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Attitude Maneuver of Dual Tethered Satellite
Platforms Through Tether Offset Change

K. D. Kumar¤ and Krishna Kumar†

Indian Institute of Technology, Kanpur 208 016, India

A new concept is presented that involves the use of dual satellite platforms connected through a tether. The
feasibility of suitably varying tether offsets for achieving desired maneuver of both the platforms is explored. The
Lagrangian formulation approach is utilized to develop the governing system of nonlinear ordinary differential
equations for the constrained system. A simple open-loop strategy is developed for the tether offset variations, that
ensures judiciously controlled changes in the orientation of satellite platforms. The numerical simulation of the
nonlinear governing equations of motion for these tether offset variations establishes the feasibility of achieving
desired attitude maneuvers. The nearly passive nature of the proposed orientation control strategy makes it
particularly attractive for future space missions.

Nomenclature
axi , ayi , azi = xi ; yi , zi coordinates of the offset points of tether

in the S–xi yi zi frame in satellite platform i , m
Oaki = aki =L ref, where k D x; y; z
.aki / f = tether offsets for � nal orientation angles of

satellite platform i , where k D x; y; z, m
.aki /0 = tether offsets for initial orientation of satellite

platform i , where k D x; y; z, m
.aki /µ = tether offsets on platform i at µ , where

k D x; y; z, m
. Oaki / f = .aki / f =L ref , where k D x; y; z
. Oaki /0 = .aki /0=L ref , where k D x; y; z
. Oaki /µ = .aki /µ =L ref , where k D x; y; z
C = E A=.m2 L refÄ

2 )
E A = tether modulus of rigidity, N
f = platform mass ratio, m1=m2

g = platform moment of inertia ratio, Ix1=Ix2

Iki = principal centroidal moments of inertia about ki

axis for satellite platform i , where k D x; y; z
and i D 1, 2, kg ¢ m2

Ki1 = mass distribution parameter for satellite
platform i .Ixi ¡ Iyi /=Izi

Ki2 = mass distribution parameter for satellite
platform i .Ixi ¡ Izi/=Iyi

Ki C 2 = 1 ¡ K i1.K i2 ¡ 1/=.K i1 K i2 ¡ 1/
Ki C 4 = .K i2 ¡ 1/=.K i1 K i2 ¡ 1/
K1 = K11 or K21, when K11 D K21

K2 = K12 or K22, when K12 D K22

L = distance between two platform mass centers, m
L = position vector of center of mass of satellite

platform 2 with respect to center of mass
of satellite platform 1

L e = L at system equilibrium,m
L ref = reference length .Ix1=m2/1=2 , m
L t = stretched tether length, m
L t0 = unstreched tether length, m
L0 = L when tether strain is zero, m
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.L t0/cr = critical unstreched tether length, m
l = L=L ref

lt = L t =L ref

lt0 = L t0=L ref

l0 = L0=L ref

l 0
0 = l 0 at µ D 0

.l0/cr = .L t0/cr=L ref

m i = mass of satellite platform i , kg
R = orbital radius, m
rbi = radial tether offset Si Ei at satellite platform i

from its mass center Si , Fig. 2, m
Orbi = rbi =L ref

Orb1 = ¡Orb2 when jOrb1j D jOrb2j
S–xr yr zr = coordinate axes for relative motion of dual

satellite platform
S–x0 y0z0 = coordinate axes in the local vertical frame
Si –xi yi zi = body coordinate for satellite platform i
T = kinetic energy of the system
U ."t / = 1 for "t ¸ 0 and 0 for "t < 0
V = potential energy of the system
®i , Ái , °i = pitch, roll and yaw angles, respectively, for

satellite platform i , deg
®i e; Ái e; °i e = equilibrium pitch, roll and yaw angles,

respectively, for satellite platform i , deg
®i0; Ái0; °i0 = ®i , Ái , and°i at µ D 0, deg
®0

i0; Á0
i0; ° 0

i0 = ®0
i ; Á0

i , and ° 0
i at µ D 0

¯; ´ = relative in-plane and out-of-plane swing angles
of L, respectively, deg

¯e; ´e = ¯ and ´ at system equilibrium, deg
¯0; ´0 = ¯ and ´ at µ D 0, deg
¯ 0

0 , ´0
0 = ¯ 0 and ´0 at µ D 0

"t = tether strain
µ = in-plane angle measured relative to a speci� ed

reference line, deg
¸ = Lagrange multiplier
¹ = Earth’s gravitationalconstant, m3/s2

