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Model Predictive Control for
Nonlinear Wave Equations
Hashimoto, Tomoaki; Fukui, Yusuke; and Ohtsuka, Toshiyuki


vibrations are essentially nonlinear phenomena
[9]-[11]. Vibration suppression is necessary to
improve the performance of string-based systems.
Motivated by these facts, this study considers the
vibration control problem of nonlinear wave
equations.
Model predictive control, also known as
receding horizon control, is a kind of optimal
feedback control in which the control performance
over a finite future is optimized and its
performance index has a moving initial time and
moving terminal time. Recently, we proposed a
design method of model predictive control for a
class of parabolic PDEs [12]-[13]. A fast algorithm
called the contraction mapping method [13] was
proposed to solve the model predictive control
problem for this class of systems. However,
suitable reformulation and modification are
necessary to be able to apply the design method
in [13] to systems described by hyperbolic PDEs.
Hence, the objective of this study is to develop a
design method of model predictive control for a
class of nonlinear hyperbolic PDEs.
This paper is organized as follows. In section 2,
we introduce some notations and the system
model. In section 3, we consider the model
predictive control problem for a class of nonlinear
wave equations. Using the variational principle,
we derive the stationary conditions that must be
satisfied for a performance index to be optimized.
In section 4, we briefly describe the algorithm for
numerically solving the obtained stationary
conditions. In section 5, we provide an illustrative
example to verify the effectiveness of the
proposed method. Finally, in section 6, we make
some concluding remarks.

Abstract— Optimal control of nonlinear wave
equations is an open problem with various
applications, including vibrating strings, sound
waves, and water waves. Model predictive control
is a type of optimal feedback control in which the
control performance over a finite future is
optimized and its performance index has a moving
initial time and moving terminal time. The objective
of this study is to develop a design method of
model predictive control for a class of nonlinear
wave equations. The effectiveness of the proposed
method is verified by numerical simulations.
Index Terms—Distributed systems, Nonlinear
control, numerical solution, optimal control

1. INTRODUCTION

C

ONTROL of wave equations is an important
problem with applications such as vibrating
strings, sound waves, and water waves. Wave
equations belong to a class of hyperbolic partial
differential equations (PDEs) and are utilized to
describe various wave phenomena.
Control of linear PDEs is a well-established
subject with extensive literature [1]-[2]. Thus,
several control methods for linear wave equations
have been proposed [3]-[7]. Approaches such as
the Riesz basis approach [3], backstepping
approach [4]-[6], and sliding-mode approach [7]
have been adopted to make advancements in the
control of linear wave equations. However, control
of nonlinear wave equations is still an open
problem with regard to general classes of
nonlinear systems.
A string-based system model is useful for
characterizing a large number of flexible systems
in engineering applications. For example, a
tethered satellite system consists of two or more
satellites attached to each other by a long string.
Such systems have high potential for various
applications [8]. Crane cables used for dynamic
positioning of the payload and industry chains
used for material transmission are also
string-based systems. Such flexible mechanical
systems exhibit vibration due to the presence of
external disturbances. In many systems, such
Manuscript received July 20, 2012. This work was supported in
part by Japan Society for the Promotion of Science, Grant-in-Aid for
Young Scientists (24760334) and Grant-in-Aid for Scientific
Research (24360165). T. Hashimoto, Y. Fukui, and T. Ohtsuka are
with the Department of Systems Innovation, Graduate School of
Engineering Science, Osaka University, Japan (Corresponding
author's email: thashi@sys.es.osaka-u.ac.jp).

2. NOTATIONS AND SYSTEM MODEL
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Let  denote the set of real numbers. Let  
and   denote the sets of nonnegative real
numbers and positive integers, respectively. For
matrix A, the transpose of A is denoted by
A . Let x   and t    denote spatial and
temporal variables, respectively. Without loss of
generality, we restrict the scope to the range
0  x  h, where h is a positive constant. Let 
and  be the sets defined by  : {x | 0  x  h}
and  : {x | x  0, x  h}, respectively. Let z ( x, t ) :
      be a continuous function with respect
to x and t . Let z ( x, t ) and u (t ) :     be the
state variable and control input, respectively. Let

z x , z xx , zt , and ztt denote z / x,  2 z / x 2 ,
z / t , and  2 z / t 2 , respectively. The initial state
and the desired final state are denoted by z0 ( x)
and z f ( x) :    , respectively.
We consider the following class of nonlinear
wave equations:

 2 z ( x, t )
 
z ( x, t ) 
 a ( z )  b( z )

2
x 
x 
t

J     z ( x, t  T ) dx




t



H : L   ( x, ) F ( z , z x , z xx ),

(1)

and Q is defined by

z (h, t )  u (t )

(2)

Q :  ( x, )

and the initial conditions zt ( x, 0)  0, and z ( x, 0) 
z0 ( x). Therein, a( z ) and b( z ) are continuous
and differentiable functions with respect to z. For
notational simplicity, we rewrite system (1) as
 2 z ( x, t )
 F  z , z x , z xx 
t 2

where F :   
defined as

(6)

  H  z,  , u   Q[ z,  ] dxd ,

Here, H denotes the Hamiltonian defined by

with boundary conditions
z (0, t )  0 and

t T

 2 z ( x, t )
.
t 2

Let  z denote the variation (infinitesimal change)
in z. Hereafter, we adopt notation  to denote
the variation of a variable or functional.
It is important to note that we can apply the
following integration by parts to the computation of
 J.

(3)

 H
H
 zx  zx dx   zx


is the nonlinear operator

h

 
  H
  z    

x  z x
  0


  zdx,


h

 
z ( x, t ) 
F  z , z x , z xx  : a ( z )  b( z )
.
x 
x 

(4)

It follows from boundary conditions (2) that

 z (0, t )  0 and  z (h, t )   u (t )

t T





 H 
H
  H 
 z x dx  
  u ( )   
  zdx.
z
x  z x 
z x


 x

(10)

Similarly, substituting (9) into the second term on
the right-hand side in (8) yields
 H
H
 zxx  zxx dx   zxx


h



  H
  zx   
 0 x  z xx



  u ( )


(11)

  H 


  zdx.
 x 2
 z xx 
2

 L  z, u  dxd ,


 : w1  z ( x, t  T )  z f ( x) ,

1
2
2
1
L : w2  z ( x, )  z f ( x) dx  w3u 2 ( ) ,
2
2



(9)

Substituting (9) into the first term on the right-hand
side in (7) yields

In this section, we consider the model predictive
control problem for a class of systems (1). Using
the variational principle, we analytically derive the
stationary conditions that must be satisfied for a
performance index to be optimized. For this
purpose, we exploit integration by parts, which
plays an important role in this study.
The control input at each time t is determined
to minimize the performance index given by

t

(8)

 2  H 


  zdx.
 x 2
 z xx 
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h

 H   z     H  
H
 zxx  zxx dx   zxx  x    x  z xx   z 

0 
0

The existence and regularity of solutions, the
so-called Cauchy problem, are beyond the scope
of this study. Thus, we assume that the solution of
(3) is unique and sufficiently smooth. In addition,
we assume that z ( x, t ) is known at the present
time t for all x  .

J     z ( x, t  T )  dx  

(7)

(5)

Note that we have the following integration by
parts.



where T    denotes the evaluation interval of
the performance index and w1 , w2 , and w3   
denote weighting constants.
The optimization problem of (5) subject to
constraint (3) can be reduced to the minimization
of the following performance index introduced
using costate  ( x, t ) :      .



t T

t

t T



 2 z
  z 
d   
2


   t

t T

  
   z
   t



t

  (t  T ) z (t  T )   (t  T ) z (t  T )  

t T

t

3

t T

2
 zd
 2

2
 zd
 2

(12)
We can set  z ( x, t )  0 and  z ( x, t )  0 in (12)

because z ( x, ) is fixed at   t. Taking (10)–(12)
into account, we obtain the variation in J as

z ( x, ) (0  x  h, t    t  T ) can be described
by zi , j (t ) (i  1, M , j  1, , N ),
where the
subscripts i and j denote space and time,
respectively. For other variables, we adopt such
notation without explanation.
Let z j (t )   M and λ j (t )   M denote z j (t ) : [
z1, j (t ), , zM , j (t )] and λ j (t ) : [1, j (t ), , M , j (t )],
respectively. Similarly, let the target state z f ( x)
be discretized by z f : [ z f 1 , , z fM ]   M . Using
the finite difference method, we obtain the
discretized stationary conditions over the horizon
(t    t  T ) as follows. For j  1, , N  1 , we
have

 [ z ( x, t  T )]

  ( x, t  T )   z ( x, t  T )dx
z
x
t
T
(
,
)





J   


   ( x, t  T ) z ( x, t  T )dx




t T

t

 
2 z 
   F  2   ( x, )
 
 

  2   H   H
  2  
 
   z x  z x

 2
 2
 x

 H

 z xx


 
   z ( x, )  dx

 

h

 H 

 
  z x ( x, ) 
 z xx 
 0
 H
 
 u

  H    H
 

  z x  x  z xx


 
   u ( )  d .

 

(13)
On the basis of the variational principle, we obtain
the necessary conditions for a stationary value of
J over the horizon (t    t  T ) as follows. For
x  , we have
2 z
 F  z , z x , z xx  ,
t 2
 ( x, t  T )  0,

 ( x, t  T )  

  2 
H   H
 
 2 

z x  z x
t



(14-b)

 2
 2
 x

(14-c)
 H

 z xx


,


(14-d)

for x   , we have
 H

 z xx


  0,


(14-e)

  H    H 
 
  0.

  z x  x  z xx 

(15-b)

λ N 1  B  z N  ,

(15-c)

λ j (t )  C  λ j 1 (t ), λ j  2 (t ), z j 1 (t )  ,

(15-d)

D j  zh , j (t ), h, j (t ), u j (t )   0,

(15-e)

(16)

For the present state z1 (t ) and an initial solution
U(t ), z j (t ), ( j  1, , N ) is calculated recursively
from j  1 to j  N . Then, the terminal costates
λ N (t ) and λ N 1 (t ) are determined by (15-b) and
(15-c), respectively. Consequently, λ j (t ), ( j  1,
, N ) is also calculated recursively from j  N to
j  1 by (15-d). Since z j (t ) and λ j (t ) are
determined by z1 (t ) and U(t ) through (21-a)–
(21-d), equation (15-e) for j  1, , N can be
regarded as the single equation

(14-f)

Conditions (14-a)–(14-f) are called the stationary
conditions, which must be satisfied for the
performance index (6) to be minimized. A
well-known difficulty in solving nonlinear optimal
control problems is that the obtained stationary
conditions generally cannot be solved analytically.

