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Satellite Attitude Stabilization Through
Kite-Like Tether Con� guration

K. D. Kumar¤ and T. Yasaka†

Kyushu University, Fukuoka 812-8581, Japan

A novel method forattitudestabilizationof satellites using � exibletethers is presented. The feasibilityof 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 con� guration. 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
Oa; Ob = Oa1 or Oa2 when Oa1 D Oa2I Ob1 or Ob2 when Ob1 D Ob2

ai ; bi = z, x coordinates or horizontal, vertical offsets of
tether attachment points A .i D 1/ and B .i D 2/
in the satellite S-x0 y0z0 coordinate frame, m

Oai ; Obi = ai =L ref; bi=L ref

C = EA=.m2 L refÄ
2/

C j = C f.1 ¡ e2/=.1 C e cos µ/g3" jU j ; j D 1; 2; 3
c³ = cosine of angle ³
D = tether junction
EA = tether modulus of rigidity, N
e = orbital eccentricity
fi = i th constraint function
Ik = satellite principal centroidal moments of inertia

about k axis, k D x; y; z, kg-m2

Ir = satellite mass distribution parameter;
.Iy ¡ Iz/=Ix

L = distance between satellite mass center
and tether junction, that is, distance SD, m

L e = value of L at system equilibrium, m
L j = stretched j th tether length, m
L j0 = unstreched j th tether length, m
L ref = reference length; .Ix=m2/1=2, m
L0 = L when tether strain is zero, m
L4 = distance between satellite mass center

and auxiliary mass, that is, distance SE, m
L40 = L4 at µ D 0, that is, L0 C L30, m
l = L=L ref

le = Le=L ref

l j = L j =L ref

l j0 = L j0=L ref

lr0 = l10 or l20 when l10 D l20

l0 = L0=L ref

l 0
0 = l 0 at µ D 0

.l30/cr; .lr0/cr = critical or minimum dimensionless
tether length l30 and lr0 , respectively
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l40 = L40=L ref

l 0
40 = l 0

4 at µ D 0
m1 = satellite mass, kg
m2 = auxiliary mass, kg
Q = generalized force corresponding

to generalized coordinateq
R = orbital radius, m
Ra = semimajor axis of the system center of mass, m
S = satellite mass center
S-xyz = satellite body coordinate
S-xt yt zt = coordinate frame describing L
S-x0y0z0 = coordinate axes in the local vertical frame
T = kinetic energy of the system, N-m
u j = unit function, 1 for " j ¸ 0 and 0 for " j < 0
V = potential energy of the system, N-m
® = satellite pitch angle, deg
®0 = ® at µ D 0, deg
®0

0 = ®0 at µ D 0
¯ = in-plane swing angle of L, deg
¯e = ¯ at system equilibrium, deg
¯0 = ¯ at µ D 0, deg
¯ 0

0 = ¯ 0 at µ D 0, deg
° = angle between the line SE and L, deg
°0 = ° at µ D 0, deg
° 0

0 = ° 0 at µ D 0, deg
" j = j th tether strain
³ = angle between tethers AD and BD

at tether junction, deg
µ = true anomaly as measured

from the reference line, deg
3i = Lagrange multiplier for i th constraint
¸i = [1=.m2 L2

refÄ
2/][.1 ¡ e2/=.1 C e cos µ/]33i ,

i D 1; 2; : : : ; 7
¹ = Earth’s gravitational constant, m3/s2

Á = in-plane swing angle of L3 , deg
Á0 = Á at µ D 0, deg
Á 0

0 = Á0 at µ D 0, deg
Ä = mean angular velocity .¹=R3

a/1=2, rad/s
.¢/cr = critical or minimum value of (¢)
.¢/ j = (¢) for j th tether, j D 1; 2; 3
.¢/0 = (¢) at µ D 0
.¢/0; .¢/00 = d(¢)=dµ and d2(¢)=dµ 2 , respectively
j.¢/jmax = absolute maximum amplitudes of (¢)

