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Satellite Attitude Stabilization Through
Kite-Like Tether Configuration

K. D. Kumar* and T. Yasaka®
Kyushu University, Fukuoka 812-8581, Japan

A novel method for attitude stabilization of satellites using flexible tethers is presented. The feasibility of achieving
desired attitude control of a satellite is explored. The proposed controller model assumes a downward deployment
of a small auxiliary mass from the satellite through a kite-like tether configuration. The Lagrangian formulation
approach is utilized to develop the governing system of nonlinear ordinary differential equations for the pro-
posed constrained system. Results of numerical simulations of the nonlinear governing equations of motion and a
stability analysis of motion-in-the-small undertaken indicate the feasibility of achieving desired attitude control.
Furthermore, the stability analysis leads to useful design criteria in the form of inequality constraints on the system
parameters. Finally, the attitude performance of the proposed system is compared with one-tether and two-tether

systems.
Nomenclature
ab = &, or &, when &, = dy; b, or b, when b, = b,
a;, b; = z,x coordinates or horizontal, vertical offsets of
tether attachment points A (i =1) and B (i =2)
R in the satellite S-x,yyzy coordinate frame, m
&i»bz = ai/chf»bi/chf
C = EA/(mZchfQZ)
Cj = C{l—-e)/(1+ecost)Pe;U;, j=1,2,3
Ce = cosine of angle ¢
D = tether junction
EA = tether modulus of rigidity, N
e = orbital eccentricity
fi = ith constraint function
I = satellite principal centroidal moments of inertia
about k axis, k =x, y, z, kg-m?
I, = satellite mass distribution parameter;
(Iy - I:)/I\'
L = distance between satellite mass center
and tether junction, that is, distance SD, m
L, = value of L at system equilibrium, m
L; = stretched jth tether length, m
Lo = unstreched jth tether length, m
L. = referencelength; (I, /m,)"/?, m
Ly = L when tether strain is zero, m
L, = distance between satellite mass center
and auxiliary mass, that is, distance SE, m
Ly = L,atf=0,thatis, Lo+ L3y, m
l = L/chf
le = Le/l‘rcf
lj = Lj /chf
lj(l = LjU/chf
l,g = 110 Orlz() when 110=120
10 = LU/chf
I = [l'atf =0

critical or minimum dimensionless
tether length 3o and [y, respectively

0
(130)0‘» (lr())cr
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Lao = L40/chf
I = ljatf6=0
m = satellite mass, kg
my = auxiliary mass, kg
= generalized force corresponding
to generalized coordinate g
R = orbital radius, m
R, = semimajor axis of the system center of mass, m
S = satellite mass center
S-xyz = satellite body coordinate
S-x,y,z, = coordinate frame describing L
S-X0Yozo = coordinate axes in the local vertical frame
T = kinetic energy of the system, N-m
uj = unit function, 1 for&; >0 and O fore; <0
Vv = potential energy of the system, N-m
o = satellite pitch angle, deg
o = aatf=0,deg
o = ad'atf=0
B = in-plane swing angle of L, deg
Be = P atsystem equilibrium, deg
Bo = pBatf=0,deg
0 = patf=0,deg
y = angle between the line SE and L, deg
Yo = yatfd=0,deg
Yo = y'atf0=0,deg
&j = jth tether strain
¢ = angle between tethers AD and BD
at tether junction, deg
0 = true anomaly as measured
from the reference line, deg
A; = Lagrange multiplier for ith constraint
Y = [1/(myL22)][(1 — ) /(1 +ecos)'A,,
i=1,2,...,
" = Earth’s gravitational constant, m*/s?
¢ = in-plane swing angle of L;, deg
bo = ¢atf=0,deg
o8 = ¢ atfd =0, deg
Q = mean angular velocity (u/R3)"?, rad/s
(er = critical or minimum value of (-)
@5 = () for jthtether, j=1,2,3
(Do = (Datf=0
), ) = d(-)/do and d*(-)/d6?, respectively
[ () inax absolute maximum amplitudes of (-)