¿ = number of orbits desired for completing the
required tether offset changes

’ = tether length constraint function
Ä = angular velocity .¹=R3/1=2, rad/s

Subscripts

i = satellite platform i , 1, 2
0 = µ D 0

Superscripts

0, 00 = d( )/ dµ and d2( )/ dµ 2, respectively
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Introduction

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

spaceapplicationsof tethers2 havebeenproposedand analyzed.The
earlier methods suggested for ensuring satellite librational stability
through a single tether–mass attachment were based on feedback
control of the controlmoment by regulatingtether lengths or offsets
alone or in combination with established active control devices.3¡7

Recently, Kumar,8 Kumar and Kumar,9¡12 and Kumar13 established
the feasibility of using TSS to achievenearly passive satellite point-
ing stability, as well as attitudemaneuver.The attitude maneuver of
a platform9;13 was accomplished through change of tether lengths
carrying a subsatellite in a pendulum fashion. Modi et al.14 have
studied tether offset variation approach for the orientation control
of the main satellite. However, this approach involves a long tether
lengthas well becauseit can only accomplishthe orientationcontrol
of the main satellite. To circumvent these limitations, we present a
new concept involving the use of dual satellite platforms connected
througha single tether.The feasibilityof suitablyvarying tetheroff-
sets for achieving desired attitude maneuver of both the platforms
is explored. With a short tether needed for the proposed system,
the associatedproblems of tether deployment as well as chances of
tether being cut by debris attack may be considerably reduced.

The Lagrangian formulation procedure is utilized to obtain the
governingordinarydifferentialequationsof motionfor the proposed
constrainedsystem moving in a circular orbit. It is assumed that the
tether dynamics do not effect the orbital dynamics for the relatively
short tether length considered here. A simple open-loop control
law for varying the tether offsets is developed to achieve desired
orientations of the platforms. Finally, for a detailed assessment of
the proposed attitude maneuver strategy, the set of exact governing
equations of motion is numerically integrated.

Problem Formulation
The investigationis initiatedby formulating the equations of mo-

tion of the proposed system. The system model comprises a tether
connecting platform 1 at a point below its mass center with zero
yaw-plane offset to platform 2 at a point above its mass center with
zero yaw-plane offset (Fig. 1).

The tether is assumed to be made of a light but rigid material
such as Kevlar® and, hence, is taken to have negligible mass. The
tether’s transverse and torsional vibrations are ignored. The coor-
dinate frame x0 y0z0 passing through the system center of mass S

Fig. 1 Geometry of a dual tethered satellite platform undergoing
three-dimensional librations.

representsthe orbital reference frame. The x0 axis is taken normal to
the orbital plane, y0 axis points along the local vertical, and z0 axis
completes the right-hand triad. The three reference frames are used
to specify the motion of the TSS relative to this local orbital frame.
The orientationof the satellite platform i , i D 1, 2, is speci� ed by a
set of three successiverotations:®i (pitch) about the xi axis,°i about
the new yaw axis, and � nally Ái about the resulting roll axis. The
correspondingprincipal body-� xed coordinate axes for platforms 1
and 2 are S1 –x1 y1z1 and S2 –x2 y2z2, respectively. Similarly, for the
variable length vector L joining the two platform mass centers S1

and S2 , angle ¯ denotes rotationabout the axis normal to the orbital
plane and is referred to as in-plane swing angle, whereas, angle ´
represents its out-of-plane swing angle. The resulting coordinate
frame associated with this vector is S–xr yr zr .

For convenience of system representation and response simula-
tion, the governing relations are expressed in dimensionless form.
The system under considerationhas 10 generalizedcoordinates:six
coordinates for platform rotations (pitch ®i , roll Ái , and yaw °i ,
i D 1, 2), three coordinates for vector L (length L , ¯ , and ´), and
tether strain ("t ).

