

Ralph R, Kissel

A. Summary

A control law is presented which uses fension in the line, line velocity,
and length to deploy and retrieve a subsatellite up to 100 km above or below
the Shuttle or other space vehicle. The equations of motion used here are
three-dimensional hut include only the mass of the line and no other factors,
i.e., tether dynamics, atmospheric forces, elliptical orbits, etc. These addi-
tional factors are covered in detail by M. Rheinfurth in Section I1.

The results show that the subsatellite can be deployed in a stable manner
in a few hours and can be retrieved in a stable manner if enough time is avail-
able. Approximately 19 h is the minimum time required for retrieval to 5 m
from 100 km, N

The subsatellite can be positioned to any distance from any other dis-
tance and stabilized at the new position in a few hours (107 up to 120 £ 0.5 km
altitude required 1.5 h).

Feasibility of this technique will be governed by mechanical design
limitations and time allowed to stabilize at a new position.

B. Introduction

Until the work presented in this report was done, no continuous control
law was available to deploy, retrieve, or position a subsatellite suspended by a
tether up to 100 km long. This law is an extension of one developed by C. Rupp
and used by AMA in their work, The extension involves making the commanded
length in that original control law a function of the actual length rather than an
arbitrary set of commands., The particular function chosen is determined by the
desired line velocity, position, damping, and retrieval time.



C. Method

The dynamic equations used here were derived by M. Rheinfurth and
are presented elsewhere in this publication. The control law developed by
Rupp is

T = 7(,0021 + 4&)02' - 4(.00210 (m—l)
where

wy = orbital rate
¢ = tether length
£ = is commanded length

7 = commanded tether acceleration.

The tension in the tether (at Shuttle) is given by

( M\ ire

Vi
= 4 — IH~
T T Msat % ( 2)

where M_ | is the subsatellite mass and M . is the mass of wire of length £ .
sat wire

TFor purposes of optimizing the tension, the control law was expanded to
= (R® + 3) wle + 2 anoé - Riuwp’t . (11-3)

where R is the wc/ Wy W, is the control law "stretch' frequency, and { is
\ : ¢

the control law damping,



The control law extension developed here sets
L,= K + K (mI-4)

where Kj is chosen for performance and Kj is chosen for the desired deployment
velocity.

The idea for this extension was based on the old "carrot-and-stick" idea,
i.e., command a length always ahead of the present length by an amount which
will give the desired trajectory.

The valucs used for Ky and K3 are different for retrieval and deployment.
During deployment, three sets of values are used depending on the relationship
of the current length to either the phasc 1-2 mode change length or the final
length. During the initial phase, K is given a value greater than one while Ky
is set to zero. The value of K for this phase is chosen to minimize the time
te the desired velocity. When the desired velocity is reached, the second phase
begins and continues until the terminal phase begins. During ﬁl% sccond phase,
K is set to one and K3 is chosen to maintain the desired ve]oc‘ig A smooth
transition from the initial phase to the second phase requires that

Ks(phase 2) = L[K(phase 1) - 1] (I1-5)

where L is the length for changing from phase one to phasc two. The terminal
phase has K; = 0 and Kj equal to the desired final length. The terminal phase
begins when the actual length is within Ky (phase 2) units of the final length.

Retrieval works best when Kg = 0 and Kj < 1 for the entire retrieval time.
If Kj is too low, the subsatellite will go by the Shuttle; if K approaches one then
too much time is required to retrieve.

Other parameters which can he optimized together with K; and Kj are
w and ¢ o The w and ¢ are chosen primarily to minimize out~of-plane
c c c

motion during retricval. An w of four wg is theoretically optimum for best
- c

damping of out-of-plane motion.
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Station keeping is dependent on W, and ;c, but not on K;. The values
for @, and Cc will need to be chosen based on desired response and may be

different from values used during retrieval. The value for Kj is similar to
that used during the third phase of deployment, i.e., it is the desired length.

Implementing this control law may best be accomplished by a combina-
tion of digital and analog techniques. Equation (III-1) can probably best be
implemented using analog techniques while the choosing of Ky and K3 appears
simplest by digital methods.

Mechanizing the entire system has several difficulties, most of which
must still be fully resolved. These will be briefly diseusscd in the conclusions.

AN the simulations for this report were done on a desk-top HP-9830
calculator. All programs were either written especially for this problem or
were adapted from an earlier project involving similar requirements.

D. Results

Figures III-1 through OI-6 are illustrations of what could be expected.
Obviously, a large number of simulations could be done depending on the control
desired and the mission to be accomplished. Once these are specified a partic-
ular optimum solution could he worked out.

Table II-1 shows the parameter values used for the simulations in this
report. Also used were

M, = 170 kg
wire = 83 kg (100 km)
w, = 2w
£, =1

with coordinates as defined in the list of symbols.
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TABLE IH-1.

INITIAL CONDITIONS AND CONTROL VALUES

Units

m deg deg/ s deg | deg/s None m

Name Lo i 89 d g Jo Ky K3
Deploy 10 0.5 0 0 0 0 2 7 300
Retrieve 100 000 0 20 0 : 10 0 0.93 0
Station Keeping 100 000 0 20 0 10 0 0 1CG 069




Figure III-1 shows a side view of the deployment and retrieval trajec-
tories. Deployment is smooth and relatively fast, with average tether velocity
being purposely limited to approximately 8 m/ s, This limit was deemed con~
sistent with reel capability in steady state. The resultant time was 6.7 h to
stabilize at £ = 100 km (atmosphere not considered). Setting the subsatellite
out to 20 m with no initial velocity requires only 15 min more to go to 100 km.
There was a 3 km overshoot but a change of parameters during the terminal
phase could reduce this to almost any desired value.

