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A tethered satellite cluster system, which consists of a cluster of satellites connected by tethers and which can
maintain and change formation via active control of tether tension and length to save thruster fuel and improve
control accuracy is proposed. The concept can be applied to tethered multisatellites for in-orbit servicing, which
can perform various missions, including inspection, casting, capture, recovery, moorage, and deorbiting of an
uncontrolled satellite. The rotational motion of such a system that the satellites in formation flying are required to
rotate about the center of mass of the system on the same desired plane is considered. The equilibrium conditions that
the tether tension imposes on the rotational motion are given, and a coordinated control method for the thrusters,
the reaction wheels, and the tether tension/torque is proposed. Numerical simulations and ground experiments
show that the control of the tether tension and torque not only saves thruster fuel, but also improves the position

and attitude accuracy of formation flying.

Nomenclature

ap=1{itiap=1b;}"aj vector from the c.m. of satellite j
to the end of arm jk
body-fixed coordinate system of

satellite j

{bj} = {bj,x b]'y bjz }T

C,K = derivative/proportional gains

C/(9) = coordinate transformation matrix
around the axis j of angle 6

d; = distance from the origin of {r} to
the c.m. of satellite j in plane

F,={i}liF; = force vector acting on satellite j as
the result of the thruster

Fji, Tk = force/torque vectors on satellite j
caused by the tension of tether jk

H; = foot of perpendicular from the c.m.
of satellite j to the rotational plane

h; = height of the c.m. of satellite out

of plane

moment of inertia about a set of
axes passing through the c.m. of
satellite j

Earth-centered inertial coordinate
system

Lk = distance between the c.m. of
satellite j and the end of arm jk
mass of satellite j

angular momentum vector about
the c.m. of tethered satellite cluster
system

I;=1{b;}"1;{b;} =

By ={ic iy i.}" =

m; =
P =
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c.m. of tethered satellite cluster
system

position vector of the c.m. of
satellite j

rotational coordinate system
intermediate coordinate system
fixed on the desired rotational plane

Gem. = {i}T[(JC.m. =

q;=1{i}'q;=1{b;}"q,

{r}z{rx ry rz}T =
{s}={s. Sy sz}T =

T; = tension of tether jk

;s B = length of the major/minor axis of
the ellipse of satellite j

Aj = angle between the two directions

of satellites j and 1 in plane
torque vector acting on satellite j
as the result of the reaction wheel

T =1b;}"7; =

Ors 0r, Uy = 3-2-1 Euler angles between {r}
and {i}

O = spin angular velocity of {r} with
respect to {s}

Vi, 0, ¢; = 1-2-3 Euler angles between {b;}

and {r}

w;={b;}lw; = angular velocity vector of satellite j

Introduction

ANY researchers have investigated the concept of satellite

cluster systems in which a group of satellites is coordinated
to perform various advanced missions. The benefits of such a sys-
tem are redundancy and distribution. Each satellite in the cluster
features smaller size, lighter weight, and lower cost.'™> A typical
mission would be, for example, formation flying for interferome-
ter observations in the as part of the of TechSat21* and Darwin’
projects. However, coordinated work in orbit requires significant
thruster fuel, and this in turn causes a reduction in satellite life-
time. Beard and Hadaegh proposed a finite thrust control method
for a formation rotating at a constant rate in free space.® This keeps
the relative distances between the spacecraft within specified con-
straints. This method has the drawback that the reduction of thruster
fuel causes decline in the position control accuracy.

As an alternative, many researchers have proposed satellite con-
stellations connected by tethers. Keshmiri et al. formulated the
general three-dimensional motion of tethered N-body systems.”
Tragesser investigated the stability of the spin motion of a teth-
ered ring formation based on the conical Likins—Pringle relative
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Fig. 1 Tethered satellite cluster system.

o

Fig. 2 Tethered multisatellites for in-orbit servicing.

equilibrium.® DeCou investigated the dynamics for a triangular for-
mation of satellites.” Maccone considered a tethered system to get
magnified radio pictures of the galactic center.!® Yasumitsu and
Natori showed the dynamical behavior of a tethered system mi-
crosatellite constellation.'! However, in these studies each satellite
is defined as a point mass, and the torque caused by the tether offset
is not discussed.