The preceding generalized variables are not independentand are
related through dimensionless tether length constraint as follows:

’ D lt ¡
©

Oa2
x1 C Oa2

y1 C Oa2
z1 C .l sin ´ C h2/2 C .¡l cos¯ cos´

C r2/
2 C .¡l sin ¯ cos ´ C s2/2 ¡ 2[h1.l sin ´ C h2/

Cr1.¡l cos ¯ cos ´ C r2/ C s1.¡l sin ¯ cos ´ C s2/]
ª 1

2 D 0
(1)

where

lt D lt0.1 C "t /

h i D Oazi sin°i C Oaxi cos°i cos Ái ¡ Oayi sin Ái cos °i ; i D 1; 2

ri D ¡Oazi sin ®i cos °i C Oaxi .cos ®i sin Ái C sin ®i sin °i cos Ái /

C Oayi .cos ®i cos Ái ¡ sin ®i sin °i sin Ái /; i D 1; 2

si D Oazi cos®i cos °i C Oaxi .sin ®i sin Ái ¡ cos ®i sin °i cos Ái /

C Oayi .sin ®i cos Ái C cos®i sin °i sin Ái /; i D 1; 2

To apply the Lagrangian approach for the formulation of the
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/ Pµ 2 R2 C 1

2

³
m2

1 C 1= f

´
f PL2 C [. Pµ C P̄/2 cos2 ´

C Ṕ2]L2g C 1

2

2X

i D 1

©
Ixi [. Pµ C P®i / cos Ái cos °i C P°i sin Ái ]

2

C Iyi [¡. Pµ C P®i / sin Ái cos °i C P°i cos Ái ]
2

C Izi [¡. Pµ C P®i / sin °i C PÁi ]
2
ª

V D
2X

i D 1

»
¡ ¹

R
m i C 1

4

¹

R3

£
.Ix i C Iyi C Izi/

¡ 3
©
.Iyi C Izi ¡ Ixi /.cos®i sin Ái C sin ®i cos Ái sin °i /

2

C .Ixi C Izi ¡ Iyi /.cos ®i cos Ái ¡ sin ®i sin Ái sin °i /
2

C .Ixi C Iyi ¡ Izi/ sin2 ®i cos2 °i

ª¤
C 1

2

¹

R3

³
m2

1 C 1= f

´

£ .1 ¡ 3 cos2 ¯ cos2 ´/L2 C 1

2
EALt0"2

t U ."t /

¼

The term U ."t / in the potential energy expression is simply a unit
function,the use of which precludesany negativestrain in the tether.
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The Lagrangianequationsof motion correspondingto the various
generalizedcoordinates indicated earlier may be obtained using the
general relation

d

dt

³
@T

@ Pq

´
¡ @T

@q
C @U

@q
D Q C ¸

@’

@q

where q is the generalized coordinate, Q the generalized force cor-
responding to the generalized coordinate q , and ¸ the Lagrange
multiplier corresponding to the constraint as indicated in Eq. (1).

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

Pitch (®i ), i D 1, 2:©£
1 C .K i C 2 ¡ 1/ sin2 Ái

¤
cos2 °i C K i C 4 sin2 °i

ª
®00

i C K i C 4Á00
i

£ sin °i ¡
³

1

2

´
.K i C 2 ¡ 1/° 00

i sin 2Ái cos °i C .1 C ®0
i /

£
©
.K i C 2 ¡ 1/Á 0

i sin 2Ái cos2 °i ¡
£
1 C .K i C 2 ¡ 1/ sin2 Ái

¡ K i C 4

¤
° 0

i sin 2°i

ª
C ° 0

i [.1 ¡ K i C 2/Á
0
i cos2Ái cos °i

¡ .1 ¡ K i C 2/°
0
i sin Ái cos Ái sin °i C K i C 4Á

0
i cos°i ]

¡
³

3

2

´£
.Ki C 2 C K i C 4 ¡ 1/.cos ®i sin Ái C sin ®i sin °i

£ cos Ái /.¡sin ®i sin Ái C cos ®i cosÁi sin °i / C .1 C Ki C 2

¡ K i C 4/ sin ®i cos ®i cos2 °i ¡ .1 ¡ K i C 2 C K i C 4/

£ .cos®i cosÁi ¡ sin ®i sin °i sin Ái /.sin ®i cos Ái

C cos ®i sin °i sin Ái /
¤

¡ p¸

³
@’

@®i

´
D 0 (2)

Yaw (°i ), i D 1, 2:

[.1 ¡ K i C 2/ sin Ái cos Ái cos °i ]®
00
i C

£
1 C .K i C 2 ¡ 1/ cos2 Ái

¤
° 00

i

C
³

1

2

´
.1 C ®0

i /.1 ¡ Ki C 2/[2Á 0
i cos 2Ái cos °i ¡ ° 0

i sin 2Ái

£ sin °i ] C .1 ¡ K i C 2/° 0
i Á0

i sin 2Ái C .1 C ®0
i /[.1 C ®0

i / cos Ái

£ cos °i C ° 0
i sin Ái ]cos Ái sin °i C K i C 2[.1 C ®0

i / sin Ái cos °i

¡ ° 0
i cos Ái ].1 C ®0

i / sin Ái sin °i ¡ K i C 4.1 C ®0
i /[.1 C ®0

i /

£ sin °i C Á 0
i ] cos °i ¡

³
3
2

´
[¡.K i C 2 C Ki C 4 ¡ 1/

£ .cos®i sin Ái C sin®i sin °i cosÁi / sin ®i cos °i cos Ái

C .1 C K i C 2 ¡ Ki C 4/ sin2 ®i sin °i cos°i C .1 ¡ K i C 2

C K i C 4/.cos ®i cos Ái ¡ sin ®i sin °i sin Ái /

£ sin ®i cos°i sinÁi ] ¡ p¸

³
@’

@°i

´
D 0 (3)

Roll (Ái ), i D 1, 2:
Ki C 4®

00
i sin°i C K i C 4.1 C ®0

i /°
0

i cos °i C Ki C 4Á
00
i C [.1 C ®0

i /

£ sin Ái cos °i ¡ ° 0
i cosÁi ][.1 C ®0

i / cos Ái cos °i C ° 0
i sin Ái ]

¡ K i C 2[.1 C ®0
i /sin Ái cos °i ¡ ° 0

i cosÁi ][.1 C ®0
i /cos Ái cos °i

C ° 0
i sin Ái ] ¡

³
3

2

´
[.K i C 2 C K i C 4 ¡ 1/.cos ®i sin Ái

C sin®i sin °i cosÁi /.cos ®i cos Ái ¡ sin ®i sin °i sin Ái /

¡ .1 ¡ K i C 2 C Ki C 4/.cos ®i cos Ái ¡ sin ®i sin °i sin Ái /

£ .cos®i sin Ái C sin®i sin °i cosÁi /] ¡ p¸

³
@’

@Ái

´
D 0 (4)

L, in-plane swing (¯ ):

¯ 00 C 2.1 C ¯ 0/

µ³
l 0

l

´
¡ ´0 tan ´

¶
C 3 sin ¯ cos¯

¡
µ

1

.l cos´/2

¶³
1 C 1

f

´
¸

³
@’

@¯

´
D 0 (5)

L, out-of-plane swing (´):

´00 C 2´0

³
l 0

l

´
C .1 C ¯ 0/2 sin´ cos ´ C 3 sin ´ cos ´ cos2 ¯

¡
³

1
l 2

´³
1 C 1

f

´
¸

³
@’

@´

´
D 0 (6)

L, nondimensional length l:

l 00 ¡ [´02 C .1 C ¯ 0/2 cos2 ´]l C .1 ¡ 3 cos2 ¯ cos2 ´/l

¡
³

1 C
1
f

´
¸

³
@’

@l

´
D 0 (7)

Tether strain "t :

¸ D C"t U ."t / (8)

where p D 1 if i D 1, p D g if i D 2, and the independentvariable is
longitude angle µ .

Development of Open-Loop Tether Offset Control Laws
The equations of motion of the proposed system are quite com-

plex, and it does not appear possible to obtain a solution through an
analyticalapproach.Becausewe desirevariablechangesin platform
orientation, it would be necessary to � rst examine these governing
equations of motion for feasible platform equilibrium con� gura-
tions and their likely dependence on system parameters. Here, an
attempt is made to develop open-loop tether offset control laws to
achieve desired orientation of platforms.