Introduction
HE advent of tethered satellite systems (TSS)! marks the
beginning of a new era in space research. Several interesting
spaceapplicationsof tethers® have been proposedand analyzed. The
earlier methods suggested for ensuring satellite librational stability
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through a single tether-mass attachment were based on feedback
control of the controlmoment by regulating tether lengths or offsets
alone, or in combination with established active control devices.' ~©
Some of the contemporary investigations focused on the deploy-
ment of a subsatellite mass through two or more tethers. Misra
and Diamond’ proposed a TSS model composed of a subsatellite
and a main satellite body connected by two extensible, but mass-
less tethers. They considered the TSS motion in a circular orbit
along with tether in-plane motion, out-of-plane motion, and lon-
gitudinal oscillations. Ciardo and Bergamaschi® considered three-
dimensional attitude motion of the two-tether system. They consid-
ered tether in-plane and out-of-plane swing angles without tether
tension variations. They used linearized equations of motion to ob-
tain simulation results. Banerjee and Kane’ proposed the concept
of pulling on tethers to control the pitching stability of an auxiliary
space platform connected by two tethers to a space station. Kumar'°
studied the attitude stabilization of the satellite moving in a circular
orbitusing two tethers. The case of such a satellite moving in elliptic
orbits was considered by Kumar and Kumar,!!"!? and they showed
that the achievement of nearly passive satellite pointing stability by
using two tethers appears feasible.

Itis found from the precedingresearchthat the most simple tether
configuration of a single tether connecting the main satellite to the
auxiliary mass requires feedback control to achieve desired attitude
control of the satellite and that the two-tether system providesbetter
satelliteattitude precision compared to one-tethersystem. However,
the two-tether system is more complex, and, as it involves two long
tethers, there exists a possibility of their entanglements. Therefore,
in order to solve these problems and take the benefit of two-tether
configuration, the present study on the proposed kite-like tether
configuration was undertaken.

The Lagrangian formulation procedure is utilized to obtain the
governingordinarydifferentialequationsof motion for the proposed
constrained system moving in an elliptic orbit. Because of the rela-
tively short tether length considered in this study, it is assumed that
the tether dynamics does not affect the orbital dynamics. Next, a
first-order pitching stability analysis is undertaken to determine the
necessarydesign limits on system parameters. Finally, for a detailed
assessment of the proposed attitude control strategy the set of exact
governing equations of motion is numerically integrated.

Proposed Satellite Attitude Controller Model
and Equations of Motion

The investigationis initiated by formulating the equations of mo-
tion of the proposed satellite controller moving in an elliptic orbit.
The proposed controllermodel assumes a downward deploymentof
a small auxiliary mass from the satellite through a kite-like tether
configuration (Fig. 1). Two identical tethers are attached to the satel-
lite at two distinct points symmetrically offset from its mass center
and below the satellite’s principal z axis. The other ends of the two
tethers are connected to a tether deploying the auxiliary mass in
kite-like configuration.

The auxiliary mass m, is assumed to be much smaller than the
main satellite mass m, and treated as particle. The tethers, made of
a light material like Kevlar®, are assumed to have negligible mass.
Their damping effects and transverse vibrations are ignored. To fa-
cilitate analytical treatment of the problem only, the case involving
in-plane angular motion has been investigated. The satellite is as-
sumed to be vertically above the ground station while passing over
the ascending node. The corresponding nodal line represents the
referenceline in orbit for the measurement of the true anomaly. The
coordinate frame x,y,z, passing through the system center of mass
S represents the orbital reference frame. Here, the x, axis is taken
along normal to the orbital plane, y, axis points along the local ver-
tical, and z, axis represents the third axis of this right-handedframe.
The orientation of the satellite is specified by a rotation « (pitch)
about the x axis. The corresponding satellite principal body-fixed
coordinate frame is denoted by S-xyz. For the variable length L
joining the satellite mass center S and tether junction D, the angle
B denotes rotation about the axis normal to the orbital plane and is
referred as the in-plane swing angle. The resulting coordinateframe
associated with this vectoris denotedby S-x,y, z,. The system under
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Fig. 1 Geometry of kite-like tethered satellite configuration.

