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Abstract

The contont of this Quarterly Report can be summarized as follows:

a) The tether <control law to retrieve the satellite has been modifled in
order to have a smooth retrieval trajectory of the satellite that minimizes the

thruster actlvation.

b) The satellite thrusters have been added to our rotational dynamics,fywﬂv"“w

computer code and a preliminary control loglc has been implemented to simulate

them during the retrieval mansuver,
Nl

o
c) The high resolution computer code for modelling the three-dimenslonal
dynamics of untensioned tether, SLACK3, has been made fully operative and a set

of computer simulatlions of possible tether breakages has been run.

d) The distribution of the electric fleld around an electrodynzmic tether
in vacuo severed at some length from the Shuttle has been computed with a

three~dimensional electrodynamlec computer code.

PRECEDING PAGE BLANK NOT FILMED
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1.0 INTRODUCTION

This 1s the third quarterly report submitted by SAO under contract
NAS8-36160, "The Investigation of Tethered Satelllte System Dynamics," Dr.
Enrlco Lorenzini, PI, and covers the perlod from 15 February 1985 through 14 May

1985,

2.0 TECHNICAL ACTIVITY DURING REPORTING PERIOD AND PROGRAM STATUS
2.1 Retrleval Control Law

The existing verslon of the DUMBEL program including the rotation of the
subsatellite does not have a retrieval control law, but is easily modified to
include varlious control laws. For thie project a modifled version of the
control law used in program TETHER has been incorperated into DUMBEL. The
TETHER program developed at Marshall Space Elight Center uses a tension control
law of the form:

1 = my(wd(€ — £5) + 3wi(L + BOOM) (2.1.1)

- + 26cwe (8-£2))

where

r = tethgr tension :

= effective mass (mgar + mMrzra/2)
. = control law damping

w, = orbital frequency

BOOM = boom length

£ = tether length

Lo = £,0 00035 |, yoom - ' (2.1.2)
£. = -,00035¢4, :

neglecting the effect of the boom, the control frequency is

I
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We = 2W, (2.1.3)

The time t, is the time measured from the start of retrieval, Tha first
term keeps the retrieval on a specified time schedule, the second provides the
equilibrium tenslion required to support the subsatellite, and the third provides
damping and controls the rate of retrievai. The control law 4s used in
conjunction with thrusters teo allow rapld retrieval, The law may be used with
arbltrary initial conditions. For a 20 km tether, the Initial commanded

retrleval rate ls 700 cm/sec.

2.1,1 BRetrieval At A Constant In~Plane Deflectlion Angle =~

The equation of motion for the lIln-plane deflection, if we neglect the

tether mass, is

Fo = ma(flcosd+2(0 + w,) (Lcomsd — Ldsing) + 3Lwicom # cos ¢ sin §) (2.1.4)

Where m; is the satellite mass. If we have ¢ = ¢ =4 = Fy = 0,

then the equation of motlon reduces to
0 = mg(2wo + 3Lwdcos b sinb)

Solving for the retrieval rate we have

¢ = —g—lwacosﬂsiﬁﬂ | (2.1.5).
L= —at (2.1.6)

where
x = %wocosﬂsinﬁ (2.1.7)

The distance £ as a function of time is, by integration
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4 L = ¢omot {(2.1.8)
i
if; The acceleration is
% " The equation of motlion of the radial variable is
* r o= ma(l - €3 = LcosIp(d + w)? + Lwl, — 3twicosifcosid)  (2.1.10)
If we have ¢ = ¢ = § = 0, the eguation reduces to
r = my(f — 3twdcosif) (2.1.11)

In order to implement a tension control law we need to evaluate £ in order to
calculate the tension r, For retrieval at a constant angle #, the acceleration

is, from eguations (2,1.9) and {2.1.7)

{ = ot = Zwlcos?d sin?hl (2.1.12)

w0

Putting equation {2.1.12) into equation (2.1,11) glves
r = mz(%wa cos?f sin?ft ~ 3lwicos?d) = 3mylwd cos?d (% sin?d - 1) (2.1,13)

In the equation for the tenslon, the distance £ should be measured from the

orbltal center of the system. For a system of masses m; = .Shuttle and my; =

satellite, the distance of m; from the center of mass of t'ﬁe system 1is

ﬂmj,/ (m; + mz) '

For a slmple harmeonic osclllator of frequency «, the critical damping

coefflclent is

b = 2mw (2.1.14)

For the in-plane variable f, the frequency s \/Ew,,. For the out-of-plane
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varlable ¢ the frequency is 2w, and the critl.al damping cosfficlent is 4mw,.

In equation (2.1.4) we soe from the last toerm that the restoring term is
approximately Iméwdl for small angles, The gtilffness is therefore 3mwl, sinca
£f is the in-plane displacement, For the out-of-plane variable the astiffness

obtained for small displacements is 4mwi.

In the contrel law of equation {2.1.1) the first term is demigned to keep
the motion along the trajectory proscrlbed by the commanded length., The
stlffness ls the same as the out-of-plane rastoring stiffnass. The last term is
designed to provide damplng and uses the coefficlent for critical damping wf
out-of-plane oscillations. The middle term iz deslgned to provide +the

equilibrium tenslon necessary to balance the gravity gradient,

The retrieval profile given in equation (2.1.2) will produce an in-plane
displacement which can be calculated from equation (2.1.7). With w, =
.00113137, the retrieval angle for a = ,00035 is 12.18 degrees. The initlial

retrieval rate for a 20 km tether is al, = 7 m/sec.