Retri~val began with an extreme worst case, i.e., with the subsatellite
in front of the Shuttle path and slightly off to the side., Atmospbere would tend
to pull the subsatellite behind the path which other simulations show does not
cause such a low altitude to be reached as shown here. Different parameters
can minimize this effect to almost any point desired although somewhat more
time would he required and parameters would need to be changed during retrieval.
This particular retrieval required 26 h to reach 5 m below the Shuttle. The
effect of out-of-planc motion is scen towards the end of the retrieval by the
slight in-plane component.

Figure III-2 shows the same retrieval from the front, The out-of-planc
motion is clearly seen. It can also e seen how this motion is damping out as
the subsatellite approaches the Shuttle.

Figure 11I-3 shows the tether tension and velocity throughout deployment;
hoth are relatively smooth, Maximum tension at the Shuttle is approximately
93 N and maximum velocity is approximately 9 m/ s.

Figure III-4 shows tether tension and velocity during refrieval, Maxi-
mum tension at the Shuttle for this extreme casge is about 123 N and maximum
velocity is approximately 23 m/s. Velocitics vary (plus and minus) and tension
and velocity oscillate as a result of the control law trying to dampen the motion.

Tabhle 11I-2 shows the best retricval times to a given distance helow the
Shuttle that can be o “ained with this control law,

TABLE HI-2, BEST RETRIEVAL TIMES TO {
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These times can be obtained with any ¢ o and w, but their choice is

limited by the ovgpshoot and maximumn line velocity allowed. Times shorter

than those in Tijile II-2 cause the subsatellite to miss the Shuttle.

Th‘éfiaﬁt part of retrieval requires precise knowledge of the control law
parameters £, £, and 7. Table II-3 shows:#Hp, resolutions required for auto-
mated retrieval to 50 m.

TABLE II-3. RESOLUTIONS FOR AUTOMATED
RETRIEVAL TO 50 m

Parameter Range Resolution
Length 50 to 102000 m £5m
Velocity -16 to 22 m/s #£0.005 m/ s
Tensim.l. 0.001 {o 130 N | 40,0025 N

Station keeping is illustrated by two very different cases in Figures III~-5
and II-6. TFigure II-5 uses the parameters given in Table TI-1 and on page
1I1-4, and Figure III-6 shows results by cllanging“)tcﬁ@c = 4wy and (’c =

10, 'The standard parameters allow the tether length to approach 114 km and
after 2 h is within 0.5 km of the desired 100 km length. This casc clearly
could not be tolerated. Figure III-6 shows the cpposite situation in that the
line length never e -aded 101 km, and since this length did not occur directly
beneath the Sauttle, the subsatellite never even exceeded 100 km below the
Shuttle. The actual paramecters for station keeping would necessarily he
between these two extremes.

Best station keeping values (for best damping) are w, = 4wy and ¢ 0=

0.5. Approximately 8 h are needed to cut the out-of-plane amplitude in half
after an initial disturbance. Vclocity and tension are similar to that experi~
enced during the initial part of retrieval.
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Figure IM-7 shows a possible analog diagram of the reel control system.
The control law produces the desired torque and this is compared with the torque
actually existing, measungg#n this case at the motor, to produce the error
signal.

Figure III-8 shows the digital logic needed to implemaffithe sclection of
K, and K for each phase of the trajectory. The desired lengtn«s compared
with the last commanded length and the current length to make the proper
selection. Also needed is the predetermined value for changing from phase
one to phase two in deployment,

Figure III-9 shows more detail on an actual mechanm%@jon. The torque
motor uses tachometer feedback for stabilization. The length and velocity of
the tether are measured by a pulley kept in frictional contact with the tether,
The tension is measurced by a spring damper arrangement on this same pulley.
These signals are fed to the processor to produce a torque command.

Other ideas have been put forward as possible ways to deploy, retrieve,
and control the subsatellite. Iitial deployment methods include a spring
release system, a gas jet driven s;stem, and a rail or tube guided system.
Retrieval ideas include using a boom and hook, a cushioned cone or catcher,
or moving the Shuttle down to the subsatellite.

Length measurement could Le done using magnetic pulscs on the wire,
paint, and photo-optics readout, counting turns of the wire reel or counting
revolutions of a pulley held against the wire. An eccentric motor gear would
give continuous measurement.,

Direct position measurements may be possible by radar, lasci, strobe
light, received power, or measuring tether angle and Iength relative to the
Shuttle. Some of these are discussed in other parts of this publication.

Wire velocity measurement could use the Iength measurement ideas and
get a differential measurement per unit time.

Tensitytould be measured by the spring system already mentioned or
by measuring motor current.



The required motor pewer has been estimated at approximately 900 W
peak to develop about 9 N m at up to 600 rpm. Such a motor weighs approxi-
mately 50 N (10 1b). For a full 0.6 m diameter reel weighing about 3800 N
(1300 1b) this motor could produce about 0.12 m/ s linear acceleration. This
is rdequate for all control requirements. It would also be adequate for initial
deployment if 4 or 5 s is allowed for reel spin up or if a technique is used which
does not require high reel acceleration.

