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Low-Authority Control of Large Space Structures
by Using a Tendon Control System

Y. Murotsu, H. Okubo, and F. Terui
University of Osaka Prefecture, Osaka, Japan

This paper deals with the problem of controlling the vibrations of large space structures by the use of a newly
conceived torque actuation device, i.e., a tendon control system. It consists of a pair of tension cables transmitting
a control torque to the structure at the moment arm position. The purpose of the study is twofold: first, to establish
the analytical framework for low-authority control synthesis; second, to validate the proposed concept through a
hardware experiment. A nonlinear optimization approach is proposed for the design of the control gains and the
moment arm placement. This approach is useful when the total number of control devices is smaller than the number
of critical vibrational modes, and exact pole placement is not possible. A hardware experiment has been done
successfully, which shows the fundamental feasibility of the active tendon control for a highly flexible beam. However,
for its practical application, further studies are needed, especially on the interactions between the dynamics of the
tension cables and the flexible structure.

Introduction

THE use of active feedback forces to control large space
structures (LSS) has been studied intensively most re-

cently, and a variety of approaches to the control system design
have been proposed.1'2 Hardware demonstrations using labo-
ratory models (e.g., beam, plate, grid, etc.) also hav^ been
performed in many industries, institutes, and universities.3^
Most of these studies are based on the use of inertial reaction

actuators such as thrusters and momentum wheels. They are
external force-producing devices designed with the objective
of attitude control. However, these conventional actuators
may not best meet the new class of control objectives, e.g.,
vibration suppression and shape determination of highly flex-
ible structures. For instance, structures may be too weak to
allow the attachment of a massive conventional-type actua-
tor. Therefore, actuators of different types (e.g., proof-mass,
piezoelectric, environmental) should be developed to meet the
objectives.
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The authors have proposed a new approach as an alterna-
tive, i.e., tendon control of flexible space structures. This is a
biomechanical scheme used in nature to control animal motion
and configuration, namely, active control of muscles and ten-
dons.7'8 This concept can be exploited in a man-made flexible
structure by the use offeree actuators and tension cables. If the
activating forces are interstructural, which is called "stiffness
control of structures," the time-dependent tensile forces will
come into play and add to the complexity of the problems.9
However, the approach proposed here differs somewhat from
such an interstruetural control and makes use of transmitting a
control torque from the rigid main body to a flexible element.
A kind of tendon control system already has been investigated
in relevant fields within civil engineering.10

Figure 1 is an illustration giving the idea of a tendon control
system for suppressing beam vibrations. A pair of actuators at
the beam root activates the tendons (i.e., tension cables) to
rotate a pair of moment arms attached at a proper position of
the structure. Thereby, the beam motion is actively controlled
by using the feedback signals from the sensing devices located
on the beam.

The use of tendon control provides many advantages for
structural control. It is suited to this control task not only
because the hardware is simple to implement, but also because
a robust coloeated control can be realized by using "non-
colocated" sensors and actuators. That is, the designer can
place the point of control action at any proper location of the
flexible appendage or deployable mast, and simultaneously
place a massive control actuator at the spacecraft bus.

This paper demonstrates the capability of the tendon control
system in low-authority control (LAC) of structures, where the
controller is designed by using simple output feedback to in-
crease the effective damping of the critical vibrational modes.
The closed-loop system is shown to be stable if an angular rate
sensor is located at the moment arm. Then an approach for
determining the optimal feedback gains and the optimal arm
location is proposed. The result of experimental research using
a hardware model is also given.

Tendon Control of a Beamlike Space Structure
System Equations

Many large space structures, although complex, often can be
approximated as a more simple structure, such as a beam,
plate, or thin shell. That is, the dynamic behavior of these
structures may be described approximately by proper beam,
plate, or shell equations. For example, a beamlike truss struc-
ture with uniform elements may be approximated by a single
beam with equivalent stiffness and mass density, as illustrated
in Figs. 2a and 2b. When the equivalent beam possesses a large
transverse shear rigidity, then the governing equation of mo-
tion reduces to Euler-Bernoulli beam equations:

pA- dt2
.+ El dx4 ">

dx (2)

where y(x9t) represents instantaneous displacements of the
beam from its equilibrium position, and Fc(x,i) and Mc(xj) are
the applied control force and moment distributions, respec-
tively. S(x) denotes the axial tensile force applied to the beam
and is assumed to be small and constant. The boundary condi-
tions for a cantilever beam are

dx
= 0

(3)