considerationhas 10 generalizedcoordinates:satellite pitch rotation
(), L (Iength L and angle B), tether strains (¢, j = 1,2, 3), ¢, ¥,
¢, and L. For convenience of system representation and response
simulation, the governing relations are expressed in dimensionless
form. The preceding generalized variables are not independent be-
cause they are related through dimensionless constraints as follows:

fi=1 —[a+ b +1* - 2a,lsin(e — B)

ol

—2i)llcos(oz = ﬂ)] =0

fo=1 —[a + b2+ 12 + 24,0 sin(e — B)
~ is
—2bylcos@ — B)]* =0

fi=2hle, =1} =13+ (@ +d) =0
5
f1 = g3u; — [(£1u1)2 + (6,u5) + 2£1u132u2c<] =0
fs = esuzsing — g u,(a, cosa — i)l sina 4+ IsinB8) /1,
— &ylty (—Gy cosa — by sina + 1 sinB)/l, =0

Jo=U+1lcos(B—@)tany —l3sin(B —¢) =0

L
fr=Iy—lcosy — (2 = Psin?y)* =0 (1)

where l; =1;0(1 +¢;), j=1,2,3; ¢, = cosg.

To apply the Lagrangian approach for the formulation of the sys-
tem equations of motion, the expressions for the system kinetic
energy T as well as the potential energy V are first obtained:

1 Lo 1 . 3 a .
T =0m +m2)(R2+6*R*) + Emz[Li +@6+ 8- y)LY
1 3 1 N2
+5 L0 +)

JZ 1
V=-Zm+m)+2

=3[, + (I. — 1,) cos 2]}

(i + 1, + 1)

1 1 :
+5oymall - 3cos’(B — y)IL; + R Z Ljgiu;  (2)

j=1
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The term u; in the potential energy expression is simply a unit
function, the use of which precludesany negative strain in the tether.

The Lagrangianequationsof motion correspondingto the various
generalized coordinates indicated earlier can be obtained using the
general relation

d[ar aT 9V . af
dt(aq'> 57 T~ LA, @

where g is the generalized coordinate.

By substitutingthe generalizedcoordinatesin the precedingequa-
tions and carrying out the algebraic manipulation and nondimen-
sionalization, we get the following governing nonlinear, coupled
ordinary differentialequationsof motion in the dimensionless form.

Satellite pitch («):

(14 ecos®)a” —2(1 + a')esinf — 1.51, sin(2w)
— Mlayl cos(a — B) — bl sin(a — B1/h
+ Ma[ayl cos(e — B) + byl sin(e — B)1/ 1
— As[—&,u, (=4, sina — b, cosa)/l;
— gyuy (Gp sine — by cosa) /1] =0 @)
Vector L, in-plane swing (8):

(1+ecosO)(B" —y")y —=2[14+ (B — y')]esinb
+1.5sin[2(B —y)] +2(1 +ecos®)(1 + B — ¥}/ 1s
—{=nlal costa — B) — byl sin(@ — B)1/1,

+ Al @l cos(a — B) + bal sin(e — B)1/ 12

—As(equy /1y + euy /1)l cos B

— ghltany sin(B — @) + cos(B — 91} /12 =0 (5)
Vector L, dimensionless length (/):

—Mill — ay sin(a — B) — by cos(a — B)1/1; — As[l + és sin(e — B)
— 132 cos(a — B)1/ 1y — As(equy /1y + gaus /1) sin B
+Agtany + A; (I —lycosy)/(ly —lcosy) =0 ©6)

Tether strain (&;):

Cilig — Mg — 2x3L0(cc by — 1) + Aauy (81 + cr8ou5) [ (83U3)

+ Ashott, (&) cosa — by sina + Isin ) /12 = 0 @)
Tether strain (&,):
Colog — halyg — 2h3h (e ly — ) + Aaua (62 + crequy) /(83u3)
+ Aslyts (—as cosa — i)z sina + [ sin ﬂ)/l; =0 8)
Cosine of angle ¢:c,:
2031l — Agequi8aus [(83u3) =0 9)
Tether strain (&3):

Csl3y — Az — Asuz sing — Aglzp[tany cos(B — ¢) — sin(B — ¢)]

4+ A7l3l30 /(14 —lcosy) =0 (10)
Angle ¢:
Asesuz cos ¢ + Agls[tany sin(f — ¢) +cos(B — )] =0 (11)
Angle y:

(1+ecosO)(B" —y")y —=2[14+ (B — y')]esinb
+1.5sin[2(8 — ¥)] +2(1 + ecosO)(1 + ' — y))I, /1,

+ {—A(,[l + l3 cos(B — ¢)]/ cos’y

+ Al siny /(ls — Leosy)} 12 =0 (12)

Dimensionless length Ly (l4):
(1+ecosO)l —2lesing — I,(1 + ecos)(1 + ' — y')?