 D1 
D  U(t ), z1 (t ), t        N .
 DN 

4. NUMERICAL SOLUTION
To solve stationary conditions (14) using a
numerical algorithm, we must discretize equations
(14) into finite difference equations. Here, we
divide the space and time into M    steps and
N    steps, respectively. This means that the
step size is given by x  h / ( M  1) and
  T / ( N  1). As a result of the discretization,

λ N  0,

U(t ) : u1 (t ), , u N (t )  .

and for x  h , we have
 H

 u

(15-a)

where A :  M     M , B :  M   M , C :  M 
 M   M   M , and D j :        denote
properly given functions in general forms. Note
that boundary conditions (2) are also discretized
and employed in (15-a). Moreover, the equations
obtained by discretizing (14-d) and (14-e) are
unified into (15-d).
For each t , we obtain the optimal input u j (t )
over the prediction horizon ( j  1, , N ) by
solving stationary conditions (15). Then, only the
first input u1 (t ) is employed in the controlled
object at real time t. The predictive horizon
recedes as real time t is increased by sampling
period t.
Let U(t )   N be defined by

(14-a)

[ z ( x, t  T )]
,
z ( x, t  T )

z j 1 (t )  A  z j (t ), u j (t )  ,

4

(17)

For given z1 (t ) and U(t ), D is not necessarily
equal to zero. D is used to evaluate the
optimality performance. If D  0 is satisfied for
given z1 (t ) and U(t ), then the stationary
conditions are satisfied. Several algorithms have
been developed such that D can be decreased

by suitably updating U(t ). A conventional way of
updating U(t ) is to replace U(t ) with U(t )   s,
which is known as the steepest descent method,
where s is the steepest descent direction and 
is the step length. For Newton’s method, s is
given by the Hessian instead of the gradient.
Recently, we developed a method, called the
contraction mapping method [13], for efficiently
solving (17). For this problem, D can be
described by the following form:
D  U (t ), z1 (t ), t   QU (t )  R  U (t ), z1 (t ), t  ,

Figure 3 shows the time history of the control input.
Figures 4 and 5 show the time histories of the
state error and optimality error D , respectively.
The figures reveal the effectiveness of the
proposed method. The simulation was performed
on a personal computer (CPU: Intel Core2Duo
E7500 2.93 [GHz], Memory: 2.96 [GB], OS:
Windows 7 32bit, Software: Matlab). The average
computational time per update (one control cycle)
was 38.6 [ms].

(18)

where Q   N  N is a nonsingular constant matrix
and R   N is a vector-valued function. Let
P   N be defined by
P  U(t ), z1 (t ), t   Q 1R  U(t ), z1 (t ), t  .

(19)

Here, we adopt the following notations:
P  P  U, z1 , t   P  P (U(t ), z1 (t ), t ), z1 (t ), t  ,
P k  U , z1 , t   P

P  U , z1 , t  .




k

Suppose that U(t ) is updated as
U(t )  P k  U(t  t ), z1 (t ), t  ,

Fig. 1: Free response of z ( x, t ) without control
inputs.
(20)

where t  t , 2t , , j t for j    and k    is
a design parameter. It was shown in [13] that D
is ultimately bounded and monotonically
decreasing whenever
D   under some
assumptions. It is also shown that the upper
bound  of D converges to zero as k
increases to infinity. From this viewpoint, the
contraction mapping method provides a
satisfactory trade-off between computational
burden and error performance through the
selection of design parameter k . More detailed
information about the contraction mapping
method is provided in [13].
Fig. 2: Time history of z ( x, t ) controlled by u (t ).
5. ILLUSTRATIVE EXAMPLE
In this section, we present an illustrative
example to verify the effectiveness of the
proposed method. Here, we consider system (1),
a( z )
and b( z )
are given by
whose
a( z )  0.1  0.05 z
and b( z )  1, respectively.
Moreover, z0 ( x) and z f ( x) are set as
z0 ( x)  sin( x ) and z f ( x)  0 for all x   . Owing
to the initialization of the optimal solution U(0),
the length of the evaluation interval is chosen so
that T (0)  0 and T (t )  1 as t  , namely,
T (t )  (1  e 0.5t ). Other parameters employed in
the numerical simulations are as follows: h  1,
[ w1 , w2 , w3 ]  [1,1,1], k  1, M  100, N  100,
t  0.005, and x  0.01. Figures 1 and 2 show 5
the time history of the state variable z ( x, t ) of the
system without and with control input, respectively.

Fig. 3: Time history of the control input u (t ).

[4]

[5]

[6]

[7]

[8]
[9]

Fig. 4: Time history of the state error.

[10]

[11]

[12]

[13]
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Professor at Shinshu University, Nagano, Japan, from 2008 to
2009. Since 2009, he has been an Assistant Professor at
Osaka University, Toyonaka, Japan. His research interests are
in the area of dynamical and control systems.

Fig. 5: Time history of the optimality error.

6. CONCLUSION
In this study, we investigated the optimal control
problem for a class of nonlinear wave equations
with state-dependent coefficients. We first
formulated a framework to design model
predictive control for this class of systems. On the
basis of the variational principle, we derived the
stationary conditions that must be satisfied for the
control performance over a finite future to be
optimized. Next, the obtained stationary
conditions were reduced to finite difference
equations to be solved by a numerical algorithm.
The contraction mapping method [13] was shown
to be applicable to solving the model predictive
control problem for nonlinear wave equations.
Finally, the effectiveness of the proposed method
was verified by numerical simulation.
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analyzed by many researchers using various
models [5-12]. Modi et al. [5] treated a tether that
is modeled as a double pendulum. A dynamic
model based on a lumped-mass approximation
was used to analyze elastic oscillation of a long
tether [6,8]. Ohkawa et al. [9] obtained the
dynamical behavior of a space elevator
associated with its transverse vibration of a long
tether that is expressed by a distributed parameter
system. Both longitudinal and transverse
oscillations were considered without coupling
between the two motions [7]. Although several
studies have investigated space elevators, their
dynamics has not been sufficiently clarified by a
realistic model. The problem should be handled in
a more complete and accurate manner.
In general a space elevator system is
considered to extend from the Earth to an
equatorial satellite beyond the geosynchronous
altitude. To maintain the balance of forces acting
on the tether, the tether length is found to be
approximately 150,000 km. Then counterweight is
useful means to avoid long tether. Furthermore, it
is desirable to minimize, if possible, eliminate the
amplitude of oscillations by using a counterweight,
even if it is small in comparison with length of the
tether.
The objective of this study is to construct a
mathematical model by using the absolute nodal
coordinate formulation (ANC) method that can
consider longitudinal and transverse oscillation of
the tether, and to clarify numerically the coupled
motion between the flexible tether and a
counterweight.

Abstract— In this paper, we propose a
mathematical model of a space elevator system as
a flexible structure for studying its planer dynamics.
Space elevator system has been focused as a
space transportation system. The length of the
system reaches 150,000 km so as to maintain force
balance. A counterweight would be useful means to
avoid long tether. Dynamic behavior of the system
was analyzed by using a simple mathematical
model. However, the dynamics has not been
sufficiently clarified by a realistic model. The
absolute nodal coordinate formulation (ANC)
method is applied to a space elevator system,
which consists of a long flexible tether and a
counterweight, in order to obtain both longitudinal
and transverse oscillations, and to clarify coupled
motion between the tether and a counterweight.
Numerical results show the inherent dynamic
behavior of the system.
Index Terms—Space Elevator, Lateral Vibration,
Longitudinal Vibration, Absolute Nodal Coordinate
Formulation

1. INTRODUCTION

S

PACE elevator would provide a revolutionary
means for transportation system to
geostationary altitude and beyond [1-3]. The
concept of the space elevator was proposed by
Tsiolkovsky in the late nineteenth century. The
component of the space elevator is a tether that
extends from the Earth to an equatorial satellite
beyond the geosynchronous altitude and is fixed
to a base on the surface of the Earth. Pearson [1]
subsequently proposed a method for constructing
a space elevator and designed the tether
configuration. However, space elevators were
studied little after that because no existing
material was sufficiently strong to withstand the
required tension. In the 1990s, the discovery of
carbon nanotubes [13] offers one potential means
for enabling the development of a full scale
elevator system albeit with technical challenges to
overcome.
The dynamics of long tethered system has been

Manuscript received July 28, 2012. This work was supported in
part by College of Science and Technology, Nihon University. K.
Uchiyama is with Nihon University, Funabashi, Chiba, Japan (e-mail:
uchiyama@aero.cst.nihon-u.ac.jp). K. Iijima is with Toyota Motor
Corporation, Toyota, Aichi, Japan. H. A. Fujii is with Kanagawa
Institute of Technology, Kanagawa, Japan.

2. SPACE ELEVATOR MODEL
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2.1 Indispensable Condition
A schematic diagram as shown in Fig.1
represents a space elevator system that consists
of a long tether and a counterweight. The model is
in the equatorial plane. The origin of moving
coordinate system is fixed at the center of the
Earth. The anchor point of the tether is located at
the surface of the Earth to intersect with x axis in
vertical direction in a rotating coordinate. The
angular velocity  in the rotating coordinate
system is equal to the Earth’s rotation rate whose
period is approximated to be 24h in the equatorial
plane. It considers the tether to be assumed
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The counterweight mass depends on the
cross-sectional area and the tether length. Figure
2 shows calculation results.
2.2 Tension of Tether
The tension in the tether is calculated here in
static balance to verify the stress in the tether; i.e.,
the acceleration and velocity of the tether are
assumed to be zero. The following equation for
the tension of the tether element is then obtained.

(3)

Figure 3 shows a plot of the stress in the tether
as a function of its length. When there is no
counterweight, the total tether length will be
144,630 km to maintain the force balance. The
tether length with a counterweight is set to 40,000
km, which is greater than the altitude of the
geostationary orbit. It is clear from Fig. 3 that the
latter case has a slightly lower maximum stress
than the very long tether. The calculation results
reveal that the tether material needs to have a
tensile strength of over 70 GPa. The maximum
tensile strength of carbon nanotubes is indicated
about 135 GPa [7] or 35 GPa [14]. The maximum
tensile strength of the system could be reduced by
optimizing the shape of the tether. Under any
circumstances, the strength property has to be
attained in practice.

Stress [GPa]

L

140,000150,000

If the counterweight is at the end of the tether, the
tension in a tether section is given by

where L denotes the distance between the center
of the Earth and free end of the tether. E is
gravitational constant of the Earth.
Force balance along the x axis is considered to
maintain the equilibrium of the system. The
density and cross-sectional area of the tether are
assumed to be constant. Displacement generated
by transverse vibrations of the flexible tether is
assumed to be small compared with its length; i.e.,
the integral interval in Eq. (1) can be used. The
counterweight mass can be calculated using Eq.
(1). It is difficult to satisfy Eq. (1) because it
ignores tether vibration and other external forces.
If the force balance equation is not satisfied, the
system will fall to the Earth. For this reason, the
following inequality is used when calculating the
counterweight mass.

A   x  2 
0

120,000

Fig.2 Area density of total mass, counterweight,
and tether as functions of tether length

flexibility and a continuum body. There is the
counterweight at the end of the tether, for which
the mass is denoted here by mc. The
counterweight is used to avoid the need for an
excessively long tether.
Clarke [2] proposed the basic concept of the
system with a counterweight. This system should
satisfy the following condition.
L

100,000

Length [km]

Fig.1 Space Elevator System

A   x  2 
0

80,000

40
30
20
10
0
0

40,000 km
144,630 km
50,000

100,000

150,000

Length [km]
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Fig.3 Plot of tether stress versus tether length

3. FORMULATION OF TETHER DYNAMICS

y

The absolute nodal coordinate formulation
(ANC) method is applied to the space elevator
system to consider lateral and longitudinal
deformation of a tether. The method is a finite
element non-incremental formulation introduced
to study flexible multibody applications. This
section provides the dynamic equations of a finite
element in matrix form.

Tether element

e4
e2

e8

O

e5

x

1 l
(10)
EA  l2 dx
2 0
where E is young’s modulus and A is cross section
of a tether. It is supposed that the deformation of a
tether element is sufficiently small and the length
of the element is linear distance between A and B
as shown in Fig.4. The average longitudinal strain
along the element l can be simply approximated
as
Ul 

(6)

The global displacement e1 and e2 are
components of the vector at point A. Components
of the vector at point B are expressed by e5 and e6.
The global slope of the element nodes is split its
vector into two components along nodal
coordinate as shown in Fig.4.
It is assumed in this paper that a cubic
polynomial describes undeformed and deformed
components of the displacements. Then the
global shape function S can be expressed with the
Bernoulli-Euler assumption.