This paper proposes a new tethered satellite cluster system as
sketched in Fig. 1. The system consists of tether-connected robotic
satellites, which maintain and change formation using active control
of the tension and length of each tether. Each satellite has arms and
can change the tether offsets by controlling the endpoints of the arms.
Thus tether tension can be used for attitude control'>~!% as well as
for position control. Such a system can be used in formation flying
by using the tether tension not only for saving thruster fuel but also
improving the control accuracy of the position and attitude of each
satellite. The concept can be applied to tethered multisatellites for in-
orbit servicing,'~!° performing various missions such as autonomic
inspection, casting, capture, recovery, moorage, and deorbiting of
an uncontrolled satellite, as shown in Fig. 2.

We consider the rotational motion with respect to the c.m. of
the system in a formation pattern. Circular motion is treated as the
most fundamental case. The equilibrium conditions for maintaining
the circular motion using the tether tension are shown, and a control
method based on the equilibrium conditions for minimizing thruster
fuel is investigated. Next, the equilibrium conditions for a similar
transformation of the system are derived, and the control meth-
ods for saving fuel are shown. Numerical simulations demonstrate
that these control methods are effective in decreasing the relative
position/attitude errors of the satellites as well as in reducing the
satellite fuel consumption. In addition, we develop a ground experi-
ment system,?’22 including a reel mechanism'?23=2 to simulate the
tethered satellite cluster system. We outline the system components
and verify the dynamics and control methods with two-dimensional
experiments.

Tethered Satellite Cluster System

The main features of the proposed tethered satellite cluster system
are as follows:

1) The system is reconfigurable by tether connection/
disconnection between the satellites.

2) The tether tension and length are controlled by a reel mech-
anism, and the tether connection/disconnection is effected with a
coupling mechanism.

3) The reel or coupling mechanisms are installed on the endpoints
of the arms of each satellite.

4) Each satellite maintains formation flying by a coordinated con-
trol of position and attitude using the reel, the arm, the thruster, and
the reaction wheel.

5) The control system results in reduced fuel consumption and
improved relative position/attitude accuracy through control of the
tether tension.

We consider the following two fundamental motions: transla-
tional motion, which is moving the satellites to an arbitrary position
for the transportation of supplies, such as for a space elevator, or
for rendezvous docking, etc.; and rotational motion, which is ro-
tating the system about the c.m. while maintaining or changing the
formation. This is useful for interferometry measurement, or for
stabilization of a solar sail**?” or a space solar power system.?®

Combining the two motions, the system can perform various ad-
vanced services, such as capturing an uncontrolled satellite, moor-
ing to space structures, and operating a tethered camera for satellite
inspection.

Modeling and Formulation

Figure 3 shows an analytical model of the system. We consider
the motions of the n satellites connected by tethers in an Earth-
centered inertial coordinate system {i}. Each satellite, tether, and
arm is modeled as follows where j, k=1,2,...,n,and j #k.

For satellite j, the body-fixed coordinate system is {b,}; the mass
is m; the position of the c.m. is ¢;; the moment of inertia about a
set of axes passing through its c.m. is I;; and the angular velocity is
wj.
jFor tether jk (connects satellites j and k), the tension is
T;i(=Tyj) = 0; and the mass, twist moment, bending moment, and
tensile strain are ignored.

For arm jk, a three-degree-of-freedom (DOF) arm mounted on
satellite j, and controlling the position of the arm end a . (# ay;)
and the orientation of the reel or the coupling mechanism connected
to tether jk.

In this paper, each satellite is in the neighborhood of the c.m.
of the system. By the Newton—Euler equations, the motion of each
satellite can be formulated as follows:

mig; = —|qj|gq,- +F+ ) Fy ¢)
k

Fig. 3 Analytical model.
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. 3u
Ij - wj+w, X’j‘wj=wqu1j'Qj+Tf+ZTjk 2
J k

The first-order term of the gravity-gradient torque is considered. F ;
and 7 ; are the thrust and the torque vectors acting on satellite j as
a result of the thruster and the reaction wheel. F j; and 7 j; are the
tension and the torque vectors caused by tether jk and are expressed
as follows:

Fo,=T qx +ay) — (g +aj)
"=

. 3
(g +ary) — (g; +aj)l ®)

Tk =@ X Fj “)

These equations can deal with both an open string of satellites and
a closed-ring formation. F; and 7; are external force/torque, and
they consume the thruster fuel. On the other hand, F j; and T j; are
internal force/torque. They are useful for the motion in which the
angular momentum is not changed, for example maintaining the
rotational motion.