+l4[1—3cosz(ﬂ—y)]—k7 =0 (13)

where

hi =[1/ (maL2,22)]1(1 = €3) /(1 + e cosO)F A,
i=1,2,...,7

Cj =Cl( - &)/ +ecosO)e,;U;, i=1,2,3

By solving Eqgs. (7-13),A;,i =1,2, ..., 7 are obtained as follows:
A= Cy —2x3(cely — 1) + dguy (81 + creruz) [(Liggsusz)

+ Asit, (@, cosa — by sina +Isin B) /12 (14)
Ay =Cy —2h3(ccly — L) + Agus (6 + coequy) [(lpe3us)

+ Asitr(—d, cosa — by sina + [ sinB) /12 (15)
Az = hag1ur&uy/ (2l Lesus) (16)
Aa = {C3l3p — Asuz sing — Aglzo[tany cos(8 — @) — sin(8 — ¢)]

4+ Aqlslso /(4 — Lcosy)}/us (17)
As = —Agls[tany sin(B — @) + cos(B — ¢)]/e3us cos ¢ (18)
rs = ({(1 +ecos®)(B” —y") —2[1+ (B' — y")lesind

+ 1.5sin[2(8 — )] +2(1 + ecosO) (1 + B — y)I,/ 1,}2

4+ Aqllysiny /(I — L cos y)) cos’ y /[l + Lscos(B — ¢)] (19)
A= (1+ecos)l] —2esind — L,(1+ecosd)(1+ B —y)?

+1,[1 =3 cos’(B — y)] (20)

The preceding expressions for A, X,, As, Ag, and A; are substi-
tuted in Eqgs. (4-6). Then y', [, and y”, ] are obtained in terms of
o, B, 'anda”, B", 1", o', B', I, respectively,by carrying out differ-
entiation of Egs. (1) and are substitutedin Eqs. (4-6). The resulting
equations are the equations of motion of the proposed tether system
witha, B, and [ as independentcoordinatesor degrees of freedom of
the system. The equations of motion with the constraint equations
for simplified cases of one-tether and two-tether systems>”-10-12
can be obtained from the preceding equations of motion with con-
strained equations by applying the conditionsa =13 =0, C =C/2,
and l3p =0, respectively.

Stability Analysis

The stability analysis is undertaken with a view to studying the
nature of motion-in-the-small around the nominal system equilib-
rium configuration. The linearization of the governing system of
equations of motion for e =0 around the equilibrium position to-
gether with the consideration of finite tensions always present in
the tethers in nominal equilibriumconfiguration and also during the
motion-in-the-small, the unit functionsu; =1, j =1, 2, 3, and ne-
glecting second- and higher-order terms in the perturbed variables
and some suitable approximations based on an order of magnitude
analysis of the coefficients lead to the following set of governing
linear differential equations:

(1 - dl)O{” + dlﬁ” + (_31, + dz)O{

—(dy + 3130 /lp)B + ds81 = 0 1))

(@ /)a" + (1~ d, /)8~ (o)
+(3+dy/13)p+dsl =0 (22)

ds8l" + dgsl = 0 (23)
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where
4a*12 C* . 2a*C 4l50a*C?
d, = +, dy = | 3lyb + > dy = %
lo lo 9ol
43,aC? Lo 2y 2C
dy=—=2—  g=(1+2)(1+22), ==
! 912,12 ° Iy Iy S

The characteristic equation for the system now takes the form

2 d(, 4 1 dl
S+— S +————F—— |- (BL+d)| 1 -
ds d; +d1/lfo— 1 I3

dd 3l d d

Lo lo /13 lio

1+d[@d, —1)/2 —1
+dled )/‘“’2 ][(—31,+d2)<3+%>
(di+di /13- 1) Lo

(o2 -
140 Lo

The conditions for system stability can be stated as

dg >0
L + b/} 1
[—3+31,+3d1(1—%/“> —d2<1+7>1| >0
140 140
I + /1
—31,+d2<1—+/0> >0 (25)
40