The displacement y(x9t) can be represented by a linear com-
bination of space-dependent eigenfunctions, Yn(x), multiplied
by time-dependent generalized coordinates, Hn(t).

y(x,t) = £ Yn(x)Hn(f) (4)

Introducing Eq. (4) into Eq. (1) and applying orthogonality
conditions of eigenfunctions, one can derive the mode equa-
tions for the generalized coordinates

dt2

where

$-L + o>lHn(t) = Qn(», n = l ,2, . . . ,« (5)

M = (l/pAl) ,t)Yn(x) dx, n = 1,2,. . . (6)

Fig. 1 Tendon control system for beam vibration suppression.

are generalized modal control forces.
Here we consider the active tendon control of a beamlike

structure (see Fig. 1). The objective of LAC synthesis using the
tendon torque actuator and output feedback is addressed here.
The tendon actuator consists of two force actuators linked with
a pair of moment arms through tensile wires and generates
control torques at the arm point. Motion along the beam (an-
gular or translational position and rate) is measured using ap-
propriately placed sensors, and the sensor signals are fed back
to activate the tension wires. Selection of the sensing devices
(i.e., linear or angular sensors) and their placement represents
a substantial degree of freedom to the designer and is usually
not a straightforward task. In the following, we analyze the
stability of the output feedback system and then propose an
approach to determine optimum sensor placement and opti-
mum feedback gains.
Stability of the Closed-Loop System

It is widely recognized that velocity feedback control using
coloeated sensors, i.e., direct velocity feedback (DVFB), is en-
ergy dissipative and assures closed-loop stability for an infinite
number of modes.11 However, in engineering practice, the
number of modes that excite with the active controller is finite.
Hence, the system still may be stable when noncolocated veloc-
ity and position feedback are introduced. Here we discuss the
stability of the closed-loop system when a finite number of
modes are taken into consideration and derive the constraints
for gain determination and sensor/actuator placement. More-
over, it is shown that the stability of the system depends not
only on the placement of the control devices but also on their
type.

Here, we consider output feedback control using one mo-
ment arm and a pair of angular displacement and angular rate
(velocity) sensors for feedback. Then the control moment
Mc(x,f) and generalized force Qn(t) are given by

,~(7)
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Y'm(ls)[KiHm(t)+K2Hm(t)] (8)

where the prime denotes the derivative with respect to x; Kv
and K2 are feedback gains; la and ls are actuator and sensor
positions, respectively; and d(x) denotes a Dirac delta function.

Let us substitute Eq. (8) into Eq. (5) and take the Laplace
transform, ignoring initial conditions, to obtain

(s2 + co2)Hn(s) = - - Y

n = 1,2,. . . (9)

Then, multiplying both sides of the equation by Y'n(ls)/(s2 +
co2) and taking summation for n — 1,2,. . ., one obtains the
following relation:

Fig. 2 Cantilever truss structure and equivalent beam with uniform
mass distribution.

Y'n(ls)Hn(s)

S -[- (On
Y'm(ls)Hm(S) (10)

Thus, the characteristic equation of the closed-loop system can
be written as

or
oo oonc*2

n = 1

where

If one takes the expansion terms to the Nth mode, the charac-
teristic equation can be written in the following form:

p»(s) = s2N+'D2N_ ,s2N~ * + • • • + /V + A) = 0 (13)

where

N \ Nn o > * ) y (j11 w I Z—( V
„ = 1 / n = 1

AT \ N N

« = 1 /J=1J2>JI

A>/fc -i » = 1

< A^ \ N Nn ® 2 ) z i
«= 1 / jl — l J2>Jl

The following stability result is obtained.
Theorem 1: The closed-loop system with output feedback is

stable for the TV-mode system, i.e., Eq. (13), if

n = 1,2,. ..,7V (14)

(15)

Proof: Let the odd- and even-order terms of the characteris-
tic polynominal PN(s) be denoted as PQ(S) and P*(s), respec-
tively

(16)

where

w= In (*+«tfjTi+*i z ^/(xU = i JL »-i
= (17)

(18)