E. Conclusions

Deploymeant and retrieval are theoretically feasible based on these con-
trol law studies. There are several potential problem areas, however.

First, the long retricval time may limit the usefulness of the concept.
Some time can be saved by retrieving the subsatellite at some distance from
the Shuttle if a m~inod is worked out to do this, such as a long boom or moving
tha Shuitle.

Second, refrieval measurenionts just before retrieval occurs require
high resolutionr to guarantee success. A single device to measure tension,
length, and velocity to the required resolutio:: over their respective ranges
could he difficult to build. However, a scheme to divide the range into two or
more parts could reduce this difficulty.

TL.. mechanics of actually deploying and retrieving the subsatellite
could be quite involved. The subsatellite must be either given an initial velocity
or displaced from ihe Shutile for gravity gradient to become effective for further
deployment and control; several ideas have been advanced to do this. Retrieval
mechanisms must ailow for a certain error in both velocity and position at
retrieval time. They must also retrieve without damege and with guaranteed
success; ideas have also been presented to do this.

Methods of measuring length, velocity, and tension have beer advanced,
but the merits of each must still be evaluated.

High velocities were usually seen at somc ume “Auring retrieval, espec-
ially if mit.imum retrieval time was being sought., This piaces added require~
ments on the reel com.ral mechanism anc cable constructior .



The trade-off for the best control law for a given mission must be done
whenever the mission is specified. This may require, in the most complicated
case, that all control parameters be functions of time. Station keeping,
retrieval, and deployment would each have their own parameter set.

Operation above the Shuttle is the same as operation below. WMissions
being mentioned thus far require a different length and size cable for operation
above than below. This could mean another control parameter set, at worst,
but at least this would have to be investigated further.

Maximum tether acceleration has been less than 0.1 m/ s? which is not
a problem. However, initial deployment, if an initial velocity is required,
could produce a far higher value. It is this high value that sizes the reel con-
trol motor if the entire reel must be accelerated; this must be further worked
out.

The control law presented here allows freedom to stop and start from
any tether length. This simply says that the control law is continuous rather
than stepwise or arbitrary. Tension measurement is a requirement for suc-
cessful retrieval. It is not a necessity for deployment.

Further work should be done to test this contro. law in the detailed

simulation explained elsewhere in this publication. Also a hardware simulation
could be of considerable valuc once a specific mission is defined.

HI1-10
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IV. AERODYHAMICS

Kenneth D, Johnston

The aerodynamic forces and heating on the satellite and tether wire are
estimated and one possible design for acrodynamic attitude stabilization is
examined in this section. The interference of the satellite with atmospheric
probe measurements is also briefly discussed.

A. Tether Wire

The tether wire is so small (D = 0.4 mm) that the wire is in the free
molecular flow regime over the entire altitude range (altitude = 100 km). The
Knudsen number ( molecular mean free path/wire diameter) of the wire at
100 km altitude is approximately 400, and it increases at higher altitudes. A
Knudsen number of 10 or greater is sufficient to guarantee {ree molecular {low.

The aerodynamic force coefficients were estimated using Reference IV-1.
Although the free molecular force cocfficients vary somewhat with wall tem-
perature and speed ratio, the accuracy obtained by assuming these quantities
to be constant over the altitude range is considered adequate for this study,
Therefore, these quantities were taken to be constant at the values they assume
at the midaltitude of 150 km. The normal force and axial force cocfficients
for the wire are given in Figure IV-1 as a function of the angle-of-attack of the
wire.

Experimental data {rom Refcrence 1V-2 were used fo estimate the aero-
dynamic heat input to the wire. TFigure IV-2 gives the total film cocflicient,
h’l‘ (defined in the figure), as a function of altitude for free molecule flow at

right angles to the wire. The equilibrium temperature of the wire was estimated
by balancing the acrodynamic and solar heat input against the emitted radiant
energy assuming that both the absorbtivity and emissivity are equal to 0,85, All
other sources of energy input such as Earth radiation and electiric current in the
wire were ignored. Figure IV-3 gives the equilibrium wire temperature as a
function of altitude with and without solar heating.



B. Nonaei?ddynamically Stabilized Satellites

If there is no requirement for acrodynamic attittide control, simple
external shapes such as spheres or cylinders can be used. Only spheres and
cylinders are considered here. TIfour sizes ranging from 0.5 to 2 m in diameter
were chosen to bracket the probable size of the subsatellite. The speed of the
subsatellite was obtained, whenever needed, by observing that the subsatellite
and the orbiter travel at the same angular speed about the center of the Earth,

Figure IV-4 gives drag coefficients of spheres as a function of altitude.
These curves were obtained from experimental data in Reference 1V-38 for
hypersonic, rarefied [low. A different curve is obtained for each diameter at
the lower altitudes where the spheres are in the transitional flow regime, i.c.,
that flow regime between the continuum regime at low altituds ond the free
molecular regime at high altitudes. Moderate changes in hocy si 2 produce
significant changes in force coefficients in the transitional flow recime.