 1  3 2  2 3
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1  3  2 
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2
3 
0
l 1  2   
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2
3

 3  2
0
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0


0
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Fig.4 Parameter definition on tether element

where S denotes the global shape function that
has a complete set of rigid-body mode, and e is
the vector of tether element nodal coordinates.
T

e7
B

r

(5)

e  e1 e2 e3 e4 e5 e6 e7 e8 

e3

e6

3.1 Tether Dynamics
Figure 4 shows the parameter definition on
tether element. The global position vector r at
arbitrary point on the tether shown in Fig.4 is
defined as

r  Se

A

l 

ld  l

l

e5  e1 2  e6  e2 2
l

1

(11)

The vector of the generalized elastic force due to
longitudinal deformation of the tether element can
be defined as

Q l  K le

(12)

where the stiffness matrix Kl is written explicitly as
follows:

T

0
1 0
 1
0

0


EA l 
Kl 
ld 

sym





(7)

The parameter l in Eq.(7) is the original length of a
tether element, and = x/l. The kinetic energy of
the element is
1
1
(8)
T    x T x dV  e T M a e
V
2
2
where Ma is mass matrix defined by the following
equation.
1
(9)
M a    S T S dV
2 V
Assuming isotropic materials, the strain energy
due to the longitudinal deformation can be
expressed as

0 1 0
0 0 1
0 0
0
0 0
0
1

0
1

0 0
0 0

0 0

0 0 (13)
0 0

0 0
0 0

0

3.2 Counterweight
When formulating the dynamics of the space
elevator, the motion of the counterweight should
be also taken into account for the formulation of
the space elevator dynamics. The counterweight
is connected to tether by a pin joint. The vector of
nodal coordinates in terms of the counterweight is
defined as following equation.

e c  ec1 ec 2 ec 3 ec 4 x c y c  c 

T

9

(14)
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Fig.5 Dynamic behavior of space elevator system with counterweight
where ec1 to ec4 denote the nodal coordinates at
the node between long tether and the
counterweight that is treated as rigid body. xc and
yc represent the position for the center of mass of
the counterweight. The angle of the counterweight
is expressed by qc.
The force vector with respect to the
counterweight is defined as




Q c  Qc1 Qc 2 Qc 3 Qc 4 mc  xc  2  E2
xc





 0 0



 x  e  d cos  c 
Φ( e c )   c c1

 y c  ec 2  d sin  c 

The equation of motion is obtained using
Lagrange multiplier .

M rec  ΦTe λ  Q c  0

 sin  c  d 
cos  c   0 

(18)

where

T

(15)

  1 0 0 0 1 0 d cos  c 
Φe  

 0  1 0 0 0 1 d sin  c 

Qc1 to Qc4 denote the restoring force from the end
of the tether. The position of the center of mass of
the counterweight is expressed by the following
vector.

 e  cos  c
rc   c1   
ec 2   sin  c

(17)

(19)

4. NUMERICAL RESULTS
In this section, the dynamic behavior of space
elevator system that consists of long tether and a
counterweight is investigated numerically. The
case of tether length 40,000 km, a circular cross
section with 1 mm2 is simulated. The density of
carbon nanotube is 1300 kg/m3. The
counterweight with mass 1.2  106 kg is assumed

(16)

d is the distance between the center of mass and
the connection. Then the restriction condition is
derived as follows:
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[5]

to be rigid. Only gravitational force is considered
as external forces.
Figure 5 shows results of numerical simulation.
The red line denotes initial state of tether with zero
initial velocity in Fig.5 (a). The first mode of the
system is observed under this condition. The
transverse oscillation is hardly damped in this
case. Figure 5 (b) shows the time variation of the
displacement of the free end of the tether. The
time period of the transverse oscillation almost
agrees with the analytical solution for a string.
Higher vibration modes are not excited due to the
counterweight.
Figures 5 (c) and 5 (d) show the time response
of longitudinal deflection of the tether, and time
variation of the angle of the counterweight,
respectively. It clearly shows that the higher mode
due to longitudinal vibration of the tether comes to
converge. Both of oscillations in those figures are
gradually attenuated coupled motion between the
flexible tether and the counterweight.

[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]
[14]

5. CONCLUSION
A formulation of space elevator as a long tether
system is introduced to reveal dynamic behavior
of a space elevator system that consists of long
tether and a counterweight. The longitudinal and
transverse oscillations were observed through
numerical simulations. It is clarified that the
longitudinal vibration of the tether is damped due
to the coupled motion between the tether and the
counterweight. The damping of transverse
oscillation and the angle of the counterweight are
much smaller than that of longitudinal oscillation.
In future work the amplitude of oscillations is
suppressed by control of the counterweight
motion.

[15]
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Feasibility Study on the
Planetary Airship
Kusagaya, Tairo; Fujii, Hironori, A.; and Kojima, Hirohisa
or are appropriate only for macroscopic (large
area) but a low-resolution observation. In this
study, the airship platform is presented as a
subcategory of category (5) described above
"remote sensing or direct observation at the time
of descent under the target planet’s gravitational
field or by a flying probe". An advantage of the
airship is that energy is not necessary to produce
dynamic lift in order to support the craft’s weight.
The lift is instead produced from the buoyancy of
the lifting gas. The airship has little danger of
falling, and its flight control permits a large
observation area. Moreover, the airspeed is so
low that it is easier to cover the communications
delay from the Earth.
The present study of the planet observation
airship mainly focuses on two aspects; the flyable
region for the airship in the atmosphere of Venus
and Mars, based on the pressure, temperature of
these two planets, and estimation of the airship’s
size and weight, by taking the mean molecular
weight of the atmosphere on these two plants into
consideration.

Abstract—This study considers the use of
remotely piloted airships as platforms for planet
observation. The airship is one type of flying
platform offering the possibility of observing the
planet’s surface topography, gravitational field,
magnetic field and atmospheric layer from the
planet’s atmosphere over a long time at a small
cost of fuel and effort. Taking the temperature and
pressure on Mars and Venus into consideration,
and assuming basic limitations for the airship, it is
found that the planetary airship should fly below
the clouds on Venus.
Index Terms— Airship, Planet, Observation

1. INTRODUCTION

P

LANETARY observations can be classified
according to the position of the platform as
follows: (1) remote sensing of the target planet
from other planets using a telescope, (2) remote
sensing of the target planet from a spacecraft
using a space telescope that is in another planet’s
orbit, (3) remote sensing of the target planet from
a spacecraft in an interplanetary orbit, (4) remote
sensing of the target planet from spacecraft in the
same planetary orbit, (5) remote sensing or direct
observation at the time of descent under the target
planet’s gravitational field or by a flying probe and
(6) remote sensing or the direct observation from
a fixed point probe on the surface of the target
planet, such as that performed by Venera or the
Rover Mars Pathfinder. It may be noted that planet
observation platforms for use in atmospheric
layers are currently being studied by ISAS/Japan
and NASA using planet airplanes and planet free
balloons as the aircraft, respectively. The Mars
helicopter "GTMARS" has been studied by
Georgia Institute of Technology, and Martian
autonomous rotary-wing vehicle (MARV) has
been proposed by University of Maryland.
Observations obtained by the methods
described above can mostly be performed only for
microscopic (small area) but a short period of time,

2. PLANET OBSERVATION PLATFORMS
In this section, the flyable region for possible
platforms to observe the planet atmosphere will
be briefly discussed.
The lifting force affecting aircrafts is
proportional to the density of atmosphere and the
gravity of the concerned planet. The weighting
force affecting the aircraft is also proportional to
the gravity of the planet. Thus, the relative order of
the flyable region according to the categories of
aircrafts does not depend on the gravity of the
planets. Figure 1 shows the relative order of the
region according to various available survey
platforms.
Fall
Outer
Space

Satellite
Balloon

In the
Atmosphere

Wind

HTA
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Figure 1 Relative order of the accessible region
by available survey platforms.

Table 1 The environment of the planets.
Mean distance from Sun
[km]
Solar day
[days]
2
Surface gravity
[m/s ]
Mean surface Temperature [K]
2
Mean surface pressure [N/m ]
Planet atmospheres
[%]
Mean molecular weight of atmosphere
Lapse rate of lower atmosphere
[K/km]
Wind Speed

[m/s]

Radio transport time from Earth

[min]

Venus
8
1.082*10
117
8.87
735
5
92*10
CO2 : 96.5, N2 : 3.5
43.4
7.8 (AGL 0 to60km)
8.6 (AGL 60)
Surface : 1 to 1.5
cloud deck : 100
4.6 to 28

It is possible for a satellite to reach the top of the
atmospheric layer, but difficult for an aircraft. The
observation of the planet atmosphere layer can be
carried out by aircrafts. Heavier-Than-Air (HTA)
aircraft with propulsion system can conduct
extensive three-dimensional movement, but the
ceiling height of HTA is lower than that of balloons
due to the weight of the propulsion systems. If
fossil fuel is used to keep the velocity that is
needed to generate aerodynamic lift for the HTA
aircraft, the HTA with the propulsion system
cannot keep the same altitude after the fuel is
consumed completely.
Balloons can also fly anywhere in the
atmosphere layer, but are not able to hold a fixed
position in the presence of wind, nor are they able
to conduct three-dimensional motion, that is,
balloons are only able to be controlled in the winds
leeward direction.
The maximum pressure height (ceiling) for
airships is not as high as that of balloons due to
the weight of the propulsion systems, but it is as
high as that of HTA, and airships can move not
only in height but also in plane. In addition,
airships can hold a fixed position, depending on
the wind speed and the airship’s propulsive force.
The lifespan of the airship could be extended if
solar energy is used to generate the propulsive
force. Even if flight control is lost, an airship is
considered to act like a balloon, and still can
observe the planet atmosphere while floating in
the atmosphere.
From these viewpoints, airships have
characteristics of both HTA and LTA aircrafts, and
can be expected as the most effective platform to
study the planet’s atmospheric layers.
3. THE FUNDAMENTAL LIMITATIONS OF THE AIRSHIP
The airships will clearly operate under
limitations due to the buoyancy of the gas, but are
also subject to other limitations specified as
follows:
(1) The environmental temperature of the
atmospheric layer that the airship may operate in
varies from 218K to 398K. This range of
temperature is derived by the following
specification and assumption: According to the
Military Specifications and Standards, electronic

Earth[ under ISA]
8
1.496*10
1
9.81
288
5
1*10
N2 : 77, O2 : 21
28.96
6.5(AGL 0 to11km)
0.0 (AGL 11 to 20km)

Mars
8
2.279*10
1.0287
3.72
215
5
0.007*10
CO2 : 95, N2 : 2.7 Ar : 1.6
43.5

7 to10

Max.: 90 to100

-

8.7 to 41.9

2.5 (AGL 0 to40km)

devices should be useable over the temperature
range of 218K to 398K. In the present study, in
order to reduce energy consumption, it is
assumed that no additional heating or cooling
devices are used by the airship. Then, the
temperature limitation given by the above
MIL-spec is directly applied to the airship.
(2) An airship can be used only in the case that
corrosive elements, such as the sulfuric acid
described in Section 4, are not present in the
atmosphere. This is because if corrosive elements
are present in the atmosphere, then anti-corrosive
material must be used for constructing the
envelope, resulting in a heavy envelope, which
needs reinforcements to keep the shape of the
envelope.
(3) Atmospheric pressure should be greater
than 103 N/m2(=0.01atm) for operation of the
airship. Because it is so difficult to generate the
lifting force for an airship at pressures lower than
103 N/m2(=0.01atm), that balloons or satellites,
which need a small lifting force, or need a
centrifugal force instead of lifting force, may be
more appropriate for performing planet
observations.
(4) The maximum overall length and envelope
volume of the airship are assumed to be 300m,
and 200,000m3, respectively. This size limitation
of the planet airship is derived, referring to the
maximum airship (LZ-129 by Zeppelin in 1936) on
the Earth. This is because it may be impossible on
the Earth to verify the performance of an airship
with greater sizes than these values.
4. PLANET ENVIRONMENTS IN THE ATMOSPHERIC
LAYERS AND THE AIRSHIP-USABLE REGION
The gravitational field of the planet is not uniform,
and weather changes due to heat exchange in the
atmosphere causes a change in buoyancy of the
airship. The geographical features of the planet
are not usually flat, resulting in obstacles for the
airships. As little is known on planetary
environment, it is necessary for the airship to
study the performance of its platform
experimentally, and scientifically observe the
planet at the same time. Thus the high reliability is
required for the experimental airship. In addition,
the delay time of the radio contact between the
13 Earth and the planet must be taken into
consideration
when
designing
the