The first term in equation (2.1.1) is not necessary for malntalning the
stabllity of the retrleval. As an alternative to forcing the retrieval to
"catch up" to a desired time table, one could omit the first term and allew the
retrieval to proceed in a natural way and determline the time required for
retrleval from a hanging position. The difference between this time and the
time calculated from the commanded length can he used as a correction factor to
adjust the start time of the retrieval to iustaln a desired termination time.
The first term can have the effect of forecing the retrieval in a way that may
not hauve a beneflcial effect on stabllity. The value of ﬂc in the last term

does not necessarlly have to be computed from £.. It could be computed as
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bo = —at (2.1.15)
This should promote stability by bringing the retrieval reto to the value
necessary for maintainlng the desired retrieval angle for the actual tength of
the wirae at any partlculer time. If the rgY¥irleval ls on a perfect trajectory
the first and third tarms will be zero since £ = £, and £ = £;. The second term
should then provide the tension necessary to maintaln a perfect retrieval
trajectory, The second term in equatlon (2.1.1) is obtalned by setting { =90 =
0 in ‘egquation (2.1.11). A more accuratc expression can be obtalned by taking
into account the disceleratlon, the dependence of the tension on the in-plane
angle, and the correction for the locatlon of the center of mass of the system.
The center of mass Ais not exactly the same as the point of =zero radial
acceleratlion but the difference can be neglected for this purposa, An

alternative control law taking into account the above conslderations is

r = 3m lwi cos’ﬂc(% sinifg = 1ymy/ (my 4+ mz) + 4w, (l - ﬁq) {2.1.16)
vhere
ﬂc = -af
3 3
a = Ewuccsﬂcsinﬂc = Zw.,sin(29°)

In equation (2.1.16) the angle 0. is a fixed parameter of the tether control
law. The wvalue of #. deteruines the duration of the maneuver. It also
represents the inclination of the steady state trajectory followed by the

gatellite durling retrlieval.
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2,1,2 BSoftware Modificatlons -

There are two verasions of DUMBEL. One has rotation of the subsatollite and
the other does not. The verslon with rotatlon does not have many of the speclal
featuraes included in the other version., In order to have an initlal in-plane
displacemaent In the rotational version it was necessary to add some subroutines
from the other version. This turned out to be more difficult than anticipated
because the numberlng of the maesses in <the rotatlonal version is roversed from
that used in the other version and in SKYHOOK, For conslstency it was declided
to change the numbering system in the rotationasl verslon to agree with that used
in the other programs. Changes had to be made in programs COORD, DIFROT,
DUMBEL, ROTCOCRD, and SETUP., Subrout!mas INITIAL, EQUIL, and LAUNCH have bheon
added ta the rotatlonal version so that runs can be done wlth initial
displacement in the in-plane and out-of-plane directlons, and initial retrieval

valocitles,

In order to be able to plot the orientation of the subsatalllite in varlous
" goordlnate systems, the output 6f the program has been changed to Ainclude the
rotational part of the state vector. The postprocessor has bsen modified to
plet the orientation of the subsatellite in the rotating orbital coordinate
system. This was done by adding subroutines ROTCOORD, ELEM, and ANGROT to the

postprocessor which has been renamed RSTAVEC.

A second postprocessor PLOTEIL has alsoc been modified to provide addltional
information, Program PLOTEIL plots the ln-plane, out-of-plane and radlal
components of the posltion of the satelllte. For constant wire length, the
in-plane component glves a good representatlon of the in-plane angle. However,
during retrieval the angles must be computed at each output. point from the

components since the wire length ls constantly chenging. The progran has been
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changed to plot tho Ain-plane aw: out-of-plane angles so that the rotirieval can

be monitored to meo Lf the rotrieval angle ls constant,

Implementation of a tonslon control retrioval algorithm in DUMBEL is
relatively straightforward, The tension is computed in subroutine BETUP, The
control laws glven by equation (2.1,1) and equatisn (2.1.16) have beon
implemented with contrel parameters that allow various combinations of terms to
be used, The program can be run in either the rotrleval mode or the steady
state mode, Varlous debugging runs were done until the program appeared to be
glving correct results, One bug in partlcular kept making the run go unstable

very quickly by applyling too much tenslion,

2,1.3 Computer Simulatlions -

A set of computer simulations has been done to test the retrieval control
algorithm in DUMBEL. The software modiflcatlions described in the previous
section have been donme concurrently with the test runs. The following
parameters have been used in the runs. A 550 kg subsatellite is deployed upward
on a 20 km tether from a 100 metric ton Shuttle in a clreular orblt at 400 km,
(Atmospheric drag is not included in these simulations, so that the results are

not significantly dependent on altltude.)

Aﬁ initial test run was done wlth rotation but the run was not completed
because the integration was too slow. Using the actual moments of lnertia of
the subsatellite gives a relatively short perlod for rotatlon under the
restoring torque of the tension in the wire. This slews down the numerical
integration, The run was terminated at about 4000 seconds of orbital time with
thé subsatellite at 4.8 km from the Shuttle with an ln-plane displacement of

12.42 degrees. Equation 2.1.16 was used without the correctlion for center of
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monasg,

Binca the rotatlonal dynamlcs is not nocessary for studylng the retricval
algorithms it wos decidoed to put the retrleval faclility into the version wlthout
rotationnl dynamics which has the advantego of rapld numerlcel Intoegration, The
firat run with the program was dene with the contrel law of aquatlon (2.1.16)
without the canter of mass correctlon., Thoe run was tarminatod at 14,800 soronds
of orbital time with thoe subsatellite 100,9 meters from the BShuttle, Tha
distance oxpected in a perfect retrieval at this time using equation {(2,1.8) ls
112 meters. The in-plane angle at the end of the run was 12.44 degreas, The
initlal conditicns for the run wera with tho tether displaced 12,1846 degroes in
the in-plane directlon and a retrleval velocity of 7 meters/scc. Plote of the
llveratlion angles showed no out~of-plane displacement, and o decaying ln-planec
oscillatlon cosvarging to 12,44 dagrees, Flgure 2,.L.)1 shows a plot of the

In=plans ang)® {n degrees vs, time in seconds.

The second test run was done with the rotational version of DUMBEL, Since
the slow integratlon is caused by the short period rotation of the subsatellite,
the moments of lnertla of the subsatelllito were arbltrarlly increased by a
factor of 1000 in corder to see Lf rapid intogratlon could be achieved for the
long runs required during retrleval. The run was terminatod at 18,200 second
with the subgsatellite at 32 meters. The Integration proceeded raplidly, The
distance from the Shuttle expected from equation (2.1.8) is 34 meters. Tho
final value of the in-plane angle was 11.59 dagrees. A plot of fha in-plane
angle shows osclillatlons which are not damped and appear to be lnereasing at the
end of the run, Flgure 2.1.2 shows a plot of the in~plane angle in degrees vs,
time in seconds. The algorithm does not at present treat the difference between

the; attachment point and the center of mass of the satelllte in a completely

.rigorous manner, The rotaticnal dynamics may be affecting the retrieval
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slightly.