The Afth-order polynominal P^ has zeros with strictly nega-
tive real parts if, and only if, the zeros of P*(x) and those of
P$(x) appear alternately on the real axis and D0 > 0, D^ > 0
(Mikhailov's Theorem).12 One can easily show that, if condi-
tions (14) and (15) are satisfied, then D0 = P^(0)>0 and
A = PftO) > 0. Since P»(-co2)P»( -co2

k + 1)<Q (k = 1,2,. . .,
N - 1) and P$( -col) > 0, the A:th zero of P^ (x), X°k, appears
between — co| and —col+1. Therefore, the kth zero
Xe

k, lies between ̂  _ l and ̂  because

n «+^) fi (^+1«= i «= i

[ Nn
n ̂  fc+ 1

and
AT

' I I '
«= 1

(19)

:0 (20)

(Q.E.D.)
The condition of Theorem 1 for K± is derived from Z)0 > 0,

and it implies that a negative KI may be used for the TV-mode
system. However, when TV -> oo, this condition reduces to KI > 0
and, whenever a rigid-body mode exists (i.e., con = 0), the use of
a positive K^ is requisite.

Since Bn is proportional to the product of mode shapes, the
positivity of Bn (n = 1,2,.. .,TV) is assured if the actuators and
sensors are colocated. Positivity of Bn also depends on the type
of sensor and actuator employed. Table 1 shows Bn's for differ-
ent types of sensors and actuators. It should be noted that, for
instance, if linear transverse displacement/velocity sensors are
adopted with a torque actuator such as the tendon controller,
the positivity of Bn is not assured by colocation.
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Optimization of Gains
and Moment Arm Placement

In the preceding section, the stability of the output feedback
system has been discussed. Now a general approach is devel-
oped for determining the optimal feedback gains and place-
ment of the moment arm.

Sensor

Table 1 Value of the factor EH

Actuator Bn

Linear
disp./veloc.

Angular
disp./veloc.

Thruster
Torquer

Thruster
Torquer

Yn(ls)Yn(la)fpA
Yn(ls)Y'n(la)[pA

Y'n(ls)Yn(la)[pA
Y'n(ls)Y'n(la)lp7L

tion and the values of the design parameters (i.e., Kl9K29 Ia9 and
/,) are within some prescribed boundary, i.e.,

fc(Kl9K29la9ls)=PN(Pj=Q9 i = 1,2,..., AT (23)

gj(Kl9K29 IM = 0, j = 1,2,. . .,nc (24)

The optimization problem with equality and inequality
constraints generally can be solved by using the multiplier
method.13 However, straightforward application of this tech-
nique to the equality constraint, Eq. (23), is difficult because
the characteristic roots P are implicit functions of the design
parameters. Hence, the proposed optimization algorithm ex-
plicitly solves the updated characteristic equation for the roots
to recompute the objective function and its gradients.

Then, the augmented Lagrangian function is defined by

-A7
2] (25)

Optimum Design via Nonlinear Programming
A fundamental objective of a structural control system is the

placement of the poles associated with the critical vibrational
modes. However, with a constant gain output feedback con-
trol, exact pole assignment is possible only when the control
devices (i.e., sensors and actuators) satisfy the observability
and controllability conditions, and their total number exceeds
twice the number of controlled modes. If this requirement can-
not be satisfied, as usual in LSS control, exact pole placement
is not possible. Hence an approximate pole-placement al-
gorithm should be employed to relocate the poles into some
prescribed region of the complex plane and to minimize the
location errors.

In general, this problem can be solved by using nonlinear
optimization techniques, which relocate the closed-loop poles
to desired locations in the complex plane as "closely" as pos-
sible, as determined by a particular cost function.

Two objective functions are proposed here. First, the total of
the square of pole-location errors in the complex plane would
be a reasonable candidate for the objective function to be min-
imized in this approach:

where A = (Al9A29. . .,Aw)r and t = (tl9t29. . .9tn) are penalty
parameters.

In the optimization scheme, the following steps are carried
out:

0) Given initial design parameters jc° = (K°l9 KQ
29 I°a9 /?),

0 < l°eRh, 0 < t eR"c
9 e > 0, k = 0.

1) Solve the characteristic equation fc(xk ± Sx) = 0 and ob-
tain 2N roots, Pl9P2>. . -9P2N-

2) Compute the objective function J(xk ± dx) and the aug-
mented Lagrangian function Ltk(xk ± dx^*).

3) Approximate gradients dLtkjdx by central differences and
improve design parameters iteratively for unconstrained mini-
mization by use of a conjugate gradient method. Repeat steps
1 and 2 for updated design parameters. If optimal xk is ob-
tained then go to step 4.