The aerodynamic heat input to a 1 m diameter sphere wis estimated

using experimental data {from Reference 1V-2., The total {ilm coefficient, hT,

is given in Iigure IV-5. An cnergy balance similar to that for the tether wire
was performed to find the equilibrivm temperature of the sphere. This tem-
perature is presented as a function of altitude in Fioure IV-6,

Drag cocfficients for cylinders at zcero anglé-of-attack and length-to-
diameter ratio of 2 are given in Figure IV-7. Again, the separate curves for
the different body sizes indicate the {ransitional {fow regime. A "bridging
formula' given in Relerence IV-4 and modificd in Reference 1V-5 was used to
estimate the coefficients in the transitional regime. The bridging formula
bridges the gap between the continuum and free moleculdr regimes by supplying
a curve shape based on experimental data [or similar bodigs. The free molee-
ular coelficients were obtained from Relerence V-1,

C. Aerodynamicaliy Stabilized Satellites

If acrodynamic attitude stability is desired, some syslem ol vanes must
he placed on the leeward end of the satellite to keep it pointing into the relative
wind. The foree exerted by the tether wire on the subsatellite could produce
moments which might counteract the derodynamic moments, This inlerference
could be prevented if the wire were attached at the center of gravity of the sub-
satellite, This effect might also he minimized hy locating the wire attachment

A SRODUCIBILITY OF THE
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point judiciously. The tether wire would have much less effect in the yaw plane
than in the pitch plane, so the tetlitzwire might be ignored in a first approxi-
mation for yawing motion.

For a fin surface to be effective in high altitude, low density flight, it
must be inclined at a large angle to the flow. This igbecause the 1ift curve
slope, 8 c / da, of a fin surface is very small near#éro angle -of-attack and

L
becomes much larger at greater angles-of-attack. No attempt was made to f.ad
an optimum vane configuration since the present study is only to determine
feasibility. Therefore, a simple corffiguration was chosen for convenience of
computation. This configuration consists of a lightweight 45° half-angle cone
frustum attached to a 1 m diameter spherical satellite with the apex of the
cone coinciding with the center of the sphere. To estimate the moment of
inertia of this configuration, it was assumed that the supporting structure and
skin of the cone-frustum afterbody are equivalent in mass distribution to a
0.005 in, thick aluminum conical shell. Cone base diameters of 4, 6, and 8 m
were chosen for the study. Some physic! characteristics of these bodies are
listed in Figure IV-8.

1. STATIC AERODYNAMICS

The drag coefficient of this configuration at zeroangle-of-attack is
given in Figure TV-9 as a function of altitude. These datazavere computed using
Reference IV-4 and the modified bridging formula of Reference IV~-5. The drag
coefficients are converfed to drag force in Figure IV-10 and compared with the
sphere alone drag to illustrate the penalty in drag which resulis from attaching
the afterbody. The drag force is rather large at the lower altitudes, This
drag imposes a horizontal component of tension in the wire which might limit
the size of afterbody which can be used. It would be useful to measure the ten-
sion in the wire at thg:satellite to provide an estimate of atmospheric density
by assuming that the drag coefficient is known.

A "'design altitude' of 107 km was selected for this study. The axial
force cocfficient is given as a fupction of angle~of-attack for this altitude in
TFigure IV-11. The normal force coefficient is given in Figure IV-12, The
aerodynamic moment coefficient, CM’ about the center of the sphere is given

as a function of angle~of-attack in Figure IV-13. As expected, this configura-
tion is statically stable at « = 0 since CM =0and 9 /da<0ata=0, i.c.,

M
if the body is disturbed from « =0, an serodynaiie moment is created which
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tends to drive the body back towards « = 0. However, it is not a sure thing that
the body will come to rest again at & = 0; it might oscillate with constant ampli-
tude (zero dynamic stability) or with increasing amplitude (dynamic instability).
Therefore, the dynamic stability of the configuration must be examined.

2. DYNAMIC STABILITY

Consider angular oscillations (about center of mass) in a plane (single
degree of freedom motion) with only aerodynamic torques acting, except for
the initial disturbance torque. The complicated dynamic interaction between
the tether wire and the satellite is ignored. This idealized model might be use-

ful for examining oscillatory motions in the yaw plane.

The one-dimensional equation of rotational motion is

. M M .
I = — + —_ . I‘r__
@ (8 oz) a0 ¢ (8 oz) d=a=0" (1v-1)

where

ac
oM M
—— = A = o
(a oz) @=0 ( B ) a=0 o®rEF Yrer = K

(2, [ (% Mgy )LREF_ o
&/ a=a=0 qLREF) @ "REF REF) U_
? U
o0 q:,y:()
or, in familiar form:
. C . K
@+ T et Ta=0 (1v-2)
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The quantity K is found by taking the slopes of the curves in Figure Iv-13
at @ = 0. To keep K constant and equation (IV-2) linear, the maximum angle-
of-attack must be limited to approximately 20°. The quantity

aCM

et e

5 (¢ Lggr)
U
® g=a=0

is the aerodynamic damping derivative. Its value was estimated at ~2.0 from
Reference IV-6 which uses the Newtonian impact theory that is valid for con-
tinuum flow. No attempt was made to modify the damping derivafive to account
for rarefied flow.