On substituting the expressions for the various parameters in the
preceding inequalities, the approximate conditions for stability are
as follows:

!
lfn >1I, + £l
lo
L 242C I, + Ly /1
(317140 + )(1 - 23“/ “) > 31, (26)
ly 140

In dimensional form the preceding conditions for stability can be
expressed as

mZLzzm > Iy - I: + IX(L3U/LU)

2a2EA> [1 I, = L+ L(Lso/Lo)

T } >3(I, — L)

<3m2bL40 +

2
my Ly,

27

Results and Discussion

With a view to study the attitude performance of the proposed
system, the detailed system attitude response is numerically simu-
lated using Eqs. (1), (4-6), and (14-20) with the initial conditions:
ag=By=0, ly=1,, I, =0 and assuming @, = a, =d, b,=b,=b,
and [,y = l,p = 1,¢. If we take the same values of oy and g, that is,
say 0.001, then the dependent variables have the initial values as
Yo=¢0 =0,y,=1,=0,¢;,=0.001.

For known starting values of independent variables o, By, [y,
ag, By, and [; at each step of numerical integration, we first
solve for dependent variables ¢y, &, ¢,, &3, ¥, ¢, and I, using
the constraint relations (1). The substitution of these dependent
variables as well as y’,[; and y”,l} in terms of o', B’,1' and
o, B 1", o, B, I, respectively, into Egs. (14-20) enables the de-
terminationof A;,i =1, 2, ..., 7. The values of the dependent vari-
ables (&1, &, ¢, &3, 7,0, L),y I, y", 1l and };,i=1,2,...,7
thus explicitly available are utilized to compute the new values of
the variables at the end of the step through integration of the set of

I=1 o, =P, =0.001
— @, =p,=-0.001 — a,=p,=0001  —I=1 —1=0 --I=l

— 0.2
0

-0.2
0.2

-0.2
- 0.2

-0.2

0.04

-0.04
0

Orbits Orbits

Fig. 2 Typicalsystem librational response as affected by pitching rates
and satellite mass distribution I,: e=0, C=7Xx 105, 1,9 =0.2,13 =5, and
a=b=0.04.

the differential equations (4—6). The integration is carried out us-
ing the International Mathematical and Statistical Library routine
DDASPG based on the Petzoid—Gear backward differentiation for-
mula method. To validate the accuracy of simulation results of the
proposed system, the results for simplified cases of one-tether and
two-tether systems have been obtained. It was found that they fully
match the results already published in the literature 27-10-12

Figure 2 shows the effects of initial pitching rates and satellite
mass distribution parameter /, on system librational response. Re-
gardless of the nature of initial pitching rates, the system remains
stable with low amplitude of motion in all cases considered. The
stable characteristicsof the system may be caused by the generation
of control moments through differential changes in tether tensions
as the satellite drifts. In general, the increase of initial pitching rate
disturbances leads to an increase in system librational amplitudes,
as expected. The order of increase in the amplitudes of all libra-
tional angles follows the same trend, except angle ¢, which has a
relatively small increase in amplitude. With regard to the effect of
I, on system librational response, it is observed that, for the case of
a satellite with the most stable mass distributionin terms of gravity
gradient signified by I, = —1, the system librational angles «, B,
and ¢ have the same stable and low amplitudes of oscillation with
the maximum value of 0.033 deg. However, the librational angle
y remains almost zero. As satellite mass distribution parameter I,
changes from —1 to the most unstable satellite distribution signi-
fied by 1, the system librational angles «, B, and y have the same
stable and high amplitudes of oscillation with the maximum value
of 0.24 deg. However, the librational angle ¢ has relatively low am-
plitudes of oscillations with the maximum value of 0.046 deg. The
change of behavior of librational angles y and ¢ can be attributed to
the change of gravitationalmoment from thatin the precedingcases.