Table 3 Lifting gas buoyancies per unit volume.
Planet

Venus

Air
Temperature
[K]

Altitude
[km]
74km（above clouds）
65km（above clouds）
45km（below clouds）
43km（below clouds）
Surface
Surface
Surface

Earth
Mars

219
243
385
397
735
288
215

scientific-observation and the airship’s control
systems. This means that remote control in real
time from the Earth is impossible due to time delay,
and autonomous feed-forward control is required
for the airship. The accessible flight region of the
airship may be reduced depending on the
structure materials used in its construction and the
temperature conditions required for using
electronic devices installed on the airship. This is
because the temperature of some planets may be
greater than 400K or less than 200K, which are
extensively higher or lower than that on the
surface of the Earth. Additionally there maybe
exist sulfuric acid contained in the atmosphere,
and lightning also occurs frequently, which may
become disturbance noise to the installed
electronic
devices.
Furthermore,
weather
conditions, for example, wind speed of up to about
100m/s, may also limit the airship’s flight.
In the present study, airships for use on Venus
(the atmosphere is a higher density than that of
Earth) or Mars (the atmosphere is a lower density
than that of Earth) are considered. Because the
0.005
0.01 (76km)
0.015
0.04
0.1
0.2
1.0
2.0
3.5
Temperatur

30

10 (29km)

20

20 (21km)

10

730K 30 (16km)
50 (9km)
218K

0

0

200

0 .8
0 .7
0 .6

398K

400
600
Temperature [K]

8
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Table 2 Earth observation airship M3(1996)
22m
6m
3.7
3
400m
100kg
270kg
1500m
3 hours
0.18mm

Nitrogen
0.014
0.077
0.973
1.179
23.44
0.040
0.006

1: M3 (1996 Japan by Kusagaya)
2: DG-19 (1983 UK)
3: USLTA-100(1987 USA)
4: SKS-500 (1992 UK)
5: SKS-600 (1992 UK)
6: WDL-1B (1990 Germany)
7: GZ-22 (1986 USA)
8: ZPG-2 (1957 USA: Old Technology)
9: CL-160 (2000 Germany: trial manufacture)

0.2

90
800

Figure 2 The atmospheric environment of Venus
together with the airship consideration regions.
Overall length ( l 0 )
Maximum diameter
Slenderness ratio
Envelope volume ( V0 )
Payload ( PL )
Empty mass ( M 0 )
Maximum flight level
Maximum flight time
Fabric thickness

Helium
0.035
0.198
2.497
3.027
60.17
1.055
0.016

1.0

Envelope Skin Thickness [mm]

50
45
43
40

10

Log10 (thickness ratio)

Altitude [km]

Sulfuric acid cloud
Wind 100 m/s

Vacuum
(atmospheric density)
0.039
0.218
2.746
3.328
66.16
1.227
0.017

distance of these planets from the Earth is less
than that of other planets, and the radio wave
delay is shorter than that of other planets, that is,
data concerning the flight environment on these
two planets is also relativity easy to collect.
Table 1 shows data of these two planets’
environments, which clearly differs significantly
from that of the Earth. A large cloud of sulfuric acid
exists between altitudes of 45km and 65km in the
atmosphere of Venus, while the ground wind
speed typically varies from 1 to 1.5m/s, though it is
of the order of around 100m/s at the top of the
cloud level. Equatorial gravity is about 0.9 times
that of the Earth, and the atmospheric pressure is
92*105 N/m2 (=92 atm). The pressure on the
ground of Mars is 103 N/m2(=0.01 atm), mean
temperature is 215K, gravity is about 1/3 that of
the Earth, while the maximum wind speed is
100m/s.
Figure 2 shows the atmospheric environment of
Venus. For this case, the layers of atmosphere
that are usable according to the restrictions on
temperature, pressure and the presence of
corrosive gases described in Section 3 are given
by two layers situated at altitudes of around 45km
and 65km. It is difficult for the airship to operate at
the altitudes lower than 43 km on Venus due to

Atmospheric Pressure [*105 N/m2]

80
74
70
65
60

Unit buoyancy
3
[Kgf /m ]

Atmospheric
Pressure
5
2
*10 [N/m ]
(= atm)
0.016
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2.0
2.5
92
1
0.007

1
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0.01 0
10
10
10 1
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Figure 3 Statistical relationship between
envelope skin thickness and characteristic length

the temperature limitations of the electronic
operating devices.
The altitude region for the airship is limited to the
surface of Mars, because the temperature lies in
the range of 218 - 398K and the atmospheric
pressure is less than 103 N/m2(=0.01 atm)
according to the limitations described in Section 3.
5. THE SIZING OF THE AIRSHIP
The specification of the operational Earth airship
is adopted as the basic design for this study.
Table 2 show the apparatus and the specifications
of the baseline airship. The leading gaseous
composition of the atmospheres of Venus and
Mars are also listed in Table 1. Table 3 shows the
lifting gas buoyancies per unit volume for the
vacuum, Helium and Nitrogen gaseous
components estimated for the region of the
planets described in Section 4. Note that in Table
3 the lifting gas buoyancies per unit volume are
tabulated under conditions of the gravitational
field on the Earth in order to estimate the mass
required for the airship.
In the present study, the volume of the ballonet
is assumed to be 12.5% of the envelope volume.
In this case, the buoyancy, B , is given by
(1)
B = 0.875 ( ρ air − ρ gas ) L3
where ρ air and ρ gas are the density of the planet
atmosphere at the altitude concerned, and the
density of the lifting gas contained in the envelop,
respectively, and L is the characteristic length of
the airship, which is defined as the cubic root of
the airship envelope volume. Note that values of
ρ air − ρ gas are lifting gas buoyancies per unit
volume listed in Table 3. The operating empty
mass of the airship, M , which excludes the mass
of the payload, is assumed to be
2.7

⎛ L⎞
(2)
M = M0 ⎜ ⎟
⎝ L0 ⎠
is the characteristic length of the

Table 4 Estimated sizes of airship hull
(by Helium gas)
Altitude
Planet
Venus
74 km
(above
65 km
cloud) 45km
(below
43km
cloud) Surface
Surface
Surface
Earth
Surface
Mars
Surface

Envelope
Overall
Gross mass
volume
Length
[kg]
3
[m ]
[m]
15
14
7.78*10
590,000
2.46*10
8
4.23*10
2240
71260000
23.7
8.6
51
17.4
7.7
46
0.6
2.5
31
160
16.2
150
19
17
2.7*10
8,960,000
1.65*10
160
16.2
150
19
17
2.7*10
8,960,000
1.65*10

envelope volumes listed in the Jane’s Yearbooks
or the maintenance manual of each airship. It is
seen in Fig. 3 that the thickness ratio is
proportional to the 0.7th power of the
characteristic length ratio. As the result of this
statistical analysis, the exponent relating the
operating empty mass with the characteristic
length becomes 2.7(=2.0 + 0.7).
In order to enable the airship containing the
payload mass of to float in the atmosphere, the
condition
2.7

⎛ L⎞
(3)
M 0 ⎜ ⎟ + PL = 0.875( ρ air − ρ gas ) L3
⎝ L0 ⎠
must be satisfied. The airship on Mars, the
relationship between the altitude and the
necessary envelope volume is not shown in the
present paper, because the altitude is limited to
just above the surface of Mars.
In the present study, a cases is considered for
the mass of the practical payload 30 kg.
Assuming that the airship in the section 3 uses
Helium gas in the environment as shown in Table
3, and solving Eq. (3) with respect to the
characteristic length L, the airship’s envelope
volume that is required for the airship with a 30kg
payload to float at each altitude can be obtained.
Table 4 shows the resulting envelope volume, the
mass and the overall length of the airship. The
mass M and overall length l are calculated,
respectively, using the obtained characteristic
length L , buoyancy per unit volume ( ρ air − ρ gas ),

where L0
baseline airship. Note that the mass is not
proportional to the 3rd power of the characteristic
and the overall length of the baseline airship, l 0 ,
length, but the 2.7th power. This exponent can be
explained as follows: The mass of the installed
as follows:
devices including thrust systems may be
(4)
M = 0.875 ( ρ air − ρ gas ) L3
proportional to the 3rd power of the airship size.
⎛ L⎞
(5)
On the other hand, the mass of the envelope is
l = l0 ⎜ ⎟
L
proportional not only to the surface area but also
⎝ 0⎠
the skin thickness of the envelope. The surface
The envelope volume of the airship exceeds
area is naturally proportional to the 2nd power of
200,000m3 for the Mars missions.
the airship size. Figure 3 shows a statistical
relationship between the envelope skin thickness
6. CONCLUSION
ratio and the characteristic length ratio of the
Planetary airships are expected to be the most
existing airships, where the thickness and length
efficient
platforms
to
observe
planets’
of the baseline airship are used as the reference
atmospheric layers because of their smaller
thickness and length, respectively, and the
weight in comparison with airplanes together with
thickness of the existing airships are measured by
their controllability. The concept of Planetary
the first author of this paper, and the characteristic 15 Airship Platforms has been proposed, and taking
length of the airships are calculated, based on the

the atmospheric temperature, pressure, gravity,
and presence of acid clouds on Venus and Mars
into consideration, the flyable altitudes for the
airship platforms are estimated to be two layers
around 43 km and 65km on Venus, and the layer
slightly above the surface on Mars. In addition,
taking into consideration mean molecular weight
of the atmosphere on Venus and Mars and the
volume of lifting gas that is required to produce the
buoyancy for the planetary airship to lift on Venus
and Mars, the overall length and mass of the
planetary airship have been estimated for each
altitude. As the results of these estimations, it is
found that the most promising flyable altitude for
the airship with a 30kg payload is a layer between
43km and 45km on Venus, and that there are no
layers for an airship with a realistic size to fly on
Mars.
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Abstract
Electro Dynamic Tether (EDT) system is one of the non-chemical propulsion systems on low earth orbit (LEO) in the
future. The tether technologies rocket experiment (T-REx) mission was proposed, which is the first attempt in the world
to employ a bare tape tether. The sounding rocket S520-25 was provided for the T-REx mission. In this mission, the tape
tether was stored in a storage box in a foldaway manner, which is a new concept of tether deployment schemes. To
expand EDT system feasibility, a small satellite mission of EDT system, following T-Rex mission, is planned, in which a
bare tape tether of 3km stored in the folding manner will be deployed. However, shape of the foldaway tape tether storage
is concerned to affect the design of the spacecraft in case that the tether length becomes longer, and simple expansion of
scale will not be able to cope with this problem. In this paper, in order to improve store efficiency, we expand foldaway
manner to the 2-dimensions, called “cross-shift foldaway storage”. We proposed the cross-shift folding method as
improved type of folded tape-tether as space tether.

By the method tape is folded 2-dimensionally, and the performance

such as folding efficiency and deployment drag forces are measured.