Introduction

T HE advent of tethered satellite systems (TSS)1 marks the
beginning of a new era in space research. Several interesting

spaceapplicationsof tethers2 havebeenproposedand 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 regulatingtether lengths or offsets
alone, or in combinationwith establishedactive control devices.1¡6

Some of the contemporary investigations focused on the deploy-
ment of a subsatellite mass through two or more tethers. Misra
and Diamond7 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 Bergamaschi8 considered three-
dimensionalattitude 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 Kane9 proposed the concept
of pulling on tethers to control the pitching stability of an auxiliary
space platformconnectedby two tethers to a space station.Kumar10

studied the attitude stabilizationof the satellite moving in a circular
orbit using two tethers.The case of such a satellitemoving in elliptic
orbits was considered by Kumar and Kumar,11;12 and they showed
that the achievement of nearly passive satellite pointing stability by
using two tethers appears feasible.

It is found from the precedingresearchthat the most simple tether
con� guration of a single tether connecting the main satellite to the
auxiliary mass requires feedback control to achieve desired attitude
controlof the satellite and that the two-tethersystem providesbetter
satelliteattitudeprecisioncomparedto 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 bene� t of two-tether
con� guration, the present study on the proposed kite-like tether
con� guration was undertaken.

The Lagrangian formulation procedure is utilized to obtain the
governingordinarydifferentialequationsof motionfor the proposed
constrainedsystem 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
� rst-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 initiatedby formulating the equations of mo-
tion of the proposed satellite controller moving in an elliptic orbit.
The proposedcontrollermodel assumes a downward deploymentof
a small auxiliary mass from the satellite through a kite-like tether
con� guration(Fig. 1). Two identical tethersare 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 con� guration.

The auxiliary mass m2 is assumed to be much smaller than the
main satellite mass m1 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
reference line in orbit for the measurementof the true anomaly. The
coordinate frame x0 y0z0 passing through the system center of mass
S represents the orbital reference frame. Here, the x0 axis is taken
along normal to the orbital plane, y0 axis points along the local ver-
tical, and z0 axis represents the third axis of this right-handedframe.
The orientation of the satellite is speci� ed by a rotation ® (pitch)
about the x axis. The corresponding satellite principal body-� xed
coordinate frame is denoted by S-xyz. For the variable length L
joining the satellite mass center S and tether junction D, the angle
¯ denotes rotation about the axis normal to the orbital plane and is
referredas the in-plane swing angle. The resultingcoordinateframe
associatedwith this vector is denotedby S-xt yt zt . The system under

Fig. 1 Geometry of kite-like tethered satellite con� guration.

considerationhas 10 generalizedcoordinates:satellitepitch rotation
(®/, L (length L and angle ¯/, tether strains (" j ; j D 1; 2; 3/, c³ , ° ,
Á, and L4 . 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 throughdimensionlessconstraintsas follows:

f1 D l1 ¡
£

Oa2
1 C Ob2

1 C l2 ¡ 2 Oa1l sin.® ¡ ¯/

¡ 2Ob1l cos.® ¡ ¯/
¤ 1

2 D 0

f2 D l2 ¡
£

Oa2
2 C Ob2

2 C l2 C 2 Oa2l sin.® ¡ ¯/

¡ 2Ob2l cos.® ¡ ¯/
¤ 1

2 D 0

f3 D 2l1l2c³ ¡ l2
1 ¡ l2

2 C . Oa1 C Oa2/2 D 0

f4 D "3u3 ¡
£
."1u1/2 C ."2u2/2 C 2"1u1"2u2c³

¤ 1
2 D 0

f5 D "3u3 sin Á ¡ "1u1. Oa1 cos® ¡ Ob1 sin ® C l sin ¯/=l1

¡ "2u2.¡Oa2 cos® ¡ Ob2 sin ® C l sin ¯/=l2 D 0

f6 D [l C l3 cos.¯ ¡ Á/] tan ° ¡ l3 sin.¯ ¡ Á/ D 0

f7 D l4 ¡ l cos ° ¡
¡
l2
3 ¡ l2 sin2 °

¢ 1
2 D 0 (1)

where l j D l j0.1 C " j /, j D 1; 2; 3; c³ D cos ³ .
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 � rst obtained:

T D 1
2

.m1 C m2/. PR2 C Pµ 2 R2/ C 1
2

m2

£ PL2
4 C . Pµ C P̄ ¡ P° /2 L2

4

¤

C 1
2

Ix . Pµ C P®/2

V D ¡ ¹

R
.m1 C m2/ C 1

4
¹

R3
f.Ix C Iy C Iz/

¡ 3[Ix C .Iz ¡ Iy / cos 2®]g

C 1
2

¹

R3
m2[1 ¡ 3 cos2.¯ ¡ ° /]L2

4 C 1
2

EA
3X

j D 1

L j0"2
j u j (2)
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The term u j in the potential energy expression is simply a unit
function,the use of which precludesany negativestrain in the tether.

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

d

dt

³
@T

@ Pq

´
¡ @T

@q
C @V

@q
D Q C

7X

i D 1

3i
@ fi

@q
(3)

where q is the generalized coordinate.
By substitutingthegeneralizedcoordinatesin the precedingequa-

tions and carrying out the algebraic manipulation and nondimen-
sionalization, we get the following governing nonlinear, coupled
ordinarydifferentialequationsof motion in the dimensionlessform.

Satellite pitch (®):

.1 C e cos µ/® 00 ¡ 2.1 C ®0/e sinµ ¡ 1:5Ir sin.2®/

¡ ¸1[ Oa1l cos.® ¡ ¯/ ¡ Ob1l sin.® ¡ ¯/]=l1

C ¸2[ Oa2l cos.® ¡ ¯/ C Ob2l sin.® ¡ ¯/]=l2

¡ ¸5[¡"1u1.¡Oa1 sin ® ¡ Ob1 cos ®/=l1

¡ "2u2. Oa2 sin ® ¡ Ob2 cos ®/=l2] D 0 (4)

Vector L, in-plane swing (¯/:

.1 C e cos µ/.¯ 00 ¡ ° 00/ ¡ 2[1 C .¯ 0 ¡ ° 0/]e sin µ

C 1:5 sin[2.¯ ¡ ° /] C 2.1 C e cos µ/.1 C ¯ 0 ¡ ° 0/l 0
4=l4

¡ f¡¸1[ Oa1l cos.® ¡ ¯/ ¡ Ob1l sin.® ¡ ¯/]=l1

C ¸2[ Oa2l cos.® ¡ ¯/ C Ob2l sin.® ¡ ¯/]=l2

¡ ¸5."1u1=l1 C "2u2=l2/l cos ¯

¡ ¸6l3[tan ° sin.¯ ¡ Á/ C cos.¯ ¡ Á/]g
¯

l2
4 D 0 (5)

Vector L, dimensionless length (l):

¡¸1[l ¡ Oa1 sin.® ¡ ¯/ ¡ Ob1 cos.® ¡ ¯/]=l1 ¡ ¸2[l C Oa2 sin.® ¡ ¯/

¡ Ob2 cos.® ¡ ¯/]=l2 ¡ ¸5."1u1=l1 C "2u2=l2/ sin ¯

C ¸6 tan° C ¸7.l ¡ l4 cos ° /=.l4 ¡ l cos° / D 0 (6)

Tether strain ("1/:

C1l10 ¡ ¸1l10 ¡ 2¸3l10.c³ l2 ¡ l1/ C ¸4u1."1 C c³ "2u2/=."3u3/

C ¸5l10u1. Oa1 cos® ¡ Ob1 sin ® C l sin ¯/
¯

l2
1 D 0 (7)

Tether strain ("2/:

C2l20 ¡ ¸2l20 ¡ 2¸3l20.c³ l1 ¡ l2/ C ¸4u2."2 C c³ "1u1/=."3u3/

C ¸5l20u2.¡Oa2 cos® ¡ Ob2 sin ® C l sin ¯/
¯

l2
2 D 0 (8)

Cosine of angle ³ :c³ :

2¸3l1l2 ¡ ¸4"1u1"2u2=."3u3/ D 0 (9)

Tether strain ("3/:

C3l30 ¡ ¸4u3 ¡ ¸5u3 sin Á ¡ ¸6l30[tan ° cos.¯ ¡ Á/ ¡ sin.¯ ¡ Á/]

C ¸7l3l30=.l4 ¡ l cos° / D 0 (10)

Angle Á:

¸5"3u3 cos Á C ¸6l3[tan ° sin.¯ ¡ Á/ C cos.¯ ¡ Á/] D 0 (11)

Angle ° :

.1 C e cos µ/.¯ 00 ¡ ° 00/ ¡ 2[1 C .¯ 0 ¡ ° 0/]e sin µ

C 1:5 sin[2.¯ ¡ ° /] C 2.1 C e cos µ/.1 C ¯ 0 ¡ ° 0/l 0
4=l4

C
©
¡¸6[l C l3 cos.¯ ¡ Á/]

¯
cos2 °

C ¸7ll4 sin ° =.l4 ¡ l cos° /
ª¯

l2
4 D 0 (12)

Dimensionless length L4.l4/:

.1 C e cos µ/l 00
4 ¡ 2l 0

4e sin µ ¡ l4.1 C e cos µ/.1 C ¯ 0 ¡ ° 0/2

C l4[1 ¡ 3 cos2.¯ ¡ ° /] ¡ ¸7 D 0 (13)

where

¸i D
£
1
¯¡

m2 L2
refÄ

2
¢¤

[.1 ¡ e2/=.1 C e cos µ/]33i

i D 1; 2; : : : ; 7

C j D C[.1 ¡ e2/=.1 C e cos µ/]3" j U j ; j D 1; 2; 3

By solving Eqs. (7–13), ¸i ; i D 1; 2; : : : ; 7 are obtained as follows:

¸1 D C1 ¡ 2¸3.c³ l2 ¡ l1/ C ¸4u1."1 C c³ "2u2/=.l10"3u3/

C ¸5u1. Oa1 cos ® ¡ Ob1 sin ® C l sin ¯/
¯

l2
1 (14)

¸2 D C2 ¡ 2¸3.c³ l1 ¡ l2/ C ¸4u2."2 C c³ "1u1/=.l20"3u3/

C ¸5u2.¡Oa2 cos ® ¡ Ob2 sin ® C l sin¯/
¯

l2
2 (15)

¸3 D ¸4"1u1"2u2=.2l1l2"3u3/ (16)

¸4 D fC3l30 ¡ ¸5u3 sinÁ ¡ ¸6l30[tan ° cos.¯ ¡ Á/ ¡ sin.¯ ¡ Á/]

C ¸7l3l30=.l4 ¡ l cos ° /g=u3 (17)

¸5 D ¡¸6l3[tan ° sin.¯ ¡ Á/ C cos.¯ ¡ Á/]="3u3 cos Á (18)

¸6 D
¡
f.1 C e cos µ/.¯ 00 ¡ ° 00/ ¡ 2[1 C .¯ 0 ¡ ° 0/]e sinµ

C 1:5 sin[2.¯ ¡ ° /] C 2.1 C e cos µ/.1 C ¯ 0 ¡ ° 0/l 0
4=l4gl2

4

C ¸7ll4 sin° =.l4 ¡ l cos° /
¢

cos2 ° =[ l C l3 cos.¯ ¡ Á/] (19)

¸7 D .1 C e cos µ/l 00
4 ¡ 2l 0

4e sin µ ¡ l4.1 C e cosµ /.1 C ¯ 0 ¡ ° 0/2

C l4[1 ¡ 3 cos2.¯ ¡ ° /] (20)

The preceding expressions for ¸1; ¸2; ¸5; ¸6, and ¸7 are substi-
tuted in Eqs. (4–6). Then ° 0; l 0