The effects of tether lengths /,y and /3y on system librational re-
sponse are shown in Fig. 3. As tether length /,, is increased from
l,0=0.2 to 1, the maximum amplitudes of librational oscillations
of a and B decrease considerably from 0.24 to 0.05 deg. The am-
plitudes of librational oscillations of y get further reduced with
maximum value as 0.016 deg. However, there are very small de-
crease in the maximum amplitudes of oscillation of angle ¢, that
is, 0.046-0.033 deg. In general, it is observed that an increase in
tether length [, results in progressively reduced system librational
amplitudes. This behavior of the system librational response can be
caused by generation of larger restoring moments as /,o increases
when satellite drifts. From the stability conditions (26) the critical
tether length (/,0); =0.16. The simulation agrees with this condi-
tion; below (/,9)., = 0.16 the attitude errors become very large and a
further decrease in tether length results in instability of the system.
The increase of tether length 3y from /3 =15 to 30 has the similar
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Table 1 Critical tether length requirements e=0 C=7x10°
for various satellite systems (@=>5=0.04) — C=600 --- C=10* --- C=10°
System Lightweight Medium-weight Heavyweight (x 0.5 e e
data satellites satellites satellites (deg) 0(5) ANV A VA
my, kg 500 1000 10°
ma, kg 5 25 800
I,, kg-m? 100 500 107 s P S
1y, kg-m? 315 1000 108 dB I AWAN AV VAN A
I, kg-m? 215 500 9% 107 (deg) o5
Liet, m 4.5 4.5 115
(Lyo 4 L30)er» m 18 18 460
136=5 16=0.2
— 102 - 1,=0.4 - 1,=1 — =5 = le=15 - 15 =30
0.2 0.2
o ofAf
(deg) ’
-0.2
0.2 Orbits Orbits
0 ) i Fig. 5 Typical satellite system response as affected by parameter C
(dgg) ; Y and orbital eccentricity: I, =1, I, =0.2, I3y =5, a=b=0.04, and a’u =
-0.2 B, =0.001.
0.2
Y 1,,=0.2, ;=25 1,=0.2, 13,=70
(deg) — one-tether system — one-tether system
-0.2 --- two-tether system --- two-tether system
--- kite-like tether system -+- kite-like tether system
0.04 0.5 0.1
[} 0 o 1] aa RN P VaV LN 0
(deg) (deg) 0.1
-0.04 -05
Orbits Orbits 0.050 4 0.02
Fig. 3 [Effects of varying tether lengths on system librationalresponse: (dgg) 0(2)
e=0,C=7x10°,I,=1,a=b=0.04, and o =3, =0.001. 005t Y E Y 0.
0.0257 5f;
5=0.04 4=0.04 (dv ) ‘ 0
—&=0.001 -— 4=0.01 —- 4=0.04 — b=0 — 5=0.01 -- 6=0.04 g j
4=0.001 4=0.0 a o 20,02 5
o 2 0 0.02 0.02
eg
<, P N 05 (deg) 0 0
05 -0.02 -0.02
10 ' 0o 2 4 & 8 0 2 4 6 8
(dB )5 0 Orbits Orbits
eg
2 e -0.5 Fig. 6 Comparison of satellite attitude performance among the one-
05 tether system, the two-tether system, and the kite-like tether system:
10 A A ¢=0,C=7x10%I,=1,a=b=0.04,and &, = 3, =0.001.
Y 5 TANTAR (AL Vo) GVA W/ Wiy
(deg) AN YA AL . . .
0 - - 05 becomes stable with low amplitudes of librational response. Further
2 0.04 increase in @ does not result in much decrease in amplitudes of 1i-
’ brational response. In case of vertical offset b, it is observed that
( dig) 0 0 increasing b in general leads to improved system attitude behavior.
2 0.04 From a practical standpoint it might be desirable to design for the
0 2 4 6 8 0 largest feasible vertical offsets.
Orbits Next, we examine the effects of parameter C and orbital eccen-

Fig. 4 Effects of varying tether offsets on system librational response:
e=0,C=7x10°,1,=1,1,0=0.2,13 =5, and o, =3, =0.001.

effecton system librational response as the increase of tether length
l,o explained earlier. The critical tether length /3, obtained from the
stability conditionis (/39).; = 4.1, which agrees with the simulation
results also. The critical or minimum tether length requirements for
various combinations of satellites based on the numerical simula-
tions are listed in Table 1.