Rotational Motion

We now consider the rotational motion, where n satellites rotate
about the c.m. of the system with a desired formation on the same
plane. We then establish control methods using the tension of the
tether.

Rotational Coordinate System

Figure 4 shows the rotational model in case of n = 3. The defini-
tion of the rotational coordinate system {r} is as follows. The origin
of {r} is the c.m. of the system,

ZL. m;q;

gem. = n
Z_/:l m;

where r.r, represents the desired rotational plane and r. is the ro-
tational axis. Here r, shows the direction of H,: H; is the foot of
perpendicular from the mass center of satellite j to the rotational
plane. The relationship between {r} and {i} is defined by the follow-
ing 3-2-1 Euler angles:

&)

{r} = C ()5} = C () C*(07) C' () (i) 6)

where {s} is the intermediate coordinate system fixed on the desired
rotational plane and the superscript d shows a desired (set) value.
Here s, is the rotational axis (s, =r;), and the angular velocity of
{r} with respect to {s} is ¢,r,. The attitude relationship between {r},

S. I
Rotational Axis of

@, T Desired Rotational Plane

P* r Satellite 2

Desired
Rotational Plane

Fig. 4 Rotational coordinate system.

{s}, and {7} is shown in Fig. 4. The angular momentum vector P of
this system about c.m. is represented as follows:

P= Zl[m,«qj —gem) X @ —qem) +1-w;] (D)
o

The position and attitude of each satellite in {r} are defined as
follows.

Position:
djcosh;
g; —gem. = {r}" | djsini; ()
hj
Attitude:
{bj} = C'(WNC*O)HC*(ppir) ©

where d; is the distance from the origin of {r} to H;; A; is the angle
between the two directions of H; and H,; and h; is the distance
from Hj; to the mass center of satellite j. Given the definition of {r},
the following equations are satisfied:

n djcosi; 0
ij djsini; | =0 (10)

j=1 h; 0
A =0 (11

When each satellite is perfectly following the desired rotational mo-
tion, the directions of P and r, are the same, and & ; = 0 is satisfied.
The position and attitude of each satellite can be obtained by global
positioning system and an attitude sensor. Each satellite can use
thrusters and reaction wheels for control of the relative position and
attitude in formation flying. However, thrusters consume consider-
able fuel to perform a desired rotational motion. Therefore this paper
proposes that the tethered satellite cluster system use the tether ten-
sion and torque in order to save thruster fuel and to improve the
accuracy of the position and attitude control. This analysis assumes
that the spin rate of the formation is much larger than the orbital rate,
and so the spin axis of the formation remains in the same inertial
direction.

Equilibrium Conditions for Circular Motion

When the system formation in {r} is constant, each satellite of the
system makes a circle in {s}. It is defined as a circular motion. If
the sum of the tether tensions acting on each satellite is equal to the
centrifugal force of the circular motion, the motion is maintained
without thruster force:

D Fu=-miglg; — gem) (12)
k

and if the torque from the tethers acting on each satellite is equal
to zero, the attitude of each satellite in {r} is maintained without

reaction-wheel torque:
> Tu=0 (13)
K

where 7, =0 is satisfied when the arm jk end position
aj, o< {(qr +ay;) — (q; +aj)}. If these equilibrium equations (12)
and (13) are satisfied, the translational and rotational angular mo-
mentum m jdf(,b, and /;w; of each satellite are conserved.

The system is divided into four connection types: chain con-
nection, loop connection, star connection, and all connection as
shown in Fig. 5. The equilibrium formations and tensions, satisfy-
ing Eq. (12), are derived as follows.

Chain connection: All satellites are connected in a line as shown
in Fig. Sa.
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Fig. 5 Tether-connection types.

Formation:

)\.1:"':}"(::07 )\.(;+1:"'_
d1>"'>d€7 d5+1>"'>dn (14)

Tension:

Ty =mydi19F, Toyrc42 = My 1de 197
Tjjwr=Tj-rj+m;d;@}
T, = c—1l,c +mcdc(p,2 = Tn—l.n +mndn¢3 (15)

The bottom equation of Eq. (15) is satisfied because of the definition
of {r}.