By setting the pitch width of folding as parameter,

the above performances were evaluated.
1.

planetary exploration and debris removal, because it can

Introduction

be used as a propulsion system without chemical

In space development, research on the tether system—a
1)

technology that uses tapes—is currently in progress. A

propellants. Space tether technology is promising not only

large-scale structure can be constructed easily by uniting

because of its diversity and applicability, as mentioned

multiple satellites with tethers, and this approach offers

above, but also because of its low cost and simplicity.

various applications, including attitude control, orbital

Various space tether missions have been proposed, and

transfer, and inter-satellite communications. In addition, it

recently, the European Space Agency (ESA) successfully

is believed that it will be possible to construct an even

deployed a 35 km single-line tether in the second Young

better performing system using an electrodynamic tether

Engineering Satellite (YES2) mission.2) On the other hand,

system in addition to the conventional wire single-line

few tape tethers have been implemented because of their

tether. For example, providing a tether with electrical

complicated deployment structure and uncontrollable

conductivity will make it possible to construct an

handling. A 6 km tape tether was scheduled to deploy in

electrodynamic tether (EDT) system and give Lorentz

the Advanced Tether Experiment (ATEx) mission in 1999,

force to the tether through the interference with the

but the tape tether deployment ended up being only 22

planetary magnet field. EDT can be applied not only to

m.3) The Japan Aerospace Exploration Agency (JAXA)

control satellite orbits, but also to such missions as

conducted a deployment experiment of a 300 m class tape
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tether in the tether technologies rocket experiment

The purpose of this paper is to propose cross-shift

(T-REx) mission, in an experiment involving an sounding

foldaway storage (Fig.2), which is a new storage method

rocket, in August 2010.

4), 5)

The T-REx mission adopted

to greatly enlarge the scale of a foldaway tape-tether

the new foldaway system shown in Fig. 1(b) instead of

deployment mechanism, and verify its performance on an

the traditional deployment reel system for tape tether

experimental basis. The cross-shift foldaway can make

deployment in pursuit of compact and highly reliable

the whole folded layer thinner by shifting the folding

deployment performance, and successfully deployed the

position in the direction of the y-axis every time (Fig.3).

tape tether as far as 130 m. However, storage shape is

If the storage tether increases by simply piling up the

subject to the mounting conditions imposed by the space

single-foldaway layer without using the cross-shift

availability inside the spacecraft if the tape tether is

foldaway, the storage expands only in the z direction, and

deployed for more than one kilometer, and it may not be

this adversely affects the design and arrangement of other

possible to satisfy the requirements by simply enlarging

onboard

the scale of the existing foldaway system.

advantageous because it is possible to design the storage

equipment.

The

cross-shift

foldaway

is

box as a rectangular solid.

We verified such items as storage efficiency and
deployment
(a)

(b)

drag

force

of

tether

storage

and

characteristics in deployment behavior, taking into

Fig. 1: The two tether deployment systems

consideration the influence of the guide shape for smooth
deployment.

2.

Overview of the experimental setup

It is important to understand the burden imposed on the
tether and behavior inside the storage box in deployment
for the secure and safe deployment of a tape tether. At the
same time, installing a guide between deployment and
storage is necessary to prevent the tether from getting
stuck in deployment equipment such as rollers, and to
Fig. 2: Storage of tape tether of a 2 km class

assure smooth deployment. Figures 4 and 5 illustrate
guide arrangement examples. The guide forms a
curb-shape with four stainless steel sticks. The tether is
locked by sliding the guide up and down, and the guide
also has the role of protecting the folded tether from the
vibration environment when it is launched.

Experimental equipment
In this experiment, we deploy multiple cross-shift
foldaway tethers of different pitch widths, observe their
Fig. 3: Cross-shift foldaway

behaviors inside the storage box, and measure the drag
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force required for deployment in each guide shape. Figure

electronic balance under the tether box is connected to a

6 gives an overview of the experimental equipment.

PC, and this measures the change of weight. The
downstream aspirator recovers the tether deployed
through the pinch roller.

3.

Experimental results and analysis

Fig. 4: A folded tether and guide

Fig. 7: Measurement of deployment drag force (Pitch 1)

Fig. 5: Shape and dimension of the tether guide

Fig. 8: Deployment drag force by pitch

The data are given by the electronic level mean virtual
weight changes inside the tether box. As the tape tether’s
weight decreases in proportion to the deployment speed,
the weight inside the tether box is supposed to decrease
constantly. It is therefore possible to measure the drag
force caused by collision and friction during tether
deployment by analyzing the weight change between the

Fig. 6: Overview of the experimental equipment

beginning and ending of the deployment. Figure 7 shows
An electronic balance is used to measure the drag force in

the deployment drag force in relation to the change in

tape tether deployment. A tether box that contains a tape

guide shape in the case of the cross-shift foldaway of

tether is set on the electronic balance. The tape tether

Pitch 1, while Fig. 8 illustrates the average deployment

deploys upward while it is wound up by the deployment

drag force for each pitch and guide shape. From these two

equipment (pinch roller) set on the storage box. The
controller

controls

the

roller

and

allows

for

figures, we observe that deployment drag force decreased

a

as the pitch increased. In the cross-shift foldaway storage,

discretionary revolution speed. On the other hand, the
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the shape of the folded tether varies with the pitch width,
the number of folds, and the total number of fold changes,
even if the length of the tape tether is fixed. Taking these
two factors into consideration, we measured the box
volume required to store the tether and calculated the
storage efficiency for each pitch width. We conducted
experiments by placing a 100 mm x 100 mm tether guide
and a 200 mm x 100 mm tether guide on the tether
storage box for smooth tether deployment. Even without a

Fig. 9: Storage efficiency of tape tether

guide, tether deployment was virtually successful without

Optimal parameter

drag force. In addition, tether deployment with a bigger

The above experimental data clarified the relations

guide shape exhibited smaller deployment drag force at

between storage efficiency, deployment drag force, and

every pitch.

guide shape, and showed a rough tendency whereby
deployment drag force escalates as storage efficiency
increases.

Tape storage efficiency
Figure 9 gives a comparison of cross-shift foldaway
between Eid—that is, the storage efficiency, on the
assumption of the ideal thickness can be determined from
the volume of the tape tether—and Es, which is the
measured value of storage efficiency. The figure shows
that the values of measured storage efficiency Es are very
small. Judging from the Eid values, which are the ideal
values, the very small Es values presumably do not occur
because of the influence of the increased pressure due to

Fig. 10: Optimal parameter in design

fold, but rather because the storage box has been designed
with a margin for easy deployment. Figure 9 also
indicates that pitches of 0.5 and 1.0 have far lower storage

This rough tendency is presumably because the degree of

efficiency values than the ideal value as compared with

collision between the guide and tether increases as the

pitches of 0, 2.0, and 3.0. This is presumably because a

pinches diminish. In Fig. 10, change of storage efficiency

tether folded in a very close pitch like 0.5 or 1.0 tends to

and deployment drag force to pitch are illustrated using

create gaps in pitches in the folding process, resulting in

the guide shape as the parameter to generalize the

gaps between tapes.

experimental results. From this figure, we find that we
can design a deployment mechanism with well-balanced
storage efficiency and deployment drag force at a pitch
between 2.0 and 3.0 in the 200 mm x 100 mm guide.

4.

Conclusion

In this paper, we proposed and discussed a cross-shift
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foldaway that folds a tether in a 2-dimensional manner as

E. J., Rubin, B., Garcia de Quiros, F. J., Trivailo, P. M.,

a method to develop the folded tape tether further. Setting

and Williams, P., “Space Demonstration of Bare

pitch width as the parameter, we measured storage

Electrodynamic

efficiency and deployment drag force, and observed the

Sounding Rocket S520-25,” AIAA 2011-6503, AIAA

results when this parameter changed. A certain size tether

Guidance, Navigation, and Control Conference, 08 - 11

storage box was set in this study, but it will be necessary

August 2011, Portland, Oregon.

Tape-Tether

Technology

on

the

to set a more generalized parameter that takes box shape
and guide into consideration to make it usable as an
indicator of the space availability inside the spacecraft. At

Dr.

the same time, deployment drag force is greatly

Lecturer

associated not only with such geometry factors as box
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Study of layer sampling method for asteroid
probe –Application possibility of Japanese sword technology−
1
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Kumamoto University,2Teikyo University, 3Nagoya University,4Nihon University5,Kanagawa Institute of Technology,6JAXA,7Japanese Sword Maker

Abstract: JAXA has planned a sample return mission to sample layers with a certain amount of depth of asteroid in Hayabusa MkII project. The
Harpoon & Penetrator method is a new useful method for the sample return mission because of its simple system to use a tethered sampler. On the
other hand, the method has possibility in terms of retrieving samples without deformation of layers. We have made effort to clarify the
relationship between penetration velocity and penetration depth through experiments using the developed experimental system. It is noted from
experimental results that minimum energy for penetration can be taken into account for the design of material and diameter. In the case of the
sand and light concrete, the penetration energy is minimum using the corer with 15mm diameter. Experimental results show that the capability for
the sampling by employing the Harpoon & Penetrator method. In addition, We are planning to employ Japanese Sword Technology for element of
sampler as corer.

1. Introduction: For a search of the origin of the life and the
inception of the earth, it’s necessary that the probe of the
asteroid which kept the form of the original solar system
without taking space weathering. In sample return mission of
the launched asteroid probe Hayabusa by JAXA, the sample
was collected from S-type asteroid Itokawa. Hayabusa 2 and
Hayabusa Mk2 is planned and examined, as an asteroid probe
after the next generation.
In sample return mission of Hayabusa 2, it is planned to
collect the samples by Impact sampling and Adhesive-pad
sampling. In Hayabusa Mk2, the samples in the depth from
200mm to 300 mm in layer are desired to be collected 1)2), and
because of not satisfying this demand by the conventional
sampling method, a new sampling method becomes demand.
On the other hand, the circumstances of the surface layer is
uncertain to date although the probe to D type asteroid is
examined in Hayabusa Mk2. Thus collecting any kind of
geological sample needs to consider.
In this paper, in consideration of the possibility of sampling
layers, the intrusive examination to various materials assumed
as a constituent of the asteroid is done by using the Harpoon &
Penetrator method shown in Fig. 1. 3)4), and the relation
between the penetration depth and the penetration velocity is
requested. In addition, We are planning to employ Japanese Sword

Table 1. Details of penetration objects

Regolith
Boulder

Sand
Light concrete

Density of
penetration object
[mg/mm3]
1.70
0.60

0.5mm

500mm
Fig. 2. Schematic View of Corer

Fig. 4. shows the penetration experimental device. The
device uses the method that employed the motors equipped
with the pulley with 23mm diameter and the corer is pushed
out thought the pulley (Fig. 4.). The belt is employed to the
pulley in the motor axis in such a way that the energy loss
becomes small when the corer is pushed out.
The penetration velocity of the corer was obtained by using
the infrared sensor fitted up under this device at the shading
time of infrared rays. The number of revolutions of the motor
was adjusted, the rotational speed of the pulley was set
between 10~17m/s at intervals of 1m/s, and the penetration
depth when the corers of five kinds of diameters was driven
was measured ten times in each condition.
Fig. 4. shows the results of penetration experiment. The
plots shown in Fig. 4. are the average of 10 times at the
penetration experiment. The standard deviation of each
penetration velocity is small, and the maximum standard
deviation at the experiment is 0.12. Although the penetration
velocity become small as the corer diameter is large, it is
thought that this is because the velocity transmission loss
occurs in the contact moment between the corer and this
device. Each penetration velocity measured by the infrared ray
sensor is proportional to rate of rotation, and then Table 2.
shows the penetration velocity range of each corer diameter
from the result shown in Fig.4. The penetration velocity is
used as the barometer of the penetration depth.

2. Experimental methodology: It's defined an asteroid
simulated object to use by the penetration experiment.
Although using the simulated object of the D-type asteroid
is desirable, considering observation results that the surface
layer of the Eros (S-type asteroid) is the regolith and that of
the Itokawa (S-type asteroid) is the boulder (over a
diameter of 256mm) 5). By this experiment, penetration
objects shown in Table 1. have been used as simulated
objects. Next, it's defined about a corer to use by this
experiment. The material of corer is SUS304. Corer shape is
hollow cylinder and nose shape is almost flat. Diameters
are 5, 10, 12, 15, 20, and 25mm (Fig. 2.). Thickness is
0.5mm. Length is 500mm.