_The third test run was done using the control law of equation (2.1,1) with
BOOM = 50 meters, and £, = L. The run went unstable and the in-plane angle
reached 90° at 8500 seconds, The wire lesngth was 1.6 km., The run was done
wlthout rotatlonal dynamles., The initlal conditions have the tether at 12,18
dagrees froﬁ the vertical in the in-plane directlon and an Lnitlal retrieval

velocity of 7 metergs/sec.

In order to test the effectlveness of the damping in the algorithm for
removing Iinitlal transients, a fourth run was done starting with the wire
vertical and the subsatellite stationary. The run was terminated at 21,600
seconds wlth the subsatellite at 11,32 meters (since the boom length = 12 meters
this simulates a complete retrleval maneuver). The value calculated from
equation (2.1.8) is 10.4 meters, The oscillations of the in-plane angle were
well damped, decreaslﬂg by about a factor of 2 on each oscillation. The flnal
angle was 12,44 degrees. Figure 2.1.3 shows a plot of the in-plane angle in
degrees vs. time in seconds. The run was without rotational dynamies. This
run was very well behaved in contrast to the third run. However the final value
of the in-plane angle is clearly different from thé value of 12,1846 used in
computing the control law constants. The run used equation (2.1.16) without the

center of mass corraectlon.

For the flfth run, the correction factor for the center of gravity of the
system was included in equation (2.1.,16). The tether was inltially displaced
12.18 degrees in the in-plane direction and the initlal retrieval velocity was 7
m/sec, The run was termlnated at 21,600 seconds wlth the subsatelllite 10.28
meters from the Shuttle. The theoretically expected final distance Lls 10.42

meters, The small oscillations present initially in the in-plané angle were
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well dampaed and the final in-plane angle was 12,1843 degrees, in close agreemont

with the thovretically expected value of 12,1846,

Three more test runs have been done in an effort to ldentify the causa of
the instabillity in the third run. In the sixth run, equation (2.1.16) was used
along with the first term of equation (2.1.1). The boom length we‘ set to zero,
Initial condlitions were with the tether displaced 12,1846 degrees ln-plane and
an initlal retrieval veloecity of 7 meters/sec. The run was terminated at 10,700
seconds wlth a final wire length of 463 meters, The theoretical value of this
time is 472 meters. The in-plane angle was stable and the final value was 12,26

degrees.

The seventh run  was done with the second and third terms of equation
{(2.1.1) and the same initial conditions. The run was terminated at 10,100
seconds and the final wire length was 178 meters, The theaoretical value is 583
meters at this time. The final angle was 17,16 degrees, It is apparent from
the results that too much tension is belng applied by the algourithm and the

result is a too rapld retrleval with a large -n-plane displacement.

The elghth run was done with the same parameters as the third run but
setting the boom length equal to zero. The run was unstable at the same point

as in the third run.
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2,1.4 Coneclusiong -~

The results of the computer simulatlons show that Lt is possible
(noglecting effects such as atmospheric drag) to devise a countrol law using only
length, and length rate information that will bring in the subsatellite along a
straight line at a desired angle with good damping of LIn-plane oscillatlions
(without any lin-plane thrusters). The success of the control law depends on
accurately modelling the tension necesgsary to keep the system In equillbrium at
the deslred retrieval angle, Effects that must be accounted for are the
dependence of the gravity gradient on the in-plane angle, the deceleratlion of
the subsatellite, and the position of the center of mass of the system. The
control law has little effect agailnst out~of~plane osclllations which can be
handled. by thrusters. The effects of atmespheric drag can alse be handled by

thrusters.

2,2 Implementation Of Thrusters In Rotational Dynamics Program

The TSS currently under consideration will have thrusters in the in-plene,
out-of-plane, and in-line directlons, and another thruster for controlling
rotation about the vertlical axis of the satelllte, It is assumed that the
tension in the wire will allign the subsatellite attltude along the direction of
the wire. The thrusters will be used to control llbratlons during retrleval.
In order to implement the thruster algorithms it Le necessary to construct unit
Vecfors in the direction of firing of the thrusters and calculate the swing

velocities in the in-plane and cut-of-plane directlons.
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2.2,1 In-Plane And Cut~0f-Plane Unlt Vectors -

There are a numbar of coordinate systems finvolvod in simulating the use of
thrusters on-board the subsatellite. The position, veloclty, and orlentation of
the subsatellite, and tha positlon and velocity of the Shuttle are integrated in
inertial coordinates. Since the thrusters are attached to the subsatelllte, thae
direction of firing is specified by the direction cosine matrix glving the
subsatelllte orlentation. For this initial analysis it is assumed that the
orlentation of the subsatellite ls controlled so that the thrusters polint in the

in-plane, out-of-plane, and in-line dlrections.

The first task 18 to construct unit vectors in the direction of the
thrusters. If B, and V; are the position and velecity cf the Shuttle, the

normal to the orbit is
N=PF xV, (2.2.1)

The direction of the wire is

where ﬁg is the pusition of the subsatellite, The direction of the in-plane

thruster Ls glven by

The out-of-plane vector is

o] -
Ueyr = W x Uy
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2,2.2 Libration Velocity Of The Subsatellite -

The objective of the use of thrusters durlng retrioval is to eliminate
librations that could build up and cause unstable behavior, The Ainput to the
corntrol algorithm L1ls the 1llbration veloclity. In order to calculate this
quantlity it is necessary to know what the veloclty of the subsatellite would be
in lnertlial space Lif the subsatellite were not 1librating. The difference
between thls and the actual veloclty 1s then the libration. The components of
thls veloclty along the In-plane and out-of-plane vectors give the in-plane and

out-of-plane llbration velocities,

If there is no libration, the vwhole tethered system rotates like a rigld

body with the normal to the orbit as the axls of rotation. The unit vector

normal to the orblt is

a = N/|§|

i

where N is glven by equatlon (2.2.1). The veloecity of the subsatellite is in

the directlion

It
o1
-

P
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The ratio of the subsatellite veloclty to the Shuttle veloelity Lls p3/p1 wlthout
libration. FEor & clyrcular orbit the velochty of the subsatellite should be in
the direction of Q. However, in an eccentric orbit, there will ba a radlal
component of the veloclty except at perigee and apogee. In an eccentric orbit
there is no uniformly rotating orbital reference frame so that it Lls not clear
what the velocity of the subsatellite should be without libration, However, ln
an attempt to deflne an approximate rotating reference system, the radial
valocity of the Shuttle has been accounted for in caleulating the directlon of
the subsatellite velocity without libration. The angle by which the Shuttle

veloclty deviates from that of a perfect circular orbit is approximately
a = By.Vi/(p1vi)