Loop connection: Satellites are connected in a ring as shown in
Fig. 5b.

Tension:
mjdj¢3SiH8j,j+l _mj+1dj+1¢rzsinej_j+l
sin(8; ;41 +€&j-1,;)  sin(i1 42 +&5+1)

Tjjs1=

_ omudy@lsing,y  omdig]sing,
Tosin(du +E-1,)  Sin(Sia + &41) (16)

Examples of the equilibrium formation are a thombus, a rectangle,
and a regular polygon. A reentrant polygon does not satisfy the
conditions because the tension is positive.

Star connection: One central satellite is connected to all other
satellites as shown in Fig. 5c.

Formation:

d,=0 17)
Tension:

Ty =m;d;¢? (18)

Equation (17) indicates that the satellite n is at the c.m. of the system.
All connection: All satellites are connected to each other by
tethers.
Formation: arbitrary planar formation
Tension:
¢2
Tjx = mjmylqp — qx‘|n7r 19
1=1""

Although the all-connection type is complicated relatively, it can

maintain arbitrary planar formation. Only these types can maintain
defined formations by tether tension.

Coordinated Control Method for Circular Motion

Satellite cluster systems can perform a desired circular motion by
using the following thruster/reaction-wheel control for each satellite
based on proportional and derivative (PD) control.

Thruster/reaction-wheel control.

Thruster:

Fj=—m;[C(q; - 47) + Ki(a; —a7)] (20)

Reaction wheel:

v =y
T, =-1;- Cz(‘-‘-’j - ‘/5;1’:) + Kb} | 0 — 9;1 @n
9 — ¢

Thrusters and reaction wheels are used for feedback control of posi-
tion and attitude, respectively. If a satellite does not have any reaction
wheels, thrusters can be substituted.

Using thrusters to maintain a circular motion would generally
require too much fuel. This paper therefore proposes using the fol-
lowing reel/arm control as well as thruster/reaction-wheel control
in order to decrease the fuel consumption.

Reel/arm control.

Reel:
Ty =T} 22)
Arm:
d _ g4
adk — l,kM (23)
J IR 4 d
|t — 45|

T¢ is the equilibrium tension for the desired circular motion in
Egs. (15), (16), (18), and (19), and I} is the distance between the
c.m. of the satellite j and the reel or coupling mechanism connected
to tether jk. This is the tether tension/torque feedforward control.
When each satellite perfectly follows the desired circular motion, it
can maintain the motion without thrust by the reel/arm control. Thus
each satellite can save thruster fuel. The various errors and distor-
tions can be tolerated by the feedback control of thruster/reaction
wheel (refer to the Appendix).

Equilibrium Conditions for Similar Transformations

Next, we consider the case of a formation changing size but main-
taining shape, as shown in Fig. 6. Such a rotational motion is defined
as a similar transformation. In this motion, the amount of d; /d; of
each satellite is equal to each other. And A; is not changed, and
h; =0 should be satisfied regardless of connection type. If the sum
of the tether tensions acting on each satellite is equal to the cen-
trifugal force of the rotational motion, the similar transformation is
achieved without thruster force.

d:
D Fi=-m (¢3 - d—’_)(q,- ~dem) (24)
k J

The amount of ¢, is decided by the conservation of angular mo-
mentum. The d;/d; term shows the changing ratio of the similar
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Fig. 6 Similar transformation sequence in the r,ry plane.

d, =10
A =2x/3

d; =20
A =0

h=r

d: =1043
A=Tr/6
@, =137/6

Fig. 7 Simulation conditions.

transformation. In the case of J_, /d; =0, Eq. (24) becomes equal
to Eq. (12). Replacing the ¢? terms with (¢? —d;/d;) in Egs. (15),
(16), (18), and (19), we arrive at the equilibrium tension T/.‘f( for the
similar transformations. The equilibrium formations for the similar
transformations are the same as those for circular motions. Because
Tjx > 0, the relationship d; /d; < ¢? needs to be satisfied.

Control Method for Similar Transformations

The system can take advantage of the equilibrium tension for sim-
ilar transformations in the control scheme. The coordinated control
method for circular motions is also efficient for decreasing fuel us-
age for similar transformations. The thruster/reaction-wheel control,
Egs. (20) and (21), transfers the system to a desired motion, and the
reel/arm control, Eqs. (22) and (23), maintains it.