Corer

Penetration & Extraction

Penetration simulated object

5~25mm

Technology for element of sampler as corer.

Launch

Surficial sediment

Catch

Fig. 1. Harpoon & Penetrator Method
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Motor

Corer

3.1.2. Penetration loss: The penetration depth of the corer
has thought equal to the depth of the sampling layers 6)7). The
possibility that the depth of the actual sampling layers
according to the penetration object decreases compared with
the penetration depth is thought enough. Then, the depth of the
sampling layers has been measured. In addition, the ratio of
the depth of the sampling layers to the penetration depth was
taken, and the presence of the penetration loss has been
examined. Here, in this experiment, the corer and the
penetration velocity go on the same condition as the previous
experiment. However, the measured depth of the sampling
layers in this experiment is the depth of the layers inside the
corer of penetration moment, and it is not the depth of the
actual sampling layers because sampling system isn't thought
in this paper.
Fig. 6. and Fig. 7. show the results of penetration
experiment. The depth of the sampling layers is measured
when the corer penetrates the sand and the corresponding
depth is plotted on Fig. 6. for each penetration velocity
measured by the infrared ray sensor. However, 5mm in the
diameter of the corer alone has been not able to be measured.
Fig. 6. shows that the depth of the sampling layers is
proportional to penetration velocity in velocity range of each
corer diameter. In addition, the depth of the sampling layers is
short compared with penetration depth in velocity range of
each corer diameter of this experiment, and it is found there is
penetration loss.
Next, Fig. 7. shows the effect of penetration loss. The
penetration loss of the vertical axis on Fig. 7. shows that the
depth of the sampling layers is equal to the penetration depth,
when this value is equal to 0. The penetration loss of the corers
of 10 and 15 mm diameter is large with the increase of the
penetration velocity in this velocity range, and that of 20 and
25 mm diameter isn't change so much. The larger the corer
diameter is also, the smaller the penetration loss is, however, it
is found that the corer diameter should be not enlarged in
every respect because the value of the penetration loss between
20 and 25 mm diameter isn't change so much.
From this, to secure the desired depth of the sampling layers,
it is found that the corer diameter should be large to some
degree.

Infrared ray
sensor

Penetration
object

Fig.3. Schematic view of experimental device

Fig. 4. Result of relation between penetration velocity and rate of

rotation
Table 2.

Penetration velocity of each corer diameter
Corer diameter
[mm]
5
10
15
20
25

Penetration velocity
[m/s]
9.9~15.9
8.6~14.2
8.0~13.8
6.8~12.5
6.3~12.2

3. Experimental result
3.1. Sand
3.1.1. Relation between penetration depth and penetration
velocity: The penetration depth is measured when the corer
penetrates the sand and the corresponding depth is plotted on
Fig. 7. for each penetration velocity. The plots are the average
of 10 times at the penetration experiment, and though the
maximum standard deviation is 12.9. Fig. 7. shows that the
penetration depth is proportional to penetration velocity in
velocity range of each corer diameter. It is not found whether
corer diameter between 5-25mm has effect on penetration
depth from this result.

Fig. 6. Result of relation between depth of the sampling layers and
penetration velocity

Fig. 5. Result of relation between penetration depth and penetration
velocity (sand)
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velocity, and inside diameter, respectively. K is the bulk
modulus. The nose shape effect of the corer is not included as
secondary one, because the corer thickness is thin. And not the
outside diameter of the corer but inside diameter of one is used,
considering the corer shape is the hollow circular cylinder.
The relations between seven physical quantities are shown
by two dimensionless quantities (π1, π2) by using Buckingham
π theorem. In this paper, as M, V and d are basic physical
quantities, a dimensional analysis based on eq. (3) leads to

π1 =

Kd 3
X
,π2 =
.
d
MV 2

(4)

It seeks the mutually dependent relations between π1 and π2 of
eq. (4) based on Fig. 5., because the corer diameter and
penetration velocity are parameters in this experiment. Fig. 9.
shows the obtained result. The plot set shown in Fig. 9. shows
a proportional relationship between π1 and π2 without
depending on a certain physical quantity.
Here, Li et al. introduced dimensionless quantities MV2/fCd3
as impact factor 10). The reciprocal of π1 has the meaning
similar to dimensionless quantities. The reciprocal of π1 is
used as π1', instead of π1. Fig. 10. shows the obtained result.
An approximate equation of Eq. (5) is obtained by using the
least-squares method from the result.

Fig. 7. Effect of penetration loss

3.2. Light concrete: Fig. 8. shows the results of penetration
experiment. In this experiment, it has experimented on the
condition similar to the sand. The plots shown in Fig. 8. are the
average of 10 times at the penetration experiment, and though
the maximum standard deviation is 7.17. It is tendency that the
values of the penetration depth at driving the same velocity
have large width because of the density inhomogeneity and
then the standard deviation is large. Fig. 8. shows that the
penetration depth is proportional to penetration velocity in
velocity range of each corer diameter. It is not found whether
corer diameter between 5-25mm has effect on penetration
depth from this result. At the light concrete, when the depth of
sampling layers is under 15mm depth, the sample doesn't get.
However, the depth of sampling layers is equal to the
penetration depth, when the sample is over 15mm depth.

⎛ MV 2 ⎞
X
= 10.972 ⎜
3 ⎟
d
⎝ Kd ⎠

Fig. 8. Result of relation between penetration depth and penetration
velocity (light concrete)

4. π number: When the corer strikes a penetration object,
the penetration process is normally much shorter than the end
of the overall object and the penetration is a local effect. It is
thought that the penetration attribute is difference because the
sand is the granular material and the light concrete is the solid.
Considering parameters which have the effect for two kinds of
the penetration object, the dimensional analyses are done using
Buckingham π theorem 8).
4.1. Sand: It considers about the sand. There is the bulk
modulus as the parameter which has the effect for the sand
during penetration 9). The inside diameter also has the effect
because the corer shape is the hollow circular cylinder 8). The
physical quantities which have the effect for penetration depth
is expressed by
X = f (M ,V ,d , K )
(3)
where M, V and d are the mass of the corer, penetration
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0.4327

(5)

Fig. 9. Relation between

Kd 3
X
and
d
MV 2

Fig. 10. Relation between

MV 2
X
and
3
d
Kd

4.2. Light concrete: It considers about the light concrete.
There is the unconfined compressive strength as the parameter
which has the effect for the light concrete during penetration
11)
. The physical quantities which have effect on to penetration
depth is expressed by
X = f (M ,V , S , fC )
(6)
where S is the cross-sectional area of the top of the corer. f C
is the unconfined compressive strength. The nose shape effect
of the corer is not included as secondary one, as well as the
sand. S is used one of physical quantities for the light concrete
instead of d because the destruction is accompanied in the
solid when penetrating.
The relations between seven physical quantities are shown
by two dimensionless quantities (π3, π4) by using Buckingham
π theorem 8). In this paper, as M, V and S are basic physical
quantities, a dimensional analysis based on eq. (6) leads to
Fig. 12. Relation between

3

π3 =

fC S
X
.
,π 4 =
MV 2
S

fC S

(7)

1.0384

⎛ MV 2 ⎞
⎟
= 1.0773⎜
3 ⎟
⎜
S
⎝ fC S ⎠

f S
Fig. 11. Relation between C 2
MV

(8)

3

and

3

and

X
S

5. Energy comparison: The requisite velocity and energy to
penetrate the object with 300mm depth are extrapolated based
on obtained eq. (5) and eq. (8), and then that result is shown in
Table 3. and Table 6. Table 3. shows the result of the sand, and
Table 4. shows that of the light concrete. To evaluate whether
the extrapolated results are possible, the results is compared to
the energy of the bullet carried aboard Hayabusa. It has been
understood that the penetration tendency differs for the
difference of the penetration attribute of the granular material
and the solid from Table 3. and Table 4. Here, Fig. 5. shows
the result included penetration loss for the sand. The result at
the corer with 5mm diameter shown in Table 5. is nothing in
order to consider the result of the penetration loss.
At the result of the light concrete shown in Table 4., the
requisite velocity and energy to penetrate are small as the corer
diameter is small. The minimum value of the extrapolated
velocity is 41m/s using the corer with 10mm diameter, and the
minimum value of the extrapolated energy is 22N･m using the
corer with 5mm diameter. And the requisite energies to
penetrate the 300mm depth for all of the corer diameters are
smaller than the energy of the bullet. Therefore, the requisite
energies for the mission consummation are satisfied in all of
the corer diameters used by the penetration experiment of the
light concrete.
At the result of the sand shown in Table 5., the requisite
velocity and energy to penetrate are small as the corer
diameter is large. The minimum value of the extrapolated
velocity is 28m/s using the corer with 25mm diameter, and the
minimum value of the extrapolated energy is 50N･m using one.
This is caused by penetration loss. The requisite energies to
penetrate the 300mm depth for all of the corer diameters
except 5 and 10mm of the corer diameters are smaller than the
energy of the bullet. Therefore, if the corer diameter is over
15mm in the sand, the requisite energies for the mission
consummation are satisfied.
From this, the result to meet the desired sample layers with
300mm depth doesn’t obtain for all of the corer diameters used
by this penetration experiment, however, if the corer diameter
is over 15mm, the desired sample layers can be obtained at
300mm depth. In particular, the energy is minimum using the
corer with 15mm diameter, and the value is 97N･m.

It seeks the mutually dependent relations between π3 and π4 of
eq. (7) based on Fig. 10., because the corer diameter and
penetration velocity are parameters in this experiment. Fig. 11.
shows the obtained result. The plot set shown in Fig. 13.
shows a proportional relationship between π3 and π4 without
depending on a certain physical quantity.
Here, the reciprocal of π3 is used as π3’, instead of π3 as well
as the sand. Fig. 12. shows the obtained result. An
approximate equation of Eq. (8) is obtained by using the
least-squares method from the result.

X

MV 2

X
S
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Table 3.

Corer

Bullet

Table 4.

Corer

Bullet

Table 5.
(sand)

the grain diameter or the compressive strength. In this paper,
the penetration experiment is run using the parameters of the
penetration velocity and the corer diameter and the
dimensional analyses are done, and then it is necessary to
verify the mutually dependent relations of all dimensionless
quantities which influence the effective for the penetration
depth included others. In addition, employing of Japanese Sword

Energy comparison (sand)

Diameter
[mm]
5
10
15
20
25
10

Mass
[g]
25
57
86
111
132
5

Velocity
[m/s]
30.0
26.4
25.1
24.5
24.3
300

Energy
[N]
11.4
19.9
27.0
33.3
39.1
225

Technology for element of sampler as corer is presented.