For platforms positioned in an arbitrary steady state equi-
librium con� guration given, for example, by ®i D ®i e, Ái D Áie ,
°i D °i e, ¯ D ¯e , ´ D ´e, and l D le, a substitutionof the steady-state
conditions

®i D ®ie ; ®0
i D ®00

i D 0; Ái D Áie ; Á 0
i D Á00

i D 0

°i D °ie ; ° 0
i D ° 00

i D 0; i D 1; 2

¯ D ¯e; ¯ 0 D ¯ 00 D 0; ´ D ´e; ´0 D ´00 D 0

l D le; l 0 D l 00 D 0

into the Eqs. (2–8) and the considerationthat le À z Oami z , m D x; y; z;
i D 1, 2, lead to the following relations:

¯e D
¡

1
2

¢
sin¡1

©
.1 C 1= f /

£
1 C .K3 ¡ 1/ cos2 Á1e ¡ K5

¤

£
£

sin.2®1e/
¯

l2
e

¤
C .1=g/.1 C 1= f /

£
£
1 C .K4 ¡ 1/ cos2 Á2e ¡ K6

¤£
sin.2®2e/

¯
l2
e

¤ª

´e D
¡

1
2

¢
sin¡1

©£
.K3 ¡ 1/

¡
1 C 3 cos2 ®1e

¢
sin.2Á1e/

C .1=g/.K4 ¡ 1/
¡
1 C 3 cos2 ®2e

¢
sin.2Á2e/

¤

£
£
.1 C 1= f /

¯¡
1 C 3 cos2 ¯e

¢¤¡
1
¯

l2
e

¢ª
(9)

Furthermore, on simplifying the constraint Eq. (1), neglecting
higher-order terms, and assuming °ie D 0 as yaw maneuver is not
possible by changing tether offsets, we get

lt D l C
2X

i D 1

f Oaxi [¡cos.’i e/ sin.´e/ C sin.Áie/cos.´e/cos.®ie ¡ ¯e/]

C Oayi [sin.’ie/ sin.´e/ C cos.’i e/ cos.´e/ cos.®i e ¡ ¯e/]

C Oazi [¡cos.´e/ sin.®ie ¡ ¯e/]g
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Fig. 2 Geometric con� gura-
tion of proposed offset con-
troller model.

To have an equilibrium con� guration of the system, the tether
should be along the local vertical, that is,

lt D l ¡ Orb1 C Orb2

To satisfy the preceding condition, the following tether offset
variations corresponding to the desired platform orientations are
considered:

Oaxi D Orbi [¡cos.’i e/ sin.´e/ C sin.’i e/ cos.´e/ cos.®i e ¡ ¯e/]

i D 1; 2

Oazi D ¡Orbi cos.´e/ sin.®ie ¡ ¯e/; i D 1; 2

Oayi D .¡1/i
©

Or 2
bi ¡ Oa2

xi ¡ Oa2
zi

ª 1
2 ; i D 1; 2 (10)

The proposed offset controller model is shown in Fig. 2. Thus,
for the speci� c desired � xed platform orientation angle, for exam-
ple, ®i e or ’ie , the tether offsets Oaki , k D x; y, should be chosen
in accordance with the preceding relations. In case the change of
the orientation angles from, for example, .®ie/0 or .’ie/0 to .®ie/ f

or .’i e/ f is desired, the tether offsets . Oaki /0 initially based on the
angle .®i e/0 or .’ie/0 would have to be changed to attain the val-
ues . Oaki / f corresponding to the � nal desired orientation .®ie/ f or
.’ie/ f . An instantaneousstep change in tether offsets from initial to
the � nal valueswould, however, induceunacceptablylarge transient
oscillations and may even cause instability. To limit the amplitude
of transient oscillations, the tether offset change is carried out as
follows:

. Oaki /µ D . Oaki /0 C [. Oaki / f ¡ . Oaki /0] sin[µ=.4¿ /]

for 0 · µ=.2¼¿/ < 1

D . Oaki / f for 1 · µ=.2¼¿ /; k D x; y (11)

Note that the maximum tether offset required is z Orbi z .

Results and Discussion
To assess the effectiveness of the proposed attitude maneuver

strategy, the detailed system attitude response is numerically simu-
lated using Eqs. (1–8) with the following initial conditions:

°i0 D ®0
i0 D Á0

i0 D ° 0
i0 D 0; i D 1; 2

l0 D le; ¯ 0
0 D ´0

0 D l 0
0 D 0

For known starting values of variables at each step of numerical
integration, we � rst solve for tether strain using the constraint re-
lation (1). The substitution of the tether strain in Eq. (8) enables
determinationof the Lagrange multiplier ¸. The values of the tether
strain and the Lagrange multiplier, thus, explicitly available are uti-
lized to compute the new valuesof the variablesat the end of the step
throughintegrationof the set of the differentialequations(2–7). The

integration is based on NAG routine D02CBF using the variable-
step Adams method. The tether offset variations are carried out in
accordance with the open-loop policy as given by Eq. (10).