4 and ° 00; l 00
4 are obtained in terms of

®0; ¯ 0; l 0 and®00; ¯ 00; l 00; ®0; ¯ 0; l 0, respectively,bycarryingoutdiffer-
entiation of Eqs. (1) and are substituted in Eqs. (4–6). The resulting
equationsare the equationsof motion of the proposed tether system
with ®, ¯ , and l as independentcoordinatesor degreesof freedomof
the system. The equations of motion with the constraint equations
for simpli� ed cases of one-tether and two-tether systems2;7;10¡12

can be obtained from the preceding equations of motion with con-
strainedequationsby applying the conditions Oa D l30 D 0, C D C=2,
and l30 D 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 con� guration. The linearization of the governing system of
equations of motion for e D 0 around the equilibrium position to-
gether with the consideration of � nite tensions always present in
the tethers in nominal equilibriumcon� gurationand also during the
motion-in-the-small, the unit functions u j D 1, j D 1; 2; 3, and ne-
glecting second- and higher-order terms in the perturbed variables
and some suitable approximationsbased on an order of magnitude
analysis of the coef� cients lead to the following set of governing
linear differential equations:

.1 ¡ d1/® 00 C d1¯ 00 C .¡3Ir C d2/®

¡ .d2 C 3l30=l0/¯ C d3±l D 0 (21)
¡
d1

¯
l2
40

¢
®00 C

¡
1 ¡ d1

¯
l2
40

¢
¯ 00 ¡

¡
d2

¯
l2
40

¢
®

C
¡
3 C d2

¯
l2
40

¢
¯ C d4±l D 0 (22)

d5±l 00 C d6±l D 0 (23)
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where

d1 D
4 Oa4l2

30C
2

9l2
40l

4
0

; d2 D
³

3l40
Ob C 2 Oa2C

l0

´
; d3 D 4l30 Oa2C2

9l2
40l

3
0

d4 D ¡4l30 OaC2

9l2
40l

2
0

; d5 D
³

1 C
l30

l0

´³
1 C 2l30

l0

´
; d6 D 2C

l0

The characteristic equation for the system now takes the form
³

S2 C
d6

d5

´»
S4 C 1

d1 C d1

¯
l2
40 ¡ 1

µ
¡.¡3Ir C d2/

³
1 ¡

d1

l2
40

´

¡
d1d2

l2
40

¡
³

d2 C 3l30

l0

´
d1

l2
40

¡
³

3 C
d2

l2
40

´
.1 ¡ d1/

¶
S2

C
1 C d1

£
.2d1 ¡ 1/

¯
l2
40 ¡ 1

¤
¡
d1 C d1

¯
l2
40 ¡ 1

¢2

µ
.¡3Ir C d2/

³
3 C

d2

l2
40

´

¡
³

d2

l2
40

´³
d2 C 3l30

l0

´¶¼
D 0 (24)

The conditions for system stability can be stated as

d6 > 0
µ

¡3 C 3Ir C 3d1

³
1 ¡

Ir C l30=l0

l2
40

´
¡ d2

³
1 C

1

l2
40

´¶
> 0

¡3Ir C d2

³
1 ¡

Ir C l30=l0

l2
40

´
> 0 (25)

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

l2
40 > Ir C

l30

l0

³
3Obl40 C

2 Oa2C

l0

´³
1 ¡

Ir C l30=l0

l2
40

´
> 3Ir (26)

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

m2L2
40 > Iy ¡ Iz C Ix .L30=L0/

³
3m2bL40 C 2a2EA

L0Ä2

´µ
1 ¡

Iy ¡ Iz C Ix .L30=L0/

m2 L2
40

¶
> 3.Iy ¡ Iz/

(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:
®0 D ¯0 D 0, l0 D le , l 0

0 D 0 and assuming Oa1 D Oa2 D Oa, Ob1 D Ob2 D Ob,
and l10 D l20 D lr 0. If we take the same values of ®0

0 and ¯ 0
0, that is,

say 0.001, then the dependent variables have the initial values as
°0 D Á0 D 0, ° 0

0 D l 0
40 D 0, Á0

0 D 0:001.
For known starting values of independent variables ®0; ¯0; l0;

®0
0; ¯ 0

0, and l 0
0 at each step of numerical integration, we � rst

solve for dependent variables "1; "2; c³ ; "3; °; Á, and l4 using
the constraint relations (1). The substitution of these dependent
variables as well as ° 0; l 0