Numerical Simulations
Consider the rotational motion of three satellites (n = 3), all con-

nected to each other, as shown in Fig. 7. The following numerical
simulations verify the control methods just proposed.

Simulation Conditions

The following parameters describe the system in meter-kilogram-
second (MKS) units.

Satellite shape:

m; =50, 'l =diag{2,2,2}, lp=1 (25

Orbital motion:

I'gem.| = 570,000 (circular orbit of which period is 5764 s)
(26)
Rotational axis and rotational plane:
yd =m/6, 04 = /6 27)
Initial conditions:
gi=0. ¢ =m/60 (28)
=20, d5=10, & =10V3 (29)
Ay =2m/3, A =1Tm/6, h =0 30)

Table 1 Average of position/attitude errors: circular
motion simulation

Tension IAgalomm  /IAVR + [AGP +[Ags P, deg
Tjx =T}, 0.000 0.000
Tk =0 0.273 0.000
Tjx = 1.5T}, 0.137 0.000

Yi=0, 0=0, @ =A+n 31

i = [—gidsinal gidicosns 0] (32)
.17

wi =0 0 ¢] (33)

where the superscript s indicates the initial value. Equation (28)
shows the spin angle and angular velocity of the system. Equations
(29) and (30) show the triangle formation. Equation (31) shows
the attitude of each satellite. These initial conditions are sketched
in Fig. 7. Equations (32) and (33) show the velocity and angular
velocity vectors of each satellite, respectively.

Circular Motion Simulation

When the initial formation is maintained, each satellite of the
system makes a circle. Because ¢} = /60, the cycle of the circular
motion is 120 s, which is a typical condition for interferometer
observations. This motion is set as the desired one. Each satellite
can perform the desired motion by the prescribed thruster/reaction-
wheel control in Egs. (20) and (21), adding equilibrium tension TJ.‘f(
calculated by Eq. (19).

Figure 8a shows the trajectory of each satellite in the s, plane.
The solid, dashed, and dotted lines represent satellites 1, 2, and 3,
respectively, and the system maintains the desired circular motion.
The radius of the circular motion of each satellite is d}. Figures 8b
and 8c show the accumulated thruster impulse and the accumu-
lated reaction-wheel angular impulse acting on satellite 2. The solid,
dashed, and dotted lines represent the three cases of Tj; = T/‘i or0
or 1.5 Tj‘f(. Table 1 shows the average of the relative position/attitude
errors of satellite 2 for each case. The accumulated thruster impulse
is proportional to the fuel consumption. In the case of Tj; = ij‘;(,
the sum of the tether tensions acting on the satellite is equal to the
centrifugal force of the desired circular motion. Thus the thruster
force is needed only to correct errors caused by the orbital motion,
and the accumulated impulse is small. On the other hand, in the case
of Tjy =0 or I.ST;j(, the thruster force for maingaining the circulazlr
motion is equal to the centrifugal force myd?¢?” or —0.5m,dd ¢,
respectively. The same is true of the other satellites. Therefore, in the
case of Tj, = aT;‘;{, where « is a constant, the accumulated thruster
impulse acting on satellite j is represented as follows:

f|Fj|dz ~ |1 —alm;ddgt (34)

The accumulated reaction-wheel angular impulse is also related
to the thruster fuel consumption because the thruster is substituted
for reaction-wheel attitude control. Figure 8c indicates that it is
nearly equal to zero in all three cases. The reason is that no torque
is required for maintaining the circular motion and that the reaction
wheel is used only to correct attitude errors.

In Table 1, the average of the position error is the smallest for the
case of T = Tﬁ(, and it becomes larger in the cases of T}, = 1.5TJ.‘2
and O in that order. The average of the attitude error is equal to
zero in the three cases. Similar results are obtained for accumulated
thruster impulse and reaction-wheel angular impulse. Therefore the
proposed feedforward tension is useful in improving the position
control accuracy as well as in reducing the fuel consumption of the
thruster.
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Fig. 8 Circular motion simulation.