Figures 3–5 show the system response for slewing maneuvers
from initial pitch angle .®1e/0 D ¡10 deg, .®2e/0 D ¡5 deg to � nal
pitch angle .®1e/ f D .®2e/ f D 0 deg and initial roll angle .Á1e/0 D
¡10deg, .Á2e/0 D ¡5 deg to � nal roll angle.Á1e/ f D .Á2e/ f D 0 deg,
respectively. The platform settles down around the desired pitch
and roll angles of 0 deg within less than §0.05 and §0.09 deg,
respectively.The dimensionlesslength l and its in-planeand out-of-
plane swing angles ¯ and ´ during the roll maneuver are shown in
Fig. 5. Note that, in the situation involving roll orientation, the yaw
motion gets excited and the ef� cient yaw control is not achieved.

It is also possible to orient the two platforms at different orien-
tation angles (Figs. 6 and 7). This reorientation would require a
judiciouschoice for the tether offset variationscorrespondingto the
desired � nal orientation angles ®1e or Á1e and ®2e or Á2e .

Next, the effect of tether length lt0 , mass distribution parameters
K1 and K2 , radial tether offset Orbi , and parameters¿ , C , f , and g on
the systemattituderesponsefor a typicalslewingmaneuverfrom ini-
tial pitch angle .®1e/0 D .®2e/0 D 0 deg to � nal pitch angle .®1e/ f D
.®2e/ f D 15 deg is investigated.The choiceof a dimensionlesstether
length has a signi� cant effect on platform orientation response.
When the tether length consideredis 20, the steady-stateattitude er-
rors are found to be §0.248deg. While the tether length is increased

Fig. 3 Typicalpitchmaneuversystem response from (®1e )0 = ¡ 10deg,
(®2e )0 = ¡ 5 deg to (®1e )f = (®2e )f = 0 deg: (®1e )0 = ¡ 10 deg, (®2e )0 =
¡ 5 deg, (®1e )f = (®2e )f = 0 deg, Á10 = Á20 = 0 deg, C = 3 £ £ 108, K1 =
¡ 0.5, K2 = 0.3, lt0 = 200, z Ãrbi z = 2, f = 1, g = 1, ¿ = 3 orbits, Ãaxi = 0.

Fig. 4 Typical roll maneuver system response from (Á1e )0 = ¡ 10 deg,
(Á2e )0 = ¡ 5 deg to (Á1e )f = (Á2e )f = 0 deg: (Á1e )0 = ¡ 10 deg, (Á2e )0 =
¡ 5 deg, (Á1e )f = (Á2e )f = 0 deg, ®10 = ®20 = 0 deg, C = 3 £ £ 108, K1 =
¡ 0.5, K2 = 0.3, lt0 = 200, z Ãrbi z = 2, f = 1, g = 1, ¿ = 3 orbits, Ãazi = 0.
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Fig. 5 Nondimensional length l and in-plane and out-of-plane swing
angles ¯ and ´ during roll maneuver from (Á1e )0 = ¡ 10 deg, (Á2e )0 =
¡ 5 deg to (Á1e )f = (Á2e )f = 0 deg: (Á1e )0 = ¡ 10 deg, (Á2e )0 = ¡ 5 deg,
(Á1e )f = (Á2e )f = 0 deg, ®10 = ®20 = 0 deg, C = 3 ££ 108, K1 = ¡ 0.5, K2 =
0.3, lt0 = 200, z Ãrbi z = 2, f = 1, g = 1, ¿ = 3 orbits, Ãazi = 0.

Fig. 6 Typical roll maneuver system response from (Á1e )0 = (Á2e )0 = 0
deg to (Á1e )f = 20 deg, (Á2e )f = ¡ 20 deg: (Á1e )0 = (Á2e )0 = 0 deg, (Á1e )f
= 20 deg, (Á2e )f = ¡ 20 deg, ®10 = ®20 = 0 deg, C = 3 £ £ 108 , K1 = ¡ 0.5,
K2 = 0.3, lt0 = 200, z Ãrbi z = 2, f = 1, g = 1, ¿ = 3 orbits, D l = l ¡ 204, Ãazi = 0.