The unit vector for the direction of the subsatellite veloelty 1s +then

constructed as
4 = 8/ps + abu/p
The magnitude of the veloclty of‘the subsataelllte 1is
va = vip/p1

go that the vector velocity for the subsatellite without libration is

The libratlon veloclity is then
AV; = \73 - V;

where V; is the actual velocity of the subsatellite. The in-plane component of

the llbration is
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Vix = AVyiy
and the out-of-plane component 1s
Vour = AV Uour

There will of course also be a radial component of AV but this ls not needed for

the thruster control algorithm.

2,2.3 Software Implementatlion Of Coordinato Systems For Thruster Algorlthms -

The equations developed in sectlons 2.2.1 and 2.2.2 have been coded in
subroutine INOUT (Z, DV, T, WIRE, VIN, UOUT), when Z is the state vector for the
Shuttle and subsatellite, DV is the libratlon veloelty in lnertlal coordinates,
T is the time, and WIRE, UIN and UQUT, are unlt vacters In tha radial, in-plane,

and out~of-plane directlons.

A calling program has been written to read Z and call INOUT for testing
purposes. A debugging version of the program was written to print the various
vactors computed. Tests have been done with no libratlon angle, an in-plane and
an out-of-plane displacement of the subsatellite for a clrecular orblt, All
quantities have been checked against hand calculations. The tests have baen
repeated with a slight eccentricity to see that the vectors change in an

appropriate manner,

Since the tests of the subroutine seemed satlsfactory the subroutine was
put into the DUMBEﬁ program. It is called from subroutine DIFFUN which computes
the time derivative of each component of the state wvector of the system. A
number of test runs have bkeen dene and the debugging print examlned te make sure

the results are reasonable. The first test run was with no libration. The
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differantial volecity was zere as it should be., Runs weore done with an ln=-plene
displacement only, snd on out-of-plene displacement only, in an oquatorial
orbkit, The DUMBEL program has s simplifled facility for sotting up Inltiaml
libration angles written for equatorial orblts only, A tost run was dono at 289
inclination with no libration., The differential valoclty was zoro as Lt should
be, A firnal run was done at: a 45° orbital Iinclination with an in-plane
displecement introduced manually in the initial conditlons, The output shows an
in-plane component: of the differential veloclity, ne out-of-plane component and a

silght radlal componont,

2,2,.4 Critlcal Damping Of Librations With Thrusters -

For a simple harmonic osclllator the eritical demping coefflelent is 2mw,

where w is the frequency and m is the mass, For Iin-plens librations, the

frequency of osclllatlon is \/3&% vhere w, is the orbltal frequeney. For

cut-of-plane oscillations w = 2w,, The critical damping c<oefficlents are

therefore
by = ‘Zm: */Ew,,
and
boyr = 2m32w, = 4mgy,
The thrust required to provide critical damping is, for each component:,
Emg = —bm Vin

EFour = = bour Vour.

¢ g

T At

[E——
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2,2,5 Computer Simuletions Of Thrusters For Crltical Dampling =~

A couple of test runs have been done uslng the algorithms for critical
dumping. In tho first run theo toether was glven an out~of-plono displacement of
10 degrees., Tho simulation was run for 5000 seconds, The out-of-planc
displacement approached the rest position exponentlially without overshooting,
Tho times correspondlng to 10¢, l°, ,1° and ,01° were 0, 1700, 29606, 4100
seconds. The amplitude decays by a factor of ten overy 1200 seconds, Bocause
of the coupling between the in-<plene and out~of-plane angles, the out~of-planc
motlon induced an in-plane osclllation of about %,8°, This Iln-plane esclllation
vas not damped., Flg., 2.2.4 shows the out-of-plane angle vs., time, and Flg,

2,2,5 shows the In-plane angle vs. time.

In the second test run, the tether was glven an in-plane displacement of
102, There was no out-of-plane oscillatlon as expected, since the in-plane
oscilllation doms not couple to the out-of-plane ag long as the out-of-planae
displacement is zero., The ln~plane anglo returned exponentlally te zero, The
times when the angle was 10, 1, .1 and .0l degrees wers ¢, 200, 3400, and 4800
seconds, The time to densy by a factor of 10 is about 1400 second;. Eigure

2,2.6 shows the in-plane angle vs. time.
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“.3 Black Tether Studlas

The slack tether simulatlon program BSLACK3 has been enhanced to make the
threa dimenslonal verslon fully usable, and to improve handling of difflcult

cases. Several case studies have beon run and are presented here.

The Ainfluence of tether viscous damping is examined and found to be

possibly significant, both for the physlcal tether and our attempts to model it.

2.3,1 B5lackd Modification And Utlllizatlon -

During the reporting periaod SAO has enhanced and modified the SLACK3 slack
tether simulation program, A series of case studles suggested by Mr, C. C., Rupp
of NASA were run. Difficulties encountered with these runs led to further

modificatlions to the bounce handling routines.

2.3.1.1 Program Modlflcatlons And Enhancements -

As features (such as beoom rotation) were added to SLACK3, the number of
inpu£ parameters increased also, until the arcane input procedure requlred
approached in complexity that of SKYHOOK, In particular, Ainteractive runs
involved a long dialpgue with much room for operator error and frustfétlon. In
the current version of SLACK3, a set of lexlcal routines developed for SKYHOOK
(under NASA Grants NAG5-325 and NAGS5-458) were used to create a "menu": most
parameters now have default values (e.g. a 1/2 tonne subsatellite, deployed
upward 20 km) which are displayed lnitlally; 4if the user wishes to change, say,
the angle at which the tether is deployed she will then enter and ldentifier

"tether.angle"; ALf the identifier is followed by the appropriate number of
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parameters (e.g. "tether.angle -35,0 0.0") they are accepted, and otherwise the
program prompts for the apecific quantitles. In addition to being '"user
friendly" for interactive use, thls structure makes the input file for batch
processing much more readable, since each non-default parameter is clearly
ldentiflied. Most input 1ls alsc done in approprlate units, a.g, km instead of
em, degrees instead of radlans, The tether propertles can be entered elther as

simple material properties (such as E) or as speclfic tether propertles (AE).