Similar Transformation Simulation
The following ellipse motion is considered as a desired similar
transformation:

;B
2 2 d 2 qin2 pd
\/ozj cos? ¢ + B sin”

d¢ =

J

(35)

where «; and B; are the lengths of the major and minor axes of the
ellipse in the 5.5, plane, respectively. They are set as follows:
o =d;, B; = 0.5d; (36)

The equilibrium tension Tﬁc and the desired angular velocity ¢¢ are
calculated by the following equations:

(¢ —d}/d)

Z;l=1 mi

m;d{ ¢! =m;d} ¢ (38)

T8 = mmi|qf — ¢ 37

Because ¢} = /60, the cycle of the elliptical motion is 60 s.

Table 2 Average of position/attitude errors: similar
transformation simulation

Tension |Aga], mm \/IAW2|2+|A92|2+|A(ﬂ2\2,deg
Tje=T§ 0.000 0.049
Tjx =0 0.843 0.066
Ti=15 Tjdk 0.420 0.043
20
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E o
(A}i
-10
=20

220 <10 0 10 20
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Time [s]

b) Accumulated thruster impulse
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J1%.|dt [Nms]

Time [s]

¢) Accumulated reaction-wheel angular impulse

Fig. 9 Similar transformation simulation.

Figure 6 shows the transformation sequence of the motion in the
rry plane. Figure 9a shows the trajectory of each satellite in the
5.8, plane. The solid, dashed, and dotted lines represent the data
for satellites 1, 2, and 3, respectively. Figure 9a indicates that the
formation of the system changes in size similarly in the r,r, plane
and that each satellite performs the desired elliptical motion in the
5,8, plane. Figures 9b and 9c show the accumulated thruster impulse
and the accumulated reaction-wheel angular impulse working on
satellite 2. The solid, dashed, and dotted lines represent the three
cases of Tj = Tﬁ(, 0, and I.STJffc. Table 2 shows the average of
the relative position/attitude errors of satellite 2 for each case. In
Fig. 9b, the sum of the tether tensions in the case of T} = Tﬂ( is
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equal to the centrifugal force of the desired elliptical motion, and
the accumulated thruster impulse is small. The larger the difference
between T, and T;”, the larger the accumulated thruster impulse
becomes. In general, the accumulation of the thruster impulse for

the case of Tj; = OtTﬁ(, where « is a constant, is shown as follows:

(39

The graph inclination in Fig. 9b changes cyclically, which corre-
sponds to the centrifugal force of the elliptical motion.

The larger the tension becomes, the smaller the accumulated reac-
tion wheel angular impulse becomes in Fig. 9c. In a similar transfor-
mation, the desired angular velocity ¢¢ changes cyclically. There-
fore a torque / J‘? @¢ is necessary for the attitude control of each satel-
lite. In the case of Tj; =0, the accumulated reaction-wheel angular

impulse is nearly equal to
dd

217

On the other hand, in the case of Tj; # 0, each tether provides the
satellites with torque to correct all attitude errors. Because the torque
is proportional to the tension, the accumulated reaction-wheel an-
gular momentum becomes smaller with an increase of the tension.

Figures 9b and 9c and Table 2 indicate that the relative position
and attitude errors become smaller with a decrease of the thruster
impulse and the reaction-wheel angular impulse. Substituting the
tether tension/torque for the thruster and the reaction wheel, we see
that each satellite can save thruster fuel and improve the position
and attitude control accuracy. The accumulated thruster impulse
becomes the smallest in the case of T}, = Tj“;(. However, the accu-
mulated reaction-wheel angular impulse becomes the smallest in
the case of Tjy =1.5 Tﬁ( (maximum tension case).

Sketch of a Two-Dimensional Ground
Experiment System

Figure 10 shows the two-dimensional ground experiment
system?*2! described in this paper. The system consists of satel-
lite simulators and a ground station as shown in Fig. 10b. Next is a
description of the components.