Figure 4 shows the effects of horizontal and vertical tether offsets,
thatis, @ and b on system librationalresponse. When the horizontal
tether offset @ is a very low 0.001, the satellite librational ampli-
tude is large and unacceptable.From the stability conditions we get
(@) =0.0007. As a is increased from 0.001 to 0.01, the system

tricity e on system librational response (Fig. 5). When C has the
low value of 600, the system remains stable with librational am-
plitudes as || px = 0.96 deg, |B|max =0.75 deg, |y |max =0.75 deg,
and || max = 0.032 deg. This case is the only situation in which the
amplitudes of oscillations of librational angle « differ from am-
plitudes of librational angle §. The change in the behavior of «
and S responses as well as relatively high amplitudes of librational
oscillations can be because of tether being more flexible. As C is
increasedto 10°, the system librational amplitudes decrease. In case
of the effect of orbital eccentricity e, even with orbital eccentricity
as high as 0.001, the system remains stable with high amplitudes
of librational oscillations as |¢|max = |Blmax = |V lmax =2.14 deg and
|6l max = 0.13 deg.

Finally, we compare satellite attitude performance among
one-tether, two-tether, and kite-tether systems (Fig. 6). To have a
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one-tether system, we assume d =1l3y =0 and C = C/2 in the pro-
posed system configuration. The conditions of one-tether system
stability obtained from the stability conditions given by Eqgs. (26)
are as follows:

R>1, ly>1,/b (28)
In the present configuration assuming I, = 1 and b=0.04, we get
(L,0)er = 25. The numerical simulation of the system also satisfies
this condition of stability. To have a stable system response, we
consider/, =25.2 for the one-tethersystem. The two-tether system
is obtained if we consider /3) =0 in the present configuration. The
stability conditionsof the two-tether system obtained from Eqs. (26)
are

2>1, (3Bl +2a°C [1,) (1 — 1,/ 12) > 31, (29)
For a stableresponseof the two tether-systemwith the case of I, =1
considered here, we should have (/,)., = 1. In a kite-like tether sys-
tem we have a choice in selecting /.o and I3, with the restriction
of these satisfying the stability conditions (26). If we take [,y =1,
we get (/30)cr = 0. This states that the kite-like tether system will be
stable even with /3y =0 for a given [, = 1. In other words, the kite-
like tether system reduces to the two-tether system. The increase
in I3y from its critical value of zero will add to the system stability
margin and thus will improve the system attitude performance. To
compare the performances of the one-tether system, the two-tether
system, and the kite-like tether system, we assume /,, =25.2 for
one-tether and two-tether systems, and /,y =0.2 and /3y =25 for
the kite-like tether system. The one-tether system has the highest
maximum amplitudes of librational angles o and g as 0.71 and
0.034 deg, respectively, and the two-tether system has the lowest
maximum amplitudes of librational angles « and g as 0.036 and
0.033 deg, respectively. The kite-like tether system’s performanceis
closeto thatof a two-tethersystem with || . = | Blmax = 0.058 deg,
[ lmax = 0.024 deg, and |¢|nax = 0.034 deg. When (L), is taken
as 70.2 for a one-tether and a two-tether system and (/) =0.2
and /3o =70 for a kite-like tether system, the kite-like tether sys-
tem has the best performance with |o|max = |Blmax = 0.039 deg,
[V |max = 0.056 deg, and || . = 0.033 deg, followedby a two-tether
system with |o¢|ma =0.04 deg, |Blmax = 0.033 deg, and one-tether
system with |o¢|pn. =0.17 deg and |8y =0.033 deg. Thus, the
attitude performance of a kite-like tether system is superior to the
one-tether system and close to the two-tether system performance
with longer tether lengths.

Conclusions
An analysis of attitude dynamics of a satellite using a kite-like
tether configuration is presented in this paper. Linearized stability
analysis undertaken here leads to several inequality constraints on
system parameters. These facilitate a judiciouschoice of the various

system parameters for the inherently stable design. Results of ex-
act numerical integrations of the governing nonlinear equations of
motion along with the stability conditions indicate that the pro-
posed conceptis feasible. The satellite attitude stabilization perfor-
mance attained using the proposed system is superior to that of a
one-tether system and is close to that of a two-tether system with
longer tether lengths. The passive nature of the proposed system
may make it particularly interesting to investigators planning future
space applications.
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