The solution to equation (IV-2) is

_;—t 2
at | [k _(eV,.
@ = oy sin T (21) t & 9 . (Iv-3)

'the damped natural frequency of oscillation is

_ 4 /5 c\?
t= /7" (21) [cps] (1v-4)

and the undamped natural frequency is

1 K
= 50 / > lcps] (1Iv-5)

The aerodynamic damping was so small that there was no significant difference
in natural frequency between the damped and undamped cases. The natural
frequency is given as a function of altitude in Figure IV-14, The differences
in frequency for the different sized bodies are small.



If it is assumed that at t = 6 and « = 0, the satellite is given an impulsive
angular speed, &,, the maximum angular deflection is given by ‘

= — (Iv-6)
o .
MAX K_/C )2
1 21

The maximum angle is given as a function of the initial angular speed disturbance
in Figure IV-15 for 107 km altitude. For a given &, increasing the size of the
afterbody has an adverse effect in limiting the maximum angle; this is due to the
increase in moment of inertia. However, for a given angular impulse disturbance,
Figure IV-16 shows that increasing the size of the afterbody is very effective in
limiting o MAX'
To evaluate the effectiveness of aerodynamic damping, we find the time
required, tD, for the amplitude of the oscillations to decay to 1/ ¢ of « MAX

From equation (IV-3),

to== . (v-7)

The decay time is given as a function of altitude in Figure IV-17. This time
increases rapidly with altitude, and for altitudes greater than 110 to 115 km
the aerodynamic damping is practically inelfective. Some form of internal
damping might be required for the higher allitudes.

The selection of the afterbody size will depend on the disturbances
expected, e.g., wind profiles or jerks from the tether wire, and on the maxi-
mum allowable amplitude of oscillation and decay time. No attempt was made
to estimate the disturbances to be expected.

The aerodynamic heating and equilibrium surface temperature of the
spherical satellite was given in Figures IV-5 and IV-G. The aerodynamic
heating of the conical afterbody was obtained in a similar way from experi-
mental data in Reference IV-2 and presented in Figure IV-18. The data in
Reference IV-2 are for complete cones; however, these data were used unchanged
to estimate the convective heat transfer to the cone frustums. Performing an



energy balance as before yields the equilibrium temperatures in Figure IV-19.
Separate curves were obtained for the different sized bodies at the lower alti-
tudes in the transitional flow regime.

D. Satellite Interference with Atmospheric Measurements

If an attempt is made to measure atmospheric properties, such as
density, by means of an instrument mounted at the surface of the satellite,
the measurements are likely to be far different from the values in the undisturbed
atmosphere that one would like to record. The air molecules pile up on the front
of the satellite in a shock layer as illustrated in Figure IV-20. The density,
temperature, and pressure are greatly increased above their undisturbed values,
and the air molecules are partially dissociated and ionized. One might attempt
to overcome this satellite interference by extending a probe through the shock
layer into the undisturbed freestream. The scope of this preliminary study is
limited to estimating the shock layer thickness and, therefore, the length of
probe required.

A computation method for the ideal gas flow field in the stagnation region
of a spherical body was developed by Jain and Adimurthy [IV-7] and extended
by Jain and Kumar [IV-8] to real gas and further modified by Hendricks [IV-9].
The flow field along the stagnation streamline of 2 1 m diameter sphere at 107 km
altitude was computed using this program. The ideal gas version of this program
gave reasonable agreement with experimental temperature and density profiles
[IV-7] and the real gas version gave fairly good agreement with other theoretical
solutions [IV-8 and IV-9], so these data can be treated with a reasonable degree
of confidence, although a thorough comparison with experimental data is not
available. Figure IV-21 gives the nondimensional density, temperature, and
atomic oxygen (mags fraction) profiles along the stagnation streamline as a
function of nondimensional digtance from the surface of the sphere for the case of a
noncatalytic wall, From this figure the shock layer extends approximately 1, 1
radii ahead of the sphere at this altitude, Therefore, a probe longer than 55 cm
would be required to protrude into the undisturbed freestream at 107 km; longer
probes would be required at higher altitudes. The complicated problem of the
interference of the probe with the flow field about the satellite was not considered,
The probe system will undoubtedly require much more study in the future,

v-7
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V. THERMAL STUDIES
William P, Baker

A. Summary

A preliminary thermal assessment was made to determine the external
heating rates and the resulting temperatures of a low orbit spherical satellite
and its tether wire, and to assess the thermal protection requirements to
effectively maintain the temperatures of the electronic packages and the antenna
within acceptable limits.

The resulting recommendations are to apply: (1) 3.81 ¢cm (1.5 in.) of
high performance insulation (HPI) to the external surface of the satellite shell,
and (2) 2.54 em (1 in,) of high temperature reusable surface insulation
(HRSI-LI90C) external to the satellite's antenna.

B. {introduction

The objectives were (1) to determine the thermal effects of aerodynamic,
solar, Earth radiation and albedo, and internal heat upon an Atmospheric Mag-
netospheric Plasma in Space (AMPS) tethered subsatellite and its tether wire
and (2) to study passive thermal control technigues toward maintaining accept-
able temperature limits,

Other sources [ V-1 through V-6] were used for information and calcu-
. fion techniques.