CCD Camera

- {
k2

¥
o

Satellite
Simulator—

o

a) System configuration

Reel
Mechanism

=

Air Tank

Laser Ring
Gyroscope

Thruster
Air Pad

) Ground Station

bt

Tcther L

" Flat Floor

¢) Reel mechanism

Fig. 10 Two-dimensional ground experiment system.
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Satellite Simulator

Each satellite is a solid rectangular parallelepiped (0.6 x 0.6 x
0.7m,m; =58kg,1; =3.73 kgmz), floating on a flat floor (3 x 5 m)
with four air pads. The driving force/torque is generated with eight
thrusters. In these experiments, the satellites are not equipped with
reaction wheels. Thus the thrusters control both the position and at-
titude of each satellite. The force and torque of one thrusteris 2.22 N
and 0.444 Nm. (Specific impulse is 24.1 s.) Fuel for the thrusters
and air pads is supplied by two air tanks. A laser ring gyroscope pro-
vides the attitude data of the satellite and the onboard PC communi-
cates with the ground station by wireless LAN (TCP/IP protocol).
In the experiments, the reel mechanisms'>23 as shown in Fig. 10c
are mounted on the satellite. The size is 140 x 400 x 200 mm, and
the weight is 3.95 kg. The main function of the reel mechanism is
to deploy and retract the tether. The reel mechanism also serves the
following functions: 1) to avoid a jam in the case the tension is nearly
zero, 2) to measure tension and direction of the tether, 3) to wind the
tether on the reel uniformly, and 4) to measure the deployed length
of the tether.

Ground Station

A charge-coupled-device camera captures a picture of the whole
motion area, and a PC calculates the position of the satellites by
pattern matching. The PC also controls the position/attitude of each
satellite through the wireless network.

Ground Experiments

We performed two experiments with the tethered satellite cluster
system; a circular motion experiment using three satellite simulators
(n =3) and a similar transformation experiment using two satellites
(n=2).

Experimental Conditions

Figure 11 shows the experimental conditions. The system ro-
tates about the c.m. of the system, and the desired formations are a
regular triangle for the circular motion and a line segment for the
similar transformation. The tether connection point for each satel-
lite is fixed (/jx =0.26 m). The initial conditions are set as ¢; =0,
¢, =2m/30rad/s,d; =0.8m, A} =27 (j —1)/n, and ¢} =" + 7.
In this ground experiment system, the motion of each satellite 1s lim-
ited to two dimensions, and 1//;' =0, 9;. =0, and hj =0 are satisfied.

Circular Motion Experiment

The desired motion of each satellite is defined as the circular
motion that is caused by maintaining initial motions. Each satellite
conducts coordinated control of the reel and thruster to achieve
the desired motion. The cycle period of the circular motion is 30
s because ¢! =2m/30rad/s. The equilibrium tension T,.“;( of each
tether is 1.18 N by Eq. (19). '

Figure 12a shows the trajectory of satellite 1 in the s.s, plane.
The trajectories of satellites 2 and 3 are almost the same. The results
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Table 3 Average of position/attitude errors:
circular motion experiment

Tension |Ag1|, mm [Ag1], deg
Tjx =T 24.7 4.36
Tjr=0 313 7.00
Tjx=1.5Tf 34.1 3.61
Tjk =2T4 457 4.83

indicate that the system maintains the desired circular motion. Fig-
ures 12b and 12c show the accumulated thruster impulse and the
accumulated thruster angular impulse acting on the satellite 1. The
solid, dashed, dotted, and dot—dashed lines represent, respectively,
the four cases of T =T or 0 or 1.5T% or 2T7,. The bold broken
line represents the following theoretical values in the case of T, =0

(no tether):
/wum—m4% /nmh=/Vﬁf

In the case of T, =Tﬂ€, the accumulated thruster impulse is
the smallest, however, not equal to zero, because of the fric-
tion and inclination of the flat floor, tension control error, and
pattern matching error. The accumulated impulse in the case
of Tjx =0 is nearly equal to the theoretical value as shown in
Eq. (40). It is also nearly equal to the case of T, _2T . Note
that thrust directions in the cases of Tj, =0 and 2T" are oppo—
site to each other. The accumulated impulse in the case of T
1.5 Tjd becomes the average value of the impulses in the case of T, =
T‘i and 2Td The fuel mass difference between the two cases
T,k = T and 01s 0.0726 kg (specific impulse is 24.1 s) per circular
cycle. These results indicate that the tether tension saves thruster
fuel in the case of Tj =T}

None of the accumulated thruster angular impulses in all cases of
T is equal to zero because of the friction and inclination of the flat
floor and position control error. The larger the tension becomes, the
smaller the accumulated angular impulse becomes. This is because
the tether torque to correct the attitude error is proportional to the
tension.