4 and ° 00; l 00
4 in terms of ®0; ¯ 0; l 0 and

®00; ¯ 00; l 00; ®0; ¯ 0; l 0, respectively, into Eqs. (14–20) enables the de-
termination of ¸i ; i D 1; 2; : : : ; 7. The values of the dependentvari-
ables ("1 , "2, c³ ; "3; ° ; Á; l4/; ° 0; l 0

4; ° 00; l 00
4 and ¸i ; i D 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

Fig. 2 Typicalsystem librationalresponse as affected by pitchingrates
and satellite mass distribution Ir: e = 0, C = 7 £ £ 105 , lr0 = 0.2, l30 = 5, and
Ãa = Ãb = 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 differentiationfor-
mula method. To validate the accuracy of simulation results of the
proposed system, the results for simpli� ed 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.2;7;10¡12

Figure 2 shows the effects of initial pitching rates and satellite
mass distribution parameter Ir 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 Á, which has a
relatively small increase in amplitude. With regard to the effect of
Ir on system librational response, it is observed that, for the case of
a satellite with the most stable mass distribution in terms of gravity
gradient signi� ed by Ir D ¡1, the system librational angles ®, ¯ ,
and Á have the same stable and low amplitudes of oscillation with
the maximum value of 0.033 deg. However, the librational angle
° remains almost zero. As satellite mass distribution parameter Ir

changes from ¡1 to the most unstable satellite distribution signi-
� ed by 1, the system librational angles ®, ¯ , and ° have the same
stable and high amplitudes of oscillation with the maximum value
of 0.24 deg. However, the librationalangle Á has relatively low am-
plitudes of oscillations with the maximum value of 0.046 deg. The
change of behaviorof librationalangles° and Á can be attributed to
the changeof gravitationalmoment from that in the precedingcases.

The effects of tether lengths lr0 and l30 on system librational re-
sponse are shown in Fig. 3. As tether length lr0 is increased from
lr0 D 0:2 to 1, the maximum amplitudes of librational oscillations
of ® and ¯ decrease considerably from 0.24 to 0.05 deg. The am-
plitudes of librational oscillations of ° 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 Á, that
is, 0.046–0.033 deg. In general, it is observed that an increase in
tether length lr0 results in progressively reduced system librational
amplitudes. This behavior of the system librational response can be
caused by generation of larger restoring moments as lr0 increases
when satellite drifts. From the stability conditions (26) the critical
tether length .lr 0/cr D 0:16. The simulation agrees with this condi-
tion; below .lr0/cr D 0:16 the attitude errors becomevery large and a
further decrease in tether length results in instability of the system.
The increase of tether length l30 from l30 D 5 to 30 has the similar



KUMAR AND YASAKA 759

Table 1 Critical tether length requirements
for various satellite systems ( Ãa = Ãb = 0.04)

System Lightweight Medium-weight Heavyweight
data satellites satellites satellites

m1 , kg 500 1000 105

m2 , kg 5 25 800
Ix , kg-m2 100 500 107

Iy , kg-m2 315 1000 108

Iz, kg-m2 215 500 9 £ 107

L ref, m 4.5 4.5 115
.Lr0 C L30/cr, m 18 18 460

Fig. 3 Effects of varyingtether lengths on system librationalresponse:
e = 0, C = 7 £ £ 105 , Ir = 1, Ãa = Ãb = 0.04, and ®0

0 = ¯ 0
0 = 0.001.

Fig. 4 Effects of varying tether offsets on system librational response:
e = 0, C = 7 £ £ 105 , Ir = 1, lr0 = 0.2, l30 = 5, and ®0

0 = ¯ 0
0 = 0.001.

effect on system librational response as the increaseof tether length
lr0 explained earlier. The critical tether length l30 obtained from the
stability condition is .l30/cr D 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 effectsof horizontaland vertical tetheroffsets,
that is, Oa and Ob on system librational response. When the horizontal
tether offset Oa is a very low 0.001, the satellite librational ampli-
tude is large and unacceptable.From the stability conditionswe get
( Oa/cr D 0:0007. As Oa is increased from 0.001 to 0.01, the system

Fig. 5 Typical satellite system response as affected by parameter C
and orbital eccentricity: Ir = 1, lr0 = 0.2, l30 = 5, Ãa = Ãb = 0.04, and ®0

0 =
¯ 0

0 = 0.001.