Other enhancements te SLACK3 are:
- The boom origin need no longer be at the Shuttle center of gravity. An

(%,y:2) may be specified.

- Thrusters on board the Shuttle may be fired. Rather than "operating” the

Shuttle’'s partlecular thruster conflguration, the user must speclfy an

acceleration value, direction and lnitiatlon tilme.

In addition to the enhanced features, several modiflcations were made to
SLACK3 to aveld "infinite loop" type situatlons encountered while running the
case studies described below} Some of these studies Ainvolved, for instance,
long time scales for whlch the program had not been tested and ghich led to
" problems witlh the machine roundoff. The root finding routine, REFINE, was made
substantially more robust: the interval error tolerance is checked to ensure
that it is not smaller than the machine's precision (a problem possible to run

into when using an absolute input %olerance and the time value becomes larger

than previcusly experienced); correctiva action is taken if the interval does.

net shrink; and as a last resort, the proklem is solved with the inefflcient
bué infallible blsection method (the major algorithm is modifled regular fﬂlﬁi).
The method of choosing the left (sarly) limit of the interval containing the
root in BOOMTIME was analyzed and modified to avold the occaslonal case where an

interval not contalning the root was chosen (due to roundoff, root-finder
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truncation, atc.) when finding the next bounce between the boom and mass 1 after
a given such bounce; the default left 1limlt in such a case ls the actual bounce
time, and small errors make this tlme not speclfiable preclsely so that one must
check and occaslonally adjust this left limit, One case study, which as
discussed below is actually physically unsultable for SLACK3 simulation, still
leads to an infinite loop type of fallure; though this is a symptom of the
underlying physics, we shall attempt +teo Ilmprove the program so as to avold

outright failure,

2.3.1.2 Case Studies Of Tether Break Situations -

At the suggestion of Mr, C. C, Rupp of NASA, we have used SLACK3 to study
saveral speclfic examples of operatlional Ainterest. All cases Anvelved an
alectrodynamic tether deployed straight up, with the hoom deployed 35° backward
from vertical. No avoidance maneuvers {retatlon, thrusters) were made. Tether
properties of 4 = 0.3 cm, g = 0,08 g/cm, and AE = 0,6 x 10° dynes were used;
the damping was set to zero slince the correct value i1s uncertaln and damplng may
have serious ramifications for the SLACK3 model (see Secticon 2.3.2 below). The
initlal configurations were sllightly perturbed, the same relative perturbations
being employed in each case. Each case was run for approximately the same
physical time felativé to a crude time scale defined by the cut length divided

by the recoil velocity.

Two serles of cases were simulated: First, a set with the tether fully
deployed to 20 km and severed at 1, 10 and 20 km. Second, breaks at 0.5 km from
the Shuttle with orliginal deployed tether lengths of 1 km, 10 km and 20 km. For
the 1 km original tether,; a 2 Newton thruster was included by using a tension

"fudge factor" of 2.0 (since the gravity gradient tension 1s about 2.08 N)

R

R
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doubling the recoll velocity.

The results of these simulatlons are shown in Figures 2,3.,1 through 2.3,5,

in the familliar SKYHOOK slde-view and front-view serles of snapshots,

In Filgure 2.3,1, the 20/1 case (20 km deployed tether cut at 1 km from the
Shuttle), the recoll velocity is relatlvely rapid, and we see that initlally the
tether ls brought: forward of the Shuttle by Coricllis force, largely missing the
Shuttle; after passing the Shuttle and becoming extendad in the downward
direction, alr drag forces and an overall "bounce" frem the initial forward
direction take over and the configuratlon becomes trailing., It is not clear
vhether this <treiling poslition is permanent or whether there will be another
overall bounce bringing the tether back forvard teo lmpinge on the Shuttle; one
caze dascribed in the flrst quarterly report Iindlcated that for at least some
tether lengths the tralllng positlisn is stable, If of lnterest, this case could

be carrled further.

The behavior shown in Flgure 2.3.2, the 20/10 <c¢ase, Lls surprisingly
different. The tether crumples up slightly on receoll, then gravity gradient
forces take effect and stralghten it out agaln only te have the elastic tether
"sounce!" back in a second receoll, and so forth. The simulation 4id not go
nearly as far relative to the recoll time scale as that in Eigure 2.3.1 because
the attempts to come into tensian at the overall "bounces" greatly lncrease the
number of ball-and-spring bounces which in turn determines tha computational
affort; this-caseiterminated on exceeding a cpu time limit. The Shuttle 1s
clearly safe from thé vast majoerity of thé tether in this case, since most of it
doces not have the energy Lo overcome the gravity gradlient force, but it could
hecome entangled with the portibn near Lltself. This might be clarified by a

simulation with =egments strongly bunched in the region near the Shuttle, and a
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modification of the plot routine to allow plotting only the first few gegments.

There L8 no figure for the 20/20 case. The bouncing behavior due to
insufficient recoll veloclty noticed In the 20/10 case would be, of course, aven
more'pronounced, and led to an infinite bounce cycle, Thls fallure ls being

studied, but the overall behavlior should be about as in the 20/10 case.

Figure 2,3.3 shows the 20/.5 case. This is simllar to the 20/l case, with
the same recocll velocity but even less tether remnant. The overell forward
contribution of the Coriolis force ls not so pronounced (since it dows nwt have
as much time in which to act), hence neither is the rearward bounce; the drag
also does not have as much time in whlch to act. figure 2.3.,4, the 10/.5 case,
ls similar, wlth less forward Coriolis (hence less bounce back) and more drag,
due to the decreased velocity and lengthened time scale. Interaction:wlth the

Shuttle is not clear in elther case but seams likely.