C. Analysis

The approximate aerodynamic heating rate versus altitude was determined
and plotted in Figure V-1, Figure V-2 presents a plot of aerodynamic and solar
heat as percentiles of the total external heating versus altitude. At the design
altitude (107 km), the satellite's external heat input percentages ave approxi-
mately 97 percent aerodynamic, 2 percent solar, 0,4 percent Earth radiation,
and 0, 6 percent albedo, These approximate percentages at 130 km ave 62 per-
cent aerodynamic, 27 percent solar, 5 percent Earth radiation, and 6 percent
albedo.



These assumptions were made in computing the nominal external tem-
perature of a spherical uncooled steel shell satellite versus orbital altitude
(Fig. v-3).

1. Oxidized spherical steel shell satellite
a. Mass — 100 kg
b. Diameter — 1.12m

2. Negligible convective cooling and no radiating fins — radiation from
external surface to space.

3. Random rotation of sphere; i.e., no stabilizing fins for velocity
vector control.

4. 107 km (350 kit) nominal orbital aititude of satellite; 90 min orbital
time, 7450 m/s orbital velocity.

5. 50°C maximum internal temperature limit.

6. Transitional to free molecular flow at 90 to 110 km altitude. Free
molecular flow at altitudes over 110 km. :

7. Eguilibrium or steady state conditions.

8. Circular orbit.

D. Results and Graphs

An optimum thickness 3.81 em (1.5 in.} of high performance insulation
could be applied external to the subsatellite shell to reduce the heat flow from
outside to inside.

High temperature reusable surface insulation (HRSI-LI900) can be
applied external to the subsatellite's antenna for effective temperature control.
A 2.54 em (1 in,) thickness will maintain the antenna temperature below 150°C
at altitudes down to < 107 km.



The greatest increase of the tether wire temperature occurs at
altitudes. below approximately 120 km. For example, if the subsatellite is
deployed to 107 km, the {ether cable material must withstand temperatures up
to 495°C, but only 395°C at 114 km.

Assuming a 50°C operations’ limit internal-to the satellite (experiment/
instrument package), an active and/or semi-passive thermal control system
appears to be required at the lower altitudes (130 km or less). The thermal
control system heat load may be minimized by applying passive high per-
formance insulation external to the experiment/instrument package. Figures
V-8 and V-4 show typical calculated temperatures for the external surface
and the results of reducing the internal heating load by applying HPI to the
satellite shell. The HPI retards the heating rate to give long thermal transients
to the internal portions of the satellite. Figure V-5 shows the results of
applying 3.8 em (1.5 in. ) of HPI (optimum thickness) on the transient heat up
of the experiment/instrument package. The results indicate 30 hr to achieve a
50°C temperature rise at the design altitude of 107 km. Therefore, for short
experiment times the transient nature of the passive HPI may be adequate for
thermal control.

Calculations were made to determine if high temperature rceusable sur-
face insulation (TIRSI-1,1900) can he used to limit the satellite antenna’s tem-
perature to its maximum allowable value (150°C) and to define an optimum
HRSI thickness.

TFigure V-6 indicates steady state antenna temperatures for different
thicknesses of the HRSI at the design altitude (107 km) and also for 100 km,
The antenna temperature huildup at 100 km and 107 km altitudes using 2. 54 em
(1 in, ) optimum HRSI thickness is shown on Figure V-7. Tigure V-8 indicates
the basic construction of a HRSI tile,

A temperature profile of the tether wire was calculated for 100 to 220 km
altitude (Fig. V-9), making these assumptions:

1. Wire's cylindrical axis at 90° to line of flight.
. Solar angle of incidence = 90°,

No heat conduction along the wire.

S V- R W

No electrical current flow in wire.

Steady state condition.

<t

6. Absorptance (o) = 0,9 and cunnkance (€) = 0, 8 for the wire surface.

7. Aerodynamic and solar heat input to the projected area (2rf) and heat
output by radiation from the entire cylindrical area (2arf) to deep dark space.

V-3



E. Conclusions

At some flight conditions, it appears that passive thermal control methods
will suffice to successfully maintain the temperatures of the subsatellite instru-
ments within acceptable limits. A move indepth study must be made to deter-
mine applicable ranges of altitude and/or internal heat loads.

Active cooling will be required at the design altitude, 107 km, with
the expected orbital and instrument heat loads.

Additional work is needed to refine the thermal analysis for uncontrolled
satellites, The altitudes should be determined where passive thermal control
is adequate to limit the internal temperature < 50°C. Active cooling methods
also should be investigated.

Passive thermal control schemes should be evaluated for velocity vector
controlled satellites, e.g., finned areas for thermal radiation, heat pipe applica-
tion, and external coatings.

F. References

V-1. Frank Kreith, Principles of Heat Transfer, Pemnsylvania: International
Texthook Co., 1965.

V-2, Jackson R. Stalder and David Jukoff, 'Heat Transfer to Bodies Traveling
at High Speed in the Upper Atmosphere,' NACA Report No. 944; Ames
Aevronautical Laboratory, 1948,

vV-3. A, W, Ratliff, ""Aerodynamic Heating in a Free Molecular Flow,"
Internal Note P& VE-P-65-4; Marshall Space Tlight Center, 1965,

V-4. N. H. Kemp and F. R, Ridell, '"Heat Transfer to Satellite Vehicles
Reentering the Atmosphere,' Jet Propulsion, Vol. 27, 1957, pp. 132-
139.