Fig. 6 Comparison of satellite attitude performance among the one-
tether system, the two-tether system, and the kite-like tether system:
e = 0, C = 7 £ £ 105 , Ir = 1, Ãa = Ãb = 0.04, and ®0

0 = ¯ 0
0 = 0.001.

becomes stable with low amplitudesof librational response.Further
increase in Oa does not result in much decrease in amplitudes of li-
brational response. In case of vertical offset Ob, it is observed that
increasing Ob in general leads to improved system attitude behavior.
From a practical standpoint it might be desirable to design for the
largest feasible vertical offsets.

Next, we examine the effects of parameter C and orbital eccen-
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 j®jmax D 0:96 deg, j¯jmax D 0:75 deg, j° jmax D 0:75 deg,
and jÁjmax D 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 ¯ responses as well as relatively high amplitudes of librational
oscillations can be because of tether being more � exible. As C is
increasedto 106 , the system librationalamplitudesdecrease. 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 librationaloscillationsas j®jmax D j¯jmax D j° jmax D 2:14 deg and
jÁjmax D 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 Oa D l30 D 0 and C D C=2 in the pro-
posed system con� guration. The conditions of one-tether system
stability obtained from the stability conditions given by Eqs. (26)
are as follows:

l2
0 > Ir ; l0 > Ir =Ob (28)

In the present con� guration assuming Ir D 1 and Ob D 0:04, we get
.lr0/cr D 25. The numerical simulation of the system also satis� es
this condition of stability. To have a stable system response, we
consider lr0 D 25:2 for the one-tethersystem.The two-tether system
is obtained if we consider l30 D 0 in the present con� guration. The
stabilityconditionsof the two-tethersystemobtained from Eqs. (26)
are

l2
0 > Ir ;

¡
3Obl0 C 2 Oa2C

¯
l0

¢¡
1 ¡ Ir

¯
l2
0

¢
> 3Ir (29)

For a stable responseof the two tether-systemwith the case of Ir D 1
consideredhere, we should have .lr0/cr D 1. In a kite-like tether sys-
tem we have a choice in selecting lr0 and l30 with the restriction
of these satisfying the stability conditions (26). If we take lr0 D 1,
we get (l30/cr D 0. This states that the kite-like tether system will be
stable even with l30 D 0 for a given lr0 D 1. In other words, the kite-
like tether system reduces to the two-tether system. The increase
in l30 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 lr0 D 25:2 for
one-tether and two-tether systems, and lr0 D 0:2 and l30 D 25 for
the kite-like tether system. The one-tether system has the highest
maximum amplitudes of librational angles ® and ¯ as 0.71 and
0.034 deg, respectively, and the two-tether system has the lowest
maximum amplitudes of librational angles ® and ¯ as 0.036 and
0.033deg, respectively.The kite-liketether system’s performanceis
close to thatof a two-tethersystemwith j®jmax D j¯jmax D 0.058deg,
j° jmax D 0.024 deg, and jÁjmax D 0.034 deg. When (lr0/cr is taken
as 70.2 for a one-tether and a two-tether system and (lr0/cr D 0:2
and l30 D 70 for a kite-like tether system, the kite-like tether sys-
tem has the best performance with j®jmax D j¯jmax D 0.039 deg,
j° jmax D 0.056deg,and jÁjmax D 0.033deg, followedbya two-tether
system with j®jmax D 0.04 deg, j¯jmax D 0.033 deg, and one-tether
system with j®jmax D 0.17 deg and j¯jmax D 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 con� guration is presented in this paper. Linearized stability
analysis undertaken here leads to several inequality constraints on
system parameters.These facilitatea 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 concept is feasible. The satellite attitude stabilizationperfor-
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 interestingto investigatorsplanning future
space applications.
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