Figure 2.3.5, the 1/.5 case, showzs the result of a comparatively slow
recolil: drag dominates completely, At least for the inltial recoil the tether
stays as clear of the Shuttle as one could desire, though there is some
indication that the tether may bounce forward, leading to impact., This case
terminated due to excess cpu time: the dominant drag tends to bring the tether

into tenslon, leading to frequent ball-and-spring bounces.
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2.3,1.3 Fallurss And DLiCficult Cases: Impllcations For The Model -

Thosa cases which eilther falled or took lnordlnato amounts of computer tlme
due to large numbers of bounces, both in the above simulatlions and from provious
axparience, tend to be those cases Iln whlch c¢ne expects the tether to be brought
into tension, as by gravity gradiont or drag forces, The reason ie simplet
SLACK3 assumes thet all the sogments jolning it's component masses are nlack,
axcapt at infinltosimally short "bounces," When the physical slituation requlres
that tho (continuous, physical) tothor becomes taut and stretches for some
finlte time, the program can only try to approximate this by placing the
ball-and-spring bounces closer and closer together. Sometimes Lt appeusra to
make a reagonable approximation, as when the tether whlps past the Shuttle and
robounds at the opposlte axtension, but other cases simply prove too difflicult,
(One might also harbor doubts about these seemingly well handled cases, although

the physically appealing behavior of the simulatlons lends some confldence.)

Inltially, we had hopod that Lt might be possible to handle the cases Iln
vhich sogments remain in tensilon for finite perlods, wlthin the s=same
ball~and-spring model, it now appears that adeguate numerleal/analytical
handling of the tensioned crse would not only be a majer programming task but
would be computationally expensiveo, The number of masses required for reallstlc
simulations (thirty or more) and the large number of bounces (into and out of
tenslon) occupy substantial, though not prohibitive, computer time when the only
calculations are simple root finding and frae trajectery calculatlon. Taut
tether calculations, which woula involve elther integrating sets of differential
mquations directly or eigénsolutions to large (though sparse) non-symmetric
matrices which would keep changing in form and slze as segments come lnto and
out of tension, 1is likely to be much more expensive,. Some Aimpreclse, but

perhaps reasonable, approaches to lncludlng taut segments at least crudely have
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boon suggested and may be tried Lf thoy seom feasible after furthor oxaminatlon.

Tt is interesting to note the following: our assumptlol, of a completely
free tether recoll leads to a configuration on leas of tension in vwhich tho
tothor is travelling with a uniform veloclty and Ls oxtended to just Ltas natural
length. Immediately, at one ond 1t interacts with the doployment boam, but
throughout the tother the gravity gradient forces act to stroteh the tather and
bring Lt uniformly, immedliately and simultaneously linto tonslon. (This was a
primary influenco behind introducing randomization into the simulation,.) Indead,
1£ should have boaen tensloning the teth ¢ ALmmediately behind the wave of
detonsioning., Physically, of course, we know this will not happon in such a
eleoan and immediate fashlon; this is an artifact of turning on the forces only
aftor the Aldealized elastic recoll, The initimsl 1loss of tension process
seamingly needs further study with the gravity gradient, and possikly Coriells

and drag, forces taken into account.

2,3.2 Tether Properties And Implications -

Viscous damping in the tether has not been given the attention Lt deserves.
In general, this damping determines a wavelength below which tether csclllations
cannot be sustalned., More particularly, with regard to the SLACK3 model, it
also defines a segment size below which the damping forces dominate the
ball~and~spring bounce forces whlch SLACK3 primarily deals wlth; including
damping approximately is insufficlent if it is so severe that a pair of masses
will + sver exit from a bounce between them. As we shall sae below, 1t appears
that for socme not untypical cases (e.g. 30 segments for a 500 meter tether
remnant) the segment length 1s comparable to the wavelength for critical

damping.
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Toe have a handy intultive summary figure, one related to the lnternsl
dynamics of the tother which are the current focugs of our work, define a
"wavelength for critical damping" of longltudinal tether oscillation modaes:
Wepir = o Cy /\/FKE. This Ls found by sapplving the dampod wava equation to a
system with flxed boundary conditions at 0 and L, performing the standard
separation of varinbles, and examining the behavior of cach mede. The modes are
slnusolds having wavelengths W, = 2L/n; those moden fpr which W, > Wepir aro
osclllatory, though dampod; thosa modes for which W, < VWmr aro
non~oscillatory, showing only the exponentially damped behavior. Note that this
critical wavelength depends only on the tether properties, not on the length of
the system. Another way nf thinking of this crltlcal length is that a froely
hanging tether of length less than about L/2 (we have not actually dono thi!
calesulation vyet)should posasess no oscillatory longltudinal modes. Attempts to
include this internal damping (as opposed to external demping such as motlen
through a fluid) in the calculations for lateral ("plucked string") oscllilatlons
have resulted in a term coupling with the Ilongitudlnal osclllations. The

affacts of this term are not clear and are stlll under study,

We have two sources of Iinformation as to the damping in the tether
material, both provided by Martin Marletta Corporation. Thaese sources appear to
differ substantially., Flrst, thare is a June 1983 report ("Analysis of Tethered
Sntellite Orbital Dynamics for Salected Mission Profiles, by Bodley and Park)
which uses a value Cy = 9,19 x 104 at one polnt in its analysis (p. 54); the
source of this number 1s not clear, and it may be a prelimlnary value., Second,
an intevnal report on "Tether Testing” dated September 1983 was kindly provided
by A. C, Park of MMC; this veport gives a "per cent damping" for an
experimental =etup consieting of a mass hanging on the end of a length of

tetlier. We have calculated the damping coeffleient from the experimental report
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(but see the caveats ‘aw), and convertod the earller number to tho samo (mks)

units, In asummary:

- From the experimental data, AE wm 105 kg*m/B% and Cy ~ 200 lkg-m/s
("averaging" the experiments deseribaed), These imply a critlcally damped
wavelengtl: for tether longltudinal osclllatlons of about 25 meters (say,

betwaen 10 and 100) .