Fig. 7 Nondimensional length l and in-plane and out-of-plane swing
angles ¯ and ´ during roll maneuver from (Á1e )0 = (Á2e )0 = 0 deg to
(Á1e )f = 20 deg, (Á2e )f = ¡ 20 deg: (Á1e )0 = (Á2e )0 = 0 deg, (Á1e )f = 20 deg,
(Á2e )f = ¡ 20 deg, ®10 = ®20 = 0 deg, C = 3 £ £ 108, K1 = ¡ 0.5, K2 = 0.3,
lt0 = 200, z Ãrbi z = 2, f = 1, g = 1, ¿ = 3 orbits, D l = l ¡ 204, Ãazi = 0.

Table 1 Critical tether length requirements for dual tethered
satellite platform systems ( z Ãrbi z = 2, ¿ = 1 orbit)

Light- Medium Heavy- Lightweight/ Shuttle
weight weight weight medium weight satellite

System data satellites satellites satellites combinations system

m1 , kg 500 1000 105 1000 105

m2 , kg 500 1000 105 500 5 £ 104

Ix1, kg-m2 100 500 107 500 107

Ix2, kg-m2 100 500 107 100 106

Iy1, kg-m2 150 1000 107 1000 107

Iy2, kg-m2 150 1000 107 150 106

Iz1 , kg-m2 75 500 8 £ 106 500 8 £ 106

Iz2 , kg-m2 75 500 8 £ 106 75 8 £ 105

.L t0/cr, m 6.8 10.7 150.0 15.0 212.1

Fig. 8 Typical system attitude maneuver response as affected by ¿ :
(®1e )0 = (®2e )0 = 0 deg, (®1e )f = (®2e )f = 15 deg, Á10 = Á20 = 0 deg, C =
3 £ £ 108 , K1 = ¡ 0.5, K2 = 0.3, lt0 = 200, z Ãrbi z = 2, f = 1, g = 1, Ãaxi = 0.

from lt0 D 20 to 200, the steady-stateattitude errors decreases from
§0.248 to §0.097 deg. In general, it is observed that an increase
in the tether length results in progressively reduced librational am-
plitudes in platform orientation errors. However, below a critical
tether length .lt0/cr the attitude errors becomes very large, and fur-
ther decrease in tether length results in instability of the system.
The critical tether length requirements for various combination of
dual satellite platforms based on the numerical simulation of the
satellite attitude responses are listed in Table 1. The platform mass
distribution parameters K1 and K2 appear to have little effect on
platform orientationcharacteristics.It is observed that, even for the
inherently most unstable platform mass distributions, the response
is virtually the same as that for other stable or unstable combina-
tions. The effect of the most adverse platform mass distributions
is only one of slightly increased maximum platform orientation
errors.

The in� uence of the dimensionless radial tether offset Orbi on sys-
tem orientation performance is studied next. As jOrbi j is increased
from 0.1 to 2.0, the steady-stateattitudeerrorsdecreases from 1.309
to 0.097 deg. In general, increase in jOrbi j results in greater precision
in orientation.When jOrbi j selected is very small, the librational am-
plitudes is relatively large and unacceptable.

The parameter ¿ is found to have signi� cant in� uence on the
resulting steady-state orientation errors (Fig. 8). The rapid changes
in the tether offsets signi� ed by the relativelysmall values of ¿ may
lead to unacceptably large orientation errors and instability. When
the offsets Oaki , k D x; y, are varied slowly as signi� ed by larger ¿
values, the system settles down close to the desired equilibrium
con� guration. The larger the value of ¿ , the smaller are amplitudes
of oscillations around the nominal equilibrium orientation of each
platform.

There is no effect of varying the parameter C on system attitude
maneuver response. However, the amplitude of tether longitudinal
oscillations increases from 6 £ 10¡9 to 2:6 £ 10¡5 as C is varied
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from 108 to 104. This increase in amplitude may be due to the
� exibility of the tether. The changes in the parameters f and g have
no observed effect on system maneuver performance.

Conclusions
Attitude maneuveringof a dual satellite platform through change

of tether offsets is presented. An open-loop control law for chang-
ing tether offsets to achieve desired orientation of the platforms
is proposed and developed. The exact numerical integration of the
governing nonlinear equations of motion establishes the feasibility
of the proposed concept. The small tether length as well as offset
variation on the order of a fraction of a meter may suf� ce to provide
the desired orientation of platforms. However, the system has the
limitation of controlling yaw excitation in case of roll maneuver.
The nearly passive nature of the proposed mechanism using short
tethers makes the concept particularly attractive for future space
missions.
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