Energy comparison (light concrete)
Diameter
[mm]
5
10
15
20
25
10

Mass
[g]
25
57
86
111
132
5

Velocity
[m/s]
42
41
42
42
44
300

Reference

Energy
[N・m]
22
48
74
100
126
225

1)
2)
3)

Energy comparison considering penetration loss

Corer

Bullet

Diameter
[mm]
5
10
15
20
25
10

Mass
[g]
25
57
86
111
132
5

Velocity
[m/s]
163
48
32
28
300

4)

Energy
[N・m]
760
97
57
50
225

5)
6)

6. Japanese Sword Technology:

7)

8)
9)

10)
Fig.13 Cutting using a Japanese Sword
11)

In the present study, we are proposing to employ Japanese
Sword technology for the material and design of corer tip in
order to extract deeper and many more sample of the asteroid
surface. Fig 13 shows the photo of Test cut by Mr. Matsunaga.
The Japanese Sword technology has over 2000 years history,
and it is best edged tool in the world. By using the Japanese
sword technology, the improvement in coring performance of
the sampling can be expected.
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7. Conclusion: The device for the penetration experiment
was produced, and the relation between the penetration depth
and the penetration velocity is requested for the sand and the
light concrete. It has been understood that the penetration
tendency differs for the difference of the penetration attribute
of the granular material and the solid.
If the corer diameter is over 15mm, the desired sample
layers can be obtained at 300mm depth. In particular, the
energy is minimum, using the corer with 15mm diameter.
Experimental results show that the capability for the sampling
by employing the Harpoon & Penetrator method.
It is necessary to verify penetration tendency with difference
from the attribute of the penetration object for the variety of
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Tether Technology for Active Vibration
Control of Tethered Space Solar Power
Satellite
Fan, Jixiang; Fujii, Hironori A.; Yano, Youki

Abstract— A vibration suppression method of
tethered flexible space structures as the tethered
SSPS (Space Solar Power Satellites) by employing
tether tension is developed and examined
experimentally. The vibration behavior of the
flexible panel system is described mathematically
by a partial differential equation. A feedback
controller is designed based on the Mission
Function control algorithm. The tether becomes
ineffective when tether slacks, i.e., when the
tension of the tether falls in negative value, this
kind of unilateral nonlinearity of the flexible tether
is taken into account in the present vibration
control. A tether actuator is designed to generate
the micro tension in the tether and used in the
ground simulation experiment. The experimental
results show the excellent performance of the
designed tether actuator and have verified the
validity of the proposed control scheme.

multi-tether wires from a bus system above the
panel is shown in Fig.1.
The tethered SSPS is a highly practical SSPS
model, which has a number of advantages in the
production,
integration,
construction,
and
operation as compared with the other SSPS
models, for example:
 The weight of the SSPS system will be
reduced and the hardness of the SSPS
system will be reinforced by using tethers in
its structural element.
 The tethered SSPS is able to obtain the
gravity-gradient stabilization by regulating
the length of tethers.
 Tethers are also desired for the vibration
suppression of the flexible solar panel by
actuating their tension.

Index Terms—Tethered space solar power
satellite, vibration control, tether actuator, mission
function method

1. INTRODUCTION

S

PACE solar power satellites(SSPS) can
provide us eternal and natural energy without
the exhaust of the carbon dioxide in the process of
energy production and thus are attracting much
public interest for the preservation of the Earth
[1]
environment . A wide range of space-based solar
power architectural and systems options have
been studied over the past 30-40 years by many
international organizations and institutes including
[2-7]
NASA . The Japan Aerospace Exploration
Agency (JAXA) and Unmanned Space Experiment
Free Flyer (USEF) have been studying a kind of
tethered SSPS as an alternative energy supply
[8-10]
mode in the near future
, and proposing a
project to launch a commercial tethered SSPS
around 2040. A prototype model of tethered SSPS
which
consists
of
a
large
power
generation/transmission panel suspended by

Fig. 1 Tethered SSPS prototype model

As a complex spacecraft, SSPS combines the
large and light weight design, which results in the
solar panel of SSPS being extremely flexible and
having low fundamental vibration modes. These
modes might be excited during the on-orbit
operations by a variety of space disturbances.
Therefore, the technologies for the structural
vibration control will play a major role for such
flexible spacecraft. Although some smart
materials, such as shape memory alloys,
Manuscript received July 27, 2012. Parts of this paper are
published in the proceedings of MOVIC2010, August 17-20, 2010,
piezoelectric materials, and so forth, are often
Tokyo, Japan.
used as actuator/sensor to suppression the
Jixiang Fan is with the Electronic Engineering Department, Harbin
vibration of the flexible structures and the
Normal University, China (e-mail: hwfjx@yahoo.com.cn).
[11-14]
,
Hironori. A. Fujii is with the Mechanical Engineering Department, 27 outstanding control effect has been achieved
to this kind of the large scale flexible structure (like
Kanagawa Institute of Technology and Nihon University, Japan
(e-mail: fujii@eng.kanagawa-it.ac.jp, fujii@aero.cst.nihon-u.ac.jp).
SSPS), a large spatially distributed actuators
Youki Yano is with the Mechanical Engineering Department,
arrays made up of a plenty of smart materials has
Kanagawa Institute of Technology, Japan.

to be used for the vibration control of the huge
solar panel, these smart materials inevitably
increase the lunch mass and cost; furthermore,
with the development of the new materials, the
membrane is to become the form of the solar
panel in the future, it is very difficult to embed or
bond these smart materials in the structure of the
membrane. However, considering the feature of
the tethered SSPS that tethers are designed in its
structural element, through actuating the tether
tension for the vibration suppression of the flexible
solar panel will become an effective and feasible
scheme.
In this paper, a tether technology for active
vibration control is proposed and a feedback
controller is designed by using the Mission
Function algorithm to suppress the vibration of the
tethered flexible space structure. Tether becomes
ineffective when the tether slacks, this feature is
regarded as the unilateral nonlinearity of the tether
and is taken into account in the controller design.
An experimental system is set up to verified the
validity of the proposed vibration control approach.
In the experiment, a tether actuator is designed to
generate the control tension in the tether.
2. MATHEMATICAL MODEL AND CONTROLLER
2.1 Mathematical Model
In the present study, the flexible solar panel of
the tethered SSPS is treated as a Kirchhoff plate.
Tether is assumed to be attached at four corner
points of the panel to control the vibration of the
plate. The dynamics of a transversely vibration
plate is described by the following partial
differential equation.

D(

4 w
4w
4w
2w

2

)


0
x 4
x 2y 2 y 4
t 2

(1)

of the plate, h 、 and E represent the thickness,
Young’s elastic modulus and Poisson ratio,
respectively;  represents the mass density of
the plate; and w( x, y, t ) denotes the displacement
at any point of the flexible plate.
The following boundary conditions, associated
with Eq.(1), are presented for a controlled
rectangular plate with the tethers attached at its
four corner points.

y  0, b : M y  0 , Vy  Qy 

M xy
y
M yx
x

force intensities per unit length, Ti is the control
force generated by the tether at the corner point of
the flexible plate.
2.2 Control Algorithm
Mission Function (MF) control algorithm is
employed as the method for the controller design
in the present study. The validity of MF method has
been examined through the application to slew
maneuver of a spacecraft with a flexible
appendage using numerical simulation and
experimental demonstration in Ref. 15 and 16.
This algorithm adopts the partial differential
equation, which describes most precisely such a
distributed parameter system as large flexible
space structures (LFSS), as the mathematical
description of the motion of the flexible structures.
This mathematical model evidently includes the
information of all modes in comparison with those
cases where the usual modal expansion method is
applied, and is free from the crucial truncation
effect. This algorithm also employs the Lyapunov
generalized energy functions that embody the
dynamical features of LFSS. This fact leads to a
physically meaningful reduction of the algorithm in
an analytical manner.
According to the MF method, the vibration
control of the flexible plate can be defined by the
following mission: The mission is to change the
dynamical state of the system from the initial state
with vibration into a desired state with no vibration
(mission state).
The Hamiltonian which is zero in non vibration
state is employed to be the mission function as
follows
2

where D  Eh3 12(1  v 2 ) is the bending rigidity
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Using boundary conditions(2) and assuming
that the mass density  and the bending rigidity D
are constant along the plate, one obtains the
derivative of the mission function with respect to
time as
4

0

(2)

x  0, a , y  0, b : Vx  Ti or Vy  Ti , i  1,2,3,4
where a and b represent the length and the width
of the plate, M x and M y represent the bending

M   Ti  vi

(4)

i 1

where v1  w  0,0, t  t , v2  w  0, b, t  t ,

v3  w  a,0, t  t and v4  w  a, b, t  t are the

vibration velocities of the four corner points of the
28 flexible plate.
The mission function is positive definite and is
moment
intensities
per
unit
length,
zero
when the mission state is obtained, i.e., when
M xy represents the torsional moment intensity per
all of the vibration motion are stabilized to be zero.

The mission function control is to reduce the value
of the mission function, i.e., the time derivative of
the mission function, equation (4), is forced to be
negative definite through the control process. This
can be obtained by choosing Ti , for example, as

Ti  ki vi

(5)

As a matter of fact, vi is the velocity of the
corner point of the flexible plate, thereby, which is
same as the control algorithm called to be “Direct
[17]
Velocity Feedback
(DVFB)”.
Considering the nonlinear feature of the tether
that the tether becomes slack when tension falls
into negative value, i.e., the tether can pull in
positive tension but the tether cannot push in
negative tension. The tether tension control must
manage this kind of the unilateral nonlinearity of
the tether to avoid generating negative tension,
thereby, the controller (5) is modified as

 0
Ti  
ki vi

vi  0
vi  0

(6)

3. EXPERIMENT
3.1 Actuator Design
As a result of small structural damping and the
low modal frequencies of the actual solar panel,
the control force for the vibration suppression of
flexible space structure is extremely small. It is not
easy to generate such minute tension by using the
conventional actuators. Moreover, In view of the
unilateral nonlinearity of the tether, when the tether
tension comebacks from zero or negative one, the
tether may induce a sharp tension profile as an
impulse. The modes higher than the controlled
vibration mode will inevitably be excited by any
sharp change in the actuator motion which may
occur to pull the tether after slack. Taking these
features into account in the present study, a tether
actuator is designed to generate the arbitrary
minute tension and also to weaken sharp profile of
the tether tension in the actuator motion, which
consists of the flexible leverage, the strain gauges
and the linear actuator. The schematic description
and the block diagram of the tether actuator are
shown in Figures (2) and (3), respectively.

Fig. 2 Schematic of the tether actuator

Fig. 3 Block diagram of the tether actuator
In Figure (3), Tc and T represent the
command force and the output force, respectively.
A PD controller is used to implement the control of
the tether actuator.
The vibration of the flexible space structure is
controlled by the tension of the tethers connected
at the corner points of the flexible structure. The
tension of the tether is sensed by the flexible
leverage connected to the tether and is measured
in the manner of voltage by the full-bridge strain
gauges bonded at the root of the flexible leverage.
The output voltage of the strain gauges, as the
feedback signal, is transmitted to computer after
being amplified and A/D converted. The error
voltage is fed as the control signal for the linear
actuator.
The performance of the tether actuator are seen
to be satisfactory from the calibration results as
shown in figure (4) where the output tension of the
tether actuator is small as the order of 0.001N and
has an excellent linearity in the range of 0N to
0.3N.

Fig. 4 Calibration curve of the tether actuator
3.2 Experimental Setup
On the ground, it is very difficult to eliminate the
effect of the gravity for the vibration control
experiment of a flexible plate with large size and
small rigidity. For the purpose of verifying the
validity of the proposed vibration control method by
using tether technology, in the ground experiment,
a aluminum beam is designed as the experimental
model to simulate the dynamic behavior of large
flexible space structures. Many weights are
equipped on the flexible beam in order to ensure
the first modal frequency of the flexible beam to be
same order of 1 Hz as that of the flexible solar
panel. The beam is set to move in the horizontal
plane so as to eliminate the effect of the gravity.
The velocity sensor, the tether actuator, the
computer and the experimental model are
assembled into the experimental system. The
29 center of the beam is fixed and the tether is
attached at one end of the beam for the vibration

control. The photograph of the experiment system
is shown in Fig. (5).
Necessary data for the vibration control are
sensed by a full-bridge strain gauges located at the
root of the flexible leverage and a camera hanged
directly over the end of the beam. The strain
gauges are used to measure the bending moment
at the root of the flexible leverage and the camera
is used to measure the position of the end of the
beam. Data from these sensors are sent into the
central processing unit(computer) through the A/D
and D/A boards. The displacement and the
velocity of the end of the beam are calculated by
an image analyzing software. The sampling
interval of the control process is set to be 2.5ms in
view of the fact that the first modal frequency of the
beam is lower than 1Hz.