= The value Cy = 9,19 2 10* kg-km/hr given In the ",,, Orbital Dynamics ..."
report, when converted to mks system becomes 2.6 x 10* kg-m/s. This is
about 100 times greater than the value calculated from the experimental
"data above, and implies a critlically damped wavelength of about 5 km. (The
values for AE and p, converted to mks, are consiatent with the experimental

AE and assumed 3 mm Kevlar at 1.5 g/ce denslty.)

Our Ainterpretatlon of the experlmental results, houavar. is somavhat
uncertain sinca (1) the precise testing and computation procedures used were not
clear, and (2) nelther the direct experimental results nor s derived materlal
property (Cy) were reported, hut a "per cent damping", presumebly the damping
ratio for the experimental setup consisting of a 4.5 kg mass on the end of an 11

or 21 m "spring."

These calculatlions have been sent to A. C. Park at MMC for his comments and
any light he may be able to shed on them. In any event, the implied critlcal

-damplng scale, even of the smaller (y value, 1ls still significant for our

studles and deserves }ufﬁﬂgf'éxﬁgéiﬁéﬁﬁéi"Héféfﬁfﬁagfaﬁfmw”"'“-“”“
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2.3,3 High Resolution Loas-Of-Tension Model -

There has been ne effort on this task ir the present raeporting perlod,
Dasirable extenslons are the correct inclusion of danping (debugylng a feature
already coded), and the inclusion of gravity gradlent force (whlch would retaln
the one-dimensional nature of the problem} and posslibly Corielis and drog,

following the discusslon of Sectlon 2.3.1,3,

2.3.4 Analytical Studies Of The Slack Tether Problem ~

There has been insufficient effort on this task In the present reporting
period to report. Llkely directions for continulng investigation Include:
transverse motions; tether constltutive relationa, in particular determination
of reallistic constitutive relations for single~component and multl-component
tethers from experimental data in hand; calculatlion of characteristls loop size
for a "collapsing”" tether after a break. This latter wlll have Airect

glignificance to tether safety lusues.

2.3.5 Concluding Remarks -

The slack tether simulation program SLACK3 has been extended, made more
aasy to use, and made more resistant to fallure. BSevaral case studlies have been

simulated and analyzed. The relative effects of drag, Coriolls force, and the

rebound of the tether after passing the Shuttle are beginning +o become

apparent., Cases in which SLACK3 has difficulty have been examined and found to
stem primarily from physical sltuations where an actual tether would tend to
come fully taut, These are Intrinsically difficult for SLACK3 to handle with

its current completely slack segment model. Future work with SLACK3 should
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include minor debugging and running of cases of operational interest to NASA.
Some effort may be glven to modlfying SLACK3 to operate at least sufficlently in
taut cases, though a complete solution to this problem seems prohibltively
difficult, An analytlc study of the sltuatlons in which the cut tether falls to
fully recell past the BShuttle due to gravity gradient and other forces |is
underway and should clarlfy, or at least allow one to prediet, those cases

causing trouble to SLACKJ.

The influence of tather properties, partlicularly the viscous damping Cy, on
slack tether mnedeling has been examined., Experimental data appuar to be
preliminary, but those few avallable span the range in which the damping may
sgriously affect both the cut traether's physical hehavior and our ability to

model it. Daflnitlve experiment is highly recommended,

Analytical studies are expected to progress in the next reﬁortlng period.
Anticlipated resulks are an estimate of the slze of loops formed when the
recolling tether "buckles" in analogy with a column, The loop scale has obvious
Implliecations for tether safety studies. The high-resclution ball-and-spring
model for tether breaks, which complements the analytic studlss, may be enhanced
to include damping and gravity gradient forces; out of line forces such as

Coriolis, dreg and bending stiffness might also be included,
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2.4 Numerical Calculatlons Of The Electrlc Field Around An Electrodynamic
Tether

2.4.1 Ceneral -

The evaluation of the potentlal hazards assoclated with the operation of an
electrodynamlc tether on %oard the Shuttle Orbiter requires a thorough modeling'
of the plasma environment in which the tether 1s embedded, As an inltial step,
we have embarked on an analytical effort under the simplifying assumption that
the tether is deployed in vacuo., This initlal effort will provide us with
reference values against whlch we will compare the distribution of the electric
field arcund the tether when plasma parameters will be Lintroduced into the

analysis,

In the first quarterly report we calculated the electric fleld at the tip
nf a 20 kilometer long wire, moving through the earth's magnetlic fleld, modeled
as a 40 kiloﬁeter long prolate spheroid in vacuo. The assumption was made that
the spacecraft to which the other end of the wire is attached could be.modeled
as an Infinite ground plane. It was shown In that report that the sphaercidal
model (which has a radius of curvature of 0,5 A (5 x 10°% em) at its ends,
therefore a dimension less than the diameter of an atom) is not a reallstic
representation of the electric field near the end of & physical wire. In fact,
that model predicted an electrlc field of 1.145 teravolts/meter at a distance of

1 A from the end of the wire‘and 4,5 teravolts/meter at the end of the wire. It

was estimated in the flrst quarterly report that the electrié fleld predicted by
the spheroidal model was high by a factor of 2 x 107, This estimate was based
on the assumption that the end of the ﬁire was spherical and of the same
dlameter as the wire. To determine what the electric fleld would be, still in

vacuo, at the end of a wire modeled as a uniform circular ecylinder with a planar
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end, wa have starkted to adopt a program which wns oriqginally written to
calculate magnetic scalar potential with a closed boundery tn calculate electric
field with an open boundary. The mesh on which the program ilteratively solvas
Leplace's equation was replaced wlth one in which the mesh spacing varles
goometrically. Thus in the neighborhood of the wire the axial lines are spacad
0.1 mm apart while at the outer ecdge of the mesh the spacing has increased to

several meters.

Since the prolate sphereid is an excellent model of the far fleld of a thin
wire, we have chosen to initiallze the grid wlth potential values calculated by

the spharoidal model.