V-5. Robert W, Truitt, Fundamentals of Aerodynamic Heating. New York:
The Ronald Press Co., 1960,

V-6, Robert M. Van Vliet, Passive Temperature Control in the Space
Environment, New York: The MacMillan Co., 1965,



qAH (W/m’)

llil'

T

1]

10,000

l'll

T

1,000

lll]

T

100
100 150
ALTITUDE (km)

Tigure V-1. Aerodynamic heating rate versus altitude.

V-5



100

[}
ASOLAR HEATING
90

80 -

70 |

% OF TOTAL HEATING
<o
=
L]

40 +
30
20 |
o
10 r 4YAERODYNAMIC HEATING
0 1 1 1 H 1 1 )

100 125 150 175 200 225 250
ALTITUDE {km)

Tigure V-2, Aerodynamic and solar heat as percentiles of total external heat,

V-6



TEMP (°C)

1000
900
800
700

600

500

438
400

300

200

100

90
80

70
60

50

40

30

20

10

ORBITAL ALTITUDE (km}

Tigure V-3. Satellite external temperature versus altitude.

-
-

£
F x

~

[~}
— -
3 SPHERICAL UNCONTROLLED SATELLITE

AERODYNAMIC + SOLAR HEATING
- /_
AERODYNAMIC HEATING
L
-
SATELLITE EXTERNAL TEMP VS, ALTITUDE
i 1 | | | ] |

90 100 110 120 130 140 150 150



HEAT TRANSFER RATE (WATTS)

120

100

80

40

20

et

° EXTERNAL TEMP = 438°C
© INTERNAL TEMP = 50°C

RECOMMENDED FOR DESIGN

Figure V-4, High performance insulation thickness versus heat transfer

HPI THICKNESS (in.)

rate for spherical tethered satellite,



INTERNAL LIMITS

50 -
Iy 40+
o,
-9
=
ud
=
-
2 # e EXTERNAL TEMP = 438°C
E 3ok ® HPI THICKNESS =15 in.
= @ NO PWR DISSIPATION INTERNAL
E e TOSATELLITE
= @ [NITIAL SATELLITE TEMP AT
3 ® TIME 0 =0°C
-
w
g
@ 20k

10k

0 ] X 1 ! 1 1 {
0 [ 10 15 20 25 30 35

ORBITAL TIME (h}

G-A

Figure V-5. Internal heat-up rate versus orbital duration at 107 km altitude for tethered satellite.



0T~-A

ANTENNA TEMP (°C)

240

160

120

AN

MAX. TEMP. LIMIT 150°C

/

/
/

\ (OXIDIZED STEEL)

ANTENNA

INSIDE TEMP 50°C (ASSUMED)

i
———————— e T0%;  @107km O
wlv
Hi O
=%
[«]
ol
W) T
I I 1 i 1 1 i i 1 et ] I ] 1 1
0 5 1.0 15
THICKNESS (in.)

Figure V-6.

s

High temperature reusable surface insulation (HRSI-LI909)
on AMPS subsatellite antenna.



ANTENNA TEMP {°C)

160
159
140
130
120
110
100
90
80
79
60
50
40
30
20

10

@ 100 km

@107 km

ASSUMING 60 WATT
EXPERIMENT HEAT

1in. HRS!

TIME {(h}

Figure V-7, Anfenna temperature versus time,

V-i1



gI-A

0.02 in. BOROSILICATE GLASS COATING,
» =015 Ib/ft>

/ 1in. SILICA INSULATION (HRSI—L1900), o = 9 Ib/ft’

0.01 in SILICONE ELASTOMER, p = 88 Ib/ft>

0.06 in. FELT STRAIN ISOLATOR PAD, 2 = 20 lb/ft®

0.015 in. SILICONE ELASTOMER

TEMPERATURE CONTROLLED STRUCTURE
L —"" {e.9.. VEHICLE SKIN, ANTENNA)

Figure V-8. HRSI (LI900) tile — basic construction.



TEMP (°C)

700 —

500

AERODYNAMIC + SOLAR

AERODYNAMIC ONLY

' L l i ' i 1 l i i J

100

150 200
ORBITAL ALTITUDE {(km)

Figure V-9, Wire temperature versus altitude,

V-13



VI. TETHERED SUBSATELLITE
COMMUNICATIONS SYSTEM DESIGN

d. A. Dunkin

A. Summary

1. ..ntenna pattern distortions due to the tether do not appear to be a
problem if the distance between the antenna and the tether is greater than two
wavelengths.

2. Antennas suitable for the Atmosphe.ic Maghetospheric Plasma in
Space (AMPS) tethered subsatellite have been identificd which can withstand
180°C, a temperature higher than the predicted temperature of the antenna when
covered with LI-900 insulation.

3. The plasma cutoff frequency may preclude the use of S-hand com~
munications at altitudes below 110 km.

4, Most equipment for S-band operation could be off-the-shelf hardware
with a minimum of rmodification.

5. Communications at frequencies ahove S-band will require extra sup-
port equipment on the AMPS facility.

B. Introduction

The primary communication problem, which was addressecd during the
AMPS tethered subsatellite feusibility study, was to determine if a communica-
tion link could be established from the tethered subsatellite to the Orbiter using
low cost, off-the-shelf hardware. Some associated problems which were
addressed during the study were the effect of the tether on the antenna pattern,
the temperature of the subsatellite antenna, and the effect of the plasma generated
by the subsatellite on the communication link.