PD controller are selected properly.
experimental results are shown in Figs.6~8.

The

Fig.6 Time response of displacement

Fig.7 Time response of velocity
Fig. 5 Photograph of experimental setup
As is stated above, when the tether tension
comebacks from zero or negative one, the tether
might induce a sharp tension profile, which
inevitably causes an impulse. Although the flexible
leverage designed in the tether actuator is
favorable for relieving the impulse, this impulse
could not be removed. A predetermined positive
tension or minute pretension acting on the tether is
indispensable for eliminating this kind of impulse
since the pretension ensure the tension of the
tether should not decrease less than zero even
when the real-time velocity of the end of the beam
becomes positive, i.e., when the end of the beam
moves towards the actuator. The command
tension Tc is then applied as follows:

 Tpre
v0

Tc  

Tpre  k  v v  0

(7)

where Tpre is the pretension acting on the tether.
3.3 Experimental Results
The initial displacement of the end of the flexible
beam is set to be 120 mm and the pretension is
select as 0.04N in the present experiment. The
maximum velocity of the linear actuator is selected
to be 2m/s so as to avoid the possibility of the
system instability since the higher velocity will
excite the oscillation of the flexible leverage and
the lower velocity will bring long-time delay. The
velocity feedback gain and the parameters of the

Fig.8 Control force
Figure 6 is the time response of the
displacement of the end of the flexible beam, and
Fig.7 is the time response of the velocity of the end
of the flexible beam. These two figures show that
the structural vibration of the experimental model
can be control successfully by the present control
algorithm and the tether actuator. It is seen in Fig.8
that the tether actuator acts effectively to output
the continuous minute tension. The command
tension is generated only when the tether tension
is positive and not when it is negative, and the
output tension of the tether is tracking the
command tension commendably. It should also be
noted that the sharp input is transformed into a
smooth input through the effect of the flexibility of
the flexible leverage, which avoid the excitation of
30 second and higher order modes of the beam.

[12] Hu, Q. L., Ma, G. F., “Vibration Suppression of Flexible
Spacecraft During Attitude Maneuvers,” Journal of
Guidance, Control, and Dynamics, Vol.28, No.2, 2005,
pp.377-380.
[13] Zhao, Y. H., Hu, H. Y., “Active Control of Vertical Tail
Buffeting by Piezoelectric Actuators,” Journal of Aircraft,
Vol.46, No.4, 2009, pp.1167-1175.
[14] Bruant, I., Gallimard, L., Nikoukar, S., “Optimal
Piezoelectric Actuator and Sensor Location for Active
Vibration Vontrol, Using Genetic Algorithm,” Journal of
sound and vibration, No.329, 2010, pp.1615-1635.
[15] Fujii, H. A., Ishijima, S., “Mission-Function Control for
Slew Maneuver of a Flexible Space Structure,” AIAA
Journal of Guidance, Control, and Dynamics, Vol.12,
No.6, 1989, pp.858-865.
[16] Fujii, H. A., Ohtsuka, T., Udou, S., “Mission-Function
Control for a Slew Maneuver Experiment,” AIAA Journal
of Guidance, Control, and Dynamics, Vol.14, No.5, 1991,
pp.986-992.
[17] Balas, M., “Direct Velocity Feedback Control of Large
Space Structure,” AIAA Journal of Guidance, Control,
and Dynamics, No.3, 1979, pp.252-253.

4. CONCLUSION
The active vibration control of the flexible space
structure based on the tether technology is studied
in this paper. The continuous system model to
descript the vibration behavior of the flexible solar
panel is presented. A feedback controller for
suppressing the structural vibration of the flexible
solar panel is developed according to the given
continuous system model by using the Mission
Function method. In view of the unilateral
nonlinearity of the tether, i.e., the tether only can
provide the pulling force but not provide pushing
force, the proposed controller is adjusted to adapt
to the feature of the tether. In the ground
experiment, the flexible beam equipped with some
weights is used to simulate the vibration behavior
of the flexible space structure. The tether actuator
is designed to generate very small tension and
control the structure vibration. A flexible leverage
is specially designed in the tether actuator for
relieving the impulse arising from the motion of the
actuator which may occur to pull the tether after
slack, and a pretension is acted on the tether so as
to further eliminate this effect. Results of the
experiment show the excellent performance of the
tether actuator for the vibration suppression and
have verified the validity of the proposed control
strategy.
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Length Measurement of Tape-Tether
Deployed in Space
(Inverse-ORIGAMI Method)
Fujii, Hironori A., and Mizuno, Toshihiro
be verified its performances in space..
Abstract— Flight result of tether length
measurement is reported concerning to a
sounding rocket project, T-Rex (Tether
Rocket Experiment), deploying bare
electro-dynamic tape tether in space. The
T-Rex is an international campaign of
Japan, Europe, United States, and
Australia. The bare electrodynamic tether
has a variety of useful applications for
space development including orbit
transfer without using fuel. A new method
called “Inverse ORIGAMI” is employed to
deploy the bare tape tether. The sounding
rocket has been launched at 05:00 on 31
August
in
2010
and
the
bare
electro-dynamic tape tether is deployed
successfully first in the world. The length
measurement method demonstrated in
space is confirmed by on-ground tests.
Key
Words:
Fast
Deployment,
Inverse-ORIGAMI
Method,
Length
Measurement, Space Tether, Tape Tether,
1. INTRODUCTION
he space tether technology is indispensable
Tin constructing and also maintaining large
space structures, which are designed for
future space development including the solar
power satellite and deep space exploration.
Tether
technology
has
such
many
advantages as simple structure, compact
package, very long lightweight structure,
autonomous construction with little help of the
astronauts, and also active electro-dynamic
artificial driver. Tether technology is thus an
indispensable element of space structures to
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2. VERIFICATIONS OF TETHER TECHNOLOGY
The electro-dynamic tether (EDT) has been
deployed from a sounding rocket, S520-25,
as shown in Fig.1. The S520-25 has been
launched to the altitude of 300km (velocity
about 0.5km/s) at 0500 on 31st August in 2010
by ISAS/JAXA from Uchinoura site in Japan
(Ref.1). The project is a European/ American/
Australian/
Japanese
International
Campaign.
The deployment of tether in space is one of
the fundamental performances for many
important tether applications and the
electrodynamic behavior is necessary to be
studied by use of bare conductive tethers.
The conductive tether opens unique
opportunities for science and engineering
under
orbital
conditions
generating
convenient electron beams and producing
electromotive force without fuel. Objective of
the project is to verify experimentally the
performances of a bare EDT in space from
both scientific and engineering aspects
including, 1) swift deployment of long bare
tape tether with high reliability, 2) fast ignition
of a hollow cathode to provide electricity to
EDT, 3) demonstration of EDT in collection of
electrons, 4) verification of electron collection
theories including OML (Orbit Motion Limit)
theory, 5) atmospheric entry of tape tether,
and 6) space robot motion control. The tether
is a bare EDT, which is a reinforced aluminum
tape with width 25mm and thickness 0.05mm
and has been deployed in its length through
300m in 120 seconds (Fig.1) in order to afford
sufficient
time
periods
for
science
experiments for about 300 seconds in space.

3. INVERSE ORIGAMI” METHOD
The present mission requires a highly

32 reliable and robust deployer because the
bare tape tether is shown to have many
unknown dynamic characteristics and a

Fig.1 Experimental Sequence of the Sounding Rocket S520-25

complex dynamic behavior. The deployment
system employs a foldaway storage method.
The present foldaway tape tether deployer is
based on a new concept “Inverse ORIGAMI”
method (Ref.2) and is totally different from the
usual reel type tether deployers. This
innovative storage method can afford reliable
fast deployment and is a key idea of the
proposal to satisfy the requirements of the
science mission.

4. VERIFICATION OF LENGTH MEASUREMENT
TECHNOLOGY FOR BARE TAPE TETHER

4.1 Measurement of Tether Length
Japanese team has taken a part to design
the length measurement of thin tether in the
YES2 project (Ref.3). A new method of
deployment has been developed for tape
tether in the present sounding rocket
experiment employed with tape tether and a
new measurement system of tape tether
length has been devised as shown in Fig.2.
The tape tether is folded (Inverse ORIGAMI
method) in a tether box as in the lower part of
the figure.
The present measurement
system takes advantages of the folding
method and count the number of folds in
contact of tether with the guiding wall.
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The tape folding system has a feature that
tape tether is deployed at the exit by swaying

Fig.2 Method of length measurement

synchronously between two directions, right
and left, continuously. Three ultra-red LED
is placed at the exit of the tether box and a
photo transistor counts the number of blind
periods of ultra-red light. The number of
folds of tape tether is then counted and the
tape tether length is measured.

The measurement is conservative and the
count of the folds is decided by the majority
of three sets of the counters and is permitted
to count one for 0.6m if more than two sets of
the counters agree. Two supplemental
devices for the measurement of tether length
are also employed to count the number of
whiskers attached at every hundred of folds
and to sense different colors marked at
every 25m.
4.2 Test of Tether Length Measurement
Device
The number of folds of tape tether is
sensed by a processing circuit by testing the
number of contacts to every sensor with
hyper terminal. The deployment speed is set
to be constant in the process. The ejected
tether is measured in its weight after the
deployment in order to verify the
measurement of the length of deployment
through the unit weight measured
beforehand in every 3000mm. The result of
measurement is compared with that obtained
by the contact information and the
measurement error is estimated by the
comparison.
4.3 Test Measurement on Ground
Results of test in the present experiment
are shown in Table1 and Fig3. Tests shown
in Table1 are measured depending on every
environmental condition and verify such an
excellent performance as high precise results
with measurement error within a few percent.
Figure 3 shows the number of contacts of
fold and it is confirmed that the error is very
small since the linear relation is obvious.

Table1 Results of length measurement (test)

Test

Test0
1
Test0
2
Test0
3
Test0
4
Test0
5

One
side
creas
e
72

Contact
frequenc
y

62

60

69

68

64

64

80

83

Remarks

74

No space in
the box
No space in
the box

Fig.3 Result of a measurement in test (Estimated length in
accordance with the number of folds)

5. Space Experiments
5.1 Deployment
In order to remove any effect due to
contaminations, the initial velocity of the
deployment is given by the kinetic energy of
loaded springs installed on the ejector with
long stroke-guide shafts. The deployment
sequence is designed under the constraints
of the system including tape tether toughness
and structural load constraints. The initial
velocity is given to the daughter satellite in
order to deploy the tape tether. A brake
system is designed to generate friction force
by a brake pad so the deployment will be
decelerated to stop gradually and not to
Fig.4 Flight data: deployed to 132.6m (Measured by
bounce back at the end of the deployment.
the folding number counter: 0.6m* (220+1))
In order to confirm the high-reliability of the
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spring ejection mechanism and stability of
preliminary phase of the present project
tether in the deployment, eleven schemes of
including, 1) on a flat air table, 2) on a tower
demonstration are employed in the

Fig. 5 Tape tether deployed: A shot from a daughter satellite (The rocket is seen as a star at the center of the figure)

system, 3) in a vacuum chamber, 4) by
pet-bottle model rocket, 5) on a linear-motor
car, 6) by a cart model, 7) on a spinning flight
table, 8) on micro-gravity by a parabolic flight,
9) vertical ejection test, 10) horizontal
extraction test, and 11) numerical simulation.
All experimental results have demonstrated
the high-reliability performance of the present
deployment system in every different
simulation
environment.
The
space
demonstration
completes
the
twelfth
confirmation to suffice one dozen schemes.

deployment scheme applied to such future
tape tether system as space elevator system.
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