2.4.2 Boftware Program Development -

Te minimize the numerlical problems encountered in the modeling of a leong
wire with an aspect ratio of 2 x 107 wa tested the new program with a 400 meter:
long cylinder of 0,33 meter radius in vacuo., The grid on which the potentials
are calculated extends axially from a polnt 44,25 ﬁaters beyond the end of the
cylinder and radlally from the axls of the cylinder to a distance of 40,15
meters from its axis, This distance resulted from the cholce of a test grid 80
mesh boxes long and 40 mesh boxes in radius; with a mash width of 10 em ot the
end of the cy;inder and a geometrlec factor of 1,1, Thus if the mesh box at the

end of the cylinder is A; cm on each side, the mesh size n grid lines from the

Tend will bBe 1.1 n Ay, Naturally only mésh boxes which lte-omr-—s—dizgonal - line . . .

extending from the end of the cylinder at an angle of 45° to tho axis wiil be
square. A list of the axial and radial coordinates of the grid and the mesh box

lengths and widths is given in Table 2.4.1.
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Table 2.4.1 Coordinates and mesh box dimensions for the grid,
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2.4.,3 Interpretutlon OF Plots Cenerated By The Code Leplace -

The grid was Ainitialized with the spheroidal functlon on the a«sumptlon
that the electric fleld !n which the cvlinder is immarsed ls otherwlse uniform
and of magnitude 1 volt/meter., The reglon occupied by the cylinder from mesh
box 1 through mesh bex 40 in the exinl direction and from mesh box 1 through
mesh box 3 in the radial directlon ls then set to zaero %o ropresent the =zero
potentlal cylinder, A plot of the electric equipotentlal surfaces around the
end of the wilre ls shown in Figure 2.4.1., The grid which represents a region
84,404 metors long of radius 40.145 meters is actually 22.85 ecm long. The two
aqulpotuntial lines at the top are spaced 2 cm apart on the axis., Sinee the
equipotential lines are spaced 10.98 volis apart this lindicates an average axial
slactrical field E; of 1.486 volt/meter., The calculated slectric fleld for this
reglon is shown in Table 2,4.2 from which we see an axlsl electriec field of
-1.42 volt/meter at position I=0, J=74. The electric flelds printsd in the
flgures are celculated zt the center of the edges of the mesh boxes as shown in
Figure 2.4.2.

The maximum electric fleld calculated for position I=3, J=39 is E, = -620,33
V/m, Ex = 81%,05 V/m. This value is not very accurate, because the potentlals
on the cylinder were set to zero whlle the potentials external to the cylinder
were calculated in the absence of the cylinder. A more representative electric

field 1s given at position T=0, J=40, when E, = 0 V/m and E; = -121.03 V/m.

___Using the calculated potentlals on .the top .and botton. edges--of—the gridy -
the outride radlue and the surface of the cyllinder as boundary conditions, the
potential at all other points were calculated numeflcally using the Liekermann
net procedure. A nlot eof the resulting electric fileld is shown in Flgure 2.4.3,
The axial electric field at positlon I=0, J=74 is shown in Table 2.4.3 as E; =

1.85 V/m. The maximum electric field agaln occurs at position I=3, J=39, where
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Figure 2.4.1 Analytical calculation of equipotential surfaces of the electric
fleld around a preolate spheroid embedded in an otherwise uniform field.
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calculated potentials.
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V(I,J+1) V(I+1,J+1)

T
| |

E,(I,J)

—— i —— gy op—

—_—— ——p
v(I,J) E (L,9)

L

(I+1,J)

Figure 2.4.2 This diagram shows the position at which E, and E: are calculated
for each mesh box., The riaming convention adopted ls that each electric field is
labeled by the coordinates (I,J) of the lower left hand corner of the mesh box.
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Er = ~»235.69 V/m and E;, = -187.03 ¥/m. This result ims corroct because tha zorn
cylinder potential waus one of the boundary conditiona for the numerical
calculation. Tho axlal fleld at I=0, J=40 is shown to be ~115.76 V/m and at

I=0, J=39 as E, = ~-124,35 V/m,

The plots and tables of electric field shown here were calculated to teat
the new software program ln a relatlively easy cage. When a wire modeled as a
cylinder 4000 m long and 2 mm diameter was aalculated, we found that roundetff
arror caused numerlcal instabllity in the analytlc functions used to initliallize
the grid. These functlons are correctly calculated in double precision on a
Control Data com;uter (29 places) but the shorter word length of tho VAX does

not permlt their use, We are testing approximation techniques to calculate the

function

1
log (5"1

in the limit as € approaches 1.

This modliflcation of the software program (which 1s not yet complete at the

time of this writing) will be Llllustrated in the next quarterly report.
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Figure 2.4,3 Numerical computation of equipotential surfeces as in Figure 2.4.1,
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Table 2.4.3 Values of electric field computed on the basls of numerlcally

calculated potentials,
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3,0 PROBLEMS ENCOUNTERED DURING REPORTING PERIOD

Bignificant progress has been mede in the development of tho
three~dimanslonnl eloatrodynamic computer code for the evaluation of the
olactric potential around a severed tether in vacuo. HNumerical rasults for a
test case tether severance with a short tethar length are presented in this
quartarly report, Longer tethers are still difficult to deal with bocause of
numerical accuracy problems. These problems have impeded us to show plots of
the olectric fleld around a se¢vered tother of substantlial tother length,
Hoﬁever, n solution to this problem has boen singled out and computations for

longer tethers will be performed during the next reporting period,

4.0 ACTIVITY PLANNED FOR THE NEXT REPORTING PERIOD

The study of retrleval control algorithms will be continued with some study
of the stabiliﬁy of simple rate control laws., The study of thruster control
algorithms will be continued wlth possible toples including econtrol of
out-of-plane librations, vyaw contrel, use of the in-lline thruster, and the

effect of rigild body rotations of the subsatellite.

Future work with SLACK3 will include minor debugging and running of cases
of operational Ainterest to NASA. The capabllity to acceleraste the Shuttle in
order to aveid the recolling tother will be implemented in the computer code and
cases will be run. Analytical studies on tether detensioning are expected to
progress in the next reporting period, Antleclpated results are an estimate of
the size of the loops when the recolling tether "buckles" in analogy with a

column,
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The ccomputer code for electric fleld computations wlll be improved. The
electric fisld around tethers in vacuo severed far from the Shuttle will be
computed, Modlflecatlon of this computer code to include plasma characteristics
appears to be much more complicated than expected. buring the next reportlng
perlod simplified computations with the plasma will be attempted to have

indications on the potentlally hazardous sltustions.
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