Table 3 shows the average of the position/attitude errors of satel-
lite 1 for each case. The results for other satellites are nearly equal
to those of satellite 1. The average of the position error is the small-
estincaseof Tj, = T/.‘f(. The average of the attitude error is the largest
in case of Tj; =0 because the tension torque is the smallest (zero)
in this case.

=0 (40)

Similar Transformation Experiment

As a similar transformation, each satellite performs the ellipti-
cal motion defined in Eq. (35). The long and short radii are set as
a; =dj, B; = 0.85d}, respectively. The cycle period of the elliptical
motion is 25.5 s.

Figure 13a shows the trajectory of satellite 1. Figures 13b and 13¢
show the accumulated thruster impulse and the accumulated thruster
angular impulse acting on satellite 1. The solid, dashed, and dotted
lines represent the three cases of Tj; = T orQOorl.5 Td The bold
broken line represents the followmg theorencal Values in the case
of Tjx =0 (no tether):

o dl
/|Fl|dt=/mld,d<<p;fz—d—;> dr
1
/mmsz%

Table 4 shows the average of the position/attitude errors of satellite
1 for each case.

In the case of Tj; = T;f(, the accumulated thruster impulse is the
smallest, however, not equal to zero, because of the same errors
as mentioned in the preceding circular motion experiment. The ac-
cumulated impulse in the case of T =0 is nearly equal to the
theoretical value.

(41

Table 4 Average of position/attitude errors:
similar transformation experiment

Tension |Agq |, mm [Agi|, deg
Tjx =T 21.2 3.31
Ty =0 33.0 9.20
Tj=1.5T¢ 373 3.36
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Fig. 13 Similar transformation experiment.

The accumulated thruster angular impulse is the largest in the
case of Tj; = 0. The larger the tension, the smaller the accumulated
angular impulse.

The average of the position error is the smallest in the case of
Ty = Tﬁc, and the average of the attitude error is the largest in the
case of Tj; =0 in Table 4. These are the same conclusions as with
the circular motion experiment.

Conclusions

This paper has discussed the dynamics of tethered satellite clus-
ters in orbit. The control for a same-plane formation rotating with
respect to the c.m. of the system was developed and evaluated. The
following conclusions were made:
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1) The paper presented the equilibrium conditions for maintaining
system formation and performing a circular motion by tether tension.

2) The paper presented a coordinated control method for circular
motion that minimizes thruster fuel by using the reel, arm, thruster,
and reaction wheel.

3) The paper presented the equilibrium conditions for changing
the system formation in size similarly.

4) The paper presented a coordinated control method for similar
transformations.

5) Numerical simulations and ground experiments were con-
ducted and showed that these control methods can save thruster
fuel and improve control accuracy of the position/attitude of each
satellite, using the tether tension/torque in addition to the thruster
force/reaction-wheel torque.

Appendix: Equation Form of Circular Motion

Newton—Euler Equations (1) and (2) are described by elements
of vectors as follows:

N i ‘g +ay —'q; —"ap
milGy =5l F Y T (Al
| “ligetiay =g, —ia]

qj
by b: b~ by b 31 e b
lj'o; +'0;"ljo; = 574,19, + 7,
l'q;
b b b b
be Gkt Ay — g — "
+Zk ajk| Tjx (A2)

bgr +Pay; —q; — bajk|

The last terms of Eqgs. (A1) and (A2) are relating to tension and
torque of tether, respectively. They are unique to tethered satellite
cluster system. Each satellite can control the motion by modifying
parameters Tj; and "a_,k as well as iF.i and "rj.‘If Egs. (22) and (23)
are satisfied, these terms become (‘qx —'q;/I'qx — 'q; |)Tj‘§( and 0,
respectively. In case of the circular motion of all-connection type,
Egs. (A1) and (A2) are rewritten as follows, considering Egs. (5)
and (19):

Hm

mj'g; = |3IQ./ +F+mila—gem|@; (A3)

',
3p
4]

bljba)j +b&)jb1jbu)j = bquljbqj +b7.'j -‘rO (A4)

3

The motion equations of the other connection types are described
as the same. Thus the circular motion can be maintained, if ' F =
—(um;/|'q;1®)'q; and’t; = —(31/1°q,*)°G,;°1;°q are satisfied by
the feedback controls of Egs. (20) and (21). In this paper, they are
small relatively because the orbital rate is supposed to be much
larger than the spin rate of the formation.
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