RF tracking of the subsatellite was not considered as a part of this study;

however, use of & scanning laser radar which is currently under development is
suggested for missions which have critical tracking requirements.

Vi-1



C. Method

The communication requirement of the tethered subsatellite are very
similar to the communication requirements of sounding rocket programs;
therefore, a good selection of flight proven, off-the-shelf communications hard-
ware is available, especially in the S-band. Since the proposed AMPS facility
will have S-band communications equipment available, a subsatellite to Orbiter
communications link margin calculation was performed for a typical S-band
system made up of off-the~shelf sounding rocket type components. The calcula-
tions were based upon the following key assumptions:

1. Subsatellite antenna gain — -2 dB

2. Receive antenna gain —+24 dB

3. Data rate — 200 kbps

4, Subsatellitc transmitter power — 1 W

5. Bit error rate — 1079

6. Receive system noise figure — 7 dB

7. Plasma cutoff is not a problem

8. Maximum range [rom Orhiter to subsatellite — 120 km
Assuming the above, the system will have a +7.7 dB maygin which is adequate,

The effect of the plasma generated hy the subsatellite was evaluated by
the method outlined by Mitchell in an article entitled, "Communications-System
Black-Out During Reentry of Large Vehicles,' Piroc. IEEE, Volume 55, No. 5,
pp. 619-626, May 1967. It was found that the S-band communications system
would be blacked out at an altitude just below 105 km, Until better data are
available on the plasma generation characteristics of the subsatellite, a con-
servative estimate is that the S-band system will operate down to an altitude

of 110 km. A graph of plasma cutoff frequency versus altitude in kilometers
is given in Figure VI-1,
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Selection of a specific antenna for the subsatellite cannot be made until
the shape and size of the subsatellite are well defined, since the antenma and
outer skin of the subsatellite are integral parts of each other. However, several
types of antennas such as planer spirals and flush mounted wrap-around antennas,
which are well suited to this application, are available commercially. Because
of the surface heating encountered by the subsatellite, the antenna must be
covered with a thermal protective shield. An excellent material for such a
shield is LI-900. LI-900 combines low dielectric constant and low loss tangent
with good thermal insulating properties. The use of LI-900 may require a
slight retuning of the antenna, which will not be a major problem.

The MSFC antenna group was consulted on the effect of the tether on the
antenna pattern. It is their best judgment based on past experience, that antenna
pattern distortions due to the tether will not be a problem if the distance beiween
the antenna and the tether is greater than 2 wavelengths.

D. Conclusion

Communications from the tethered subsatellite to the Orbiter using off-
the-shelf equipment is feasible at altitudes above 110 km. At altitudes below
110 km, the plasma cutoff frequency will force the use of C-band for communica-
tions, thereby, limiting the available equipment.

Additional work should be dou. o refine the data on the RT losses due
to the plasma generated by the subsatellite, and additional work should be done
to define a communication system operating at C-band or higher for operation
below 110 km. Also additional work needs to be done to define systems to meet
the tracking requirement of specific missions.
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APPENDIX

COMPUTATIONAL ROUTINE FOR ELIMINATING
UNKNOWN LAGRANGE MULTIPLIERS

The purpose of this appendix is to present an algorithm that eliminates
the unknown Lagrange multipliers. These multipliers enter Lagrange's equa~
tions of motion by the introduction of extraneous coordinates. As a result, the
dynamic analysis contains more coordinates than there are degrees of freedom
of the dynamical system. This mode of operation may not seem like progress
because it increases the number of equations to be solved, however, the ensuing
equations are of greater simplicity and symmetry. In addition, it enables one
to caleulate internal forces and dynamic loads of interest.

To eliminate the Lagrange multipliers, the equations of motion are

written in state space form. Thus, they make up a set of ordinary nonlinear
differential equations of first order as

. T
Di=F, +E-B A (A-1)

where EE represents the external forces acting on the system and EI the inertial

forces. The internal reaction forces are calculated from the relationship:
F.o=-B" A (A-2)

The constraint matrix B is defined by the constraint cquation as

E
il

os)
[
1

b =0 (A-3)

The Lagrange multipliers can now be climinated by carrying out the following
steps. Tirst, the equations of motion, equation {A-1), are premultiplied by
the inverse of the coefficient matrix D, which yields



k= DU(EL+E -B ) (A-4)

Secondly, the equations of constraint, equation (A-3), are differentiated with
respect to time, which yields

Bx + Bx ~b=10 . (A~5)
Inserting equation ( A-4) into equation {A-5) results in
-1 T .
BD (F.+F -B M) + Bx -b=0 (A-6)
or
- T . . ~1
BDB A =Db - Bx - BD (F,+T) (A-T7)
and finally
-1 T, -1 - . -1
A =~(BD™'B") "[b-Bx-BD (E + )] (A-8)
The reaction forces themselves can be readily obtained from eguation (A-2) as
T - T . -
F_ =+B (BD'B") [ll—Bi—BDl(EE+EI)] (A-9)

The mathematical analysis of the tethercd subsatellite docs not make use of this
algorithm because the unknown constraint force, which is the tension in the
tether, can be directly obtained from the tether control law and the viscoelastic
forces of the tether.
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