4) Update penalty parameters A* and tk according to the
ordinary multiplier method. If

ax{ft(x*), - (lk/tk)}\ ^ s

then complete the iteration, otherwise return to step 1 with

J, at\Pt (KlfK2; lajs) - Pdl\2 (21a)

where

at = i = 1,2,. . .92N (21b)

Pt (Kl9K2; lajs) and Pd. (i = 1,2,.. .,2N) are the 2N characteris-
tic roots of the closed-loop system and their desired locations,
and the associated weightings, at (i = 1,2,.. .92N)9 are used to
obtain the uniform improvement in each mode.

Another index of performance could be defined considering
the desired damping ratios of N critical modes, £d. (j =
1,2,.. .,#):

where

J2(K19K29 U) = £ a, Kj (K19K29 lajs) -

-
(22)

and Oj (y = 1,2,.. .,N) are weighting factors.
Thus, the approximate pole-location problem reduces to the

determination of the optimum gains (J^ and K2) and control
device placements (la and /5), which minimize the objective
function as defined earlier. The problem constraints are that
Pt{Kl9K29 Ia9ls) (i = 1,2,.. .92N) satisfy the characteristic equa-

Numerical Example
A numerical example is given in this section to illustrate the

application of the proposed design procedure. A flexible truss
structure deployed from a rigid spacecraft bus is modeled as a
cantilever beam with an equivalent bending rigidity El =
7.17 x 107Nm, mass per unit length pA = 0.875 kg/m and
length / = 150m. (See Ref. 7 for more detailed data.) Axial
force is neglected here, i.e., S(x) = 0. In Table 2, the mode
frequencies are given up to the fourth mode. The modes with
higher frequencies are truncated from the dynamic model.

A tendon actuator is mounted to the structure with several
angular displacement/velocity sensors at the arm position (i.e.,
/„ = /,- 4).

Let the design parameters of this control system be the feed-
back gains #! and K29 which are the gains for the angular
displacement and angular velocity, respectively, at the coloca-
tion position lc.

Numerical analysis of optimization using the two proposed
objective functions is described in the following.

Table 2 Natural frequencies of a beamlike truss structure

Mode No. Frequency a)n, rad/s

n=2
w=3

1.41359
8.86272
24.82514
48.64171
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The objective function J2 is employed to optimize the damp-
ing ratios for the critical modes. In the optimization, the de-
sired damping ratios are assumed to be £d. = 0.5 and the
weighting factors are set as aj = 1 for all j.

The optimum gains Kf and K% are sought for a number of
different colocation positions. The resulting optimum objective
function J2(Kf9K$; lc) is plotted in Fig. 3 as a function of lc.
The optimum gains, achieved damping ratios, and pole loca-
tions are listed in Table 3 for three colocation positions (i.e.,

0 . 2 5

0.0
0.083 0.6 1.0

Fig. 3 Variation of minimum objective function as a function of coloca-
tion position.

lc/l = 0.083, 0.6, and 1.0), where the objective function exhibits
distinct local minima.

The objective function J2 is useful as long as the closed-loop
poles have complex roots. However, in many cases, when the
feedback gains are increased, some of the poles are likely to
move to the real axis and the use of a performance index based
on damping ratio becomes ineffective.

The use of the objective function Jl seems to be more reason-
able and has a general capability for approximate pole place-
ment. In this example, the placement of the target pole location
is determined for providing the same damping ratio, £dl =
0.447, in each mode. The result of gain optimization for the
case of colocation position lc/l = 1.0 is summarized in Table 4.

Hardware Experiment
Experimental research has been performed using a hardware

model in the laboratory. It is designed to prove the concept
proposed, i.e., low-authority control of flexible structures by
using a tendon control system. Details of the hardware setup
are given in the following.
Experimental Apparatus

A clamped-free homogeneous flexible beam hanging in the
vertical direction has been chosen as the test structure. This
configuration is a simple, continuous structure with dynamic
characteristics that are representative of a variety of flexible
elements in many space structures (e.g., booms and antennas).

Table 3 Results of optimization for three different colocation positions

Feedback gains

K! K2 Optimum J2

Modal damping ratios

Ci C2 C3 £4

-7.187 x 106 7.704 x 105

lc/l = 0.083

0.1026
Pole locations

Real part
Imaginary part

0.5037

-0.2414
0.4139

0.3666

-2.906
7.374

0.5393

-12.18
19.02

0.2114

-7.946
36.73

-1.178xl05 6.100 xlO 5 0.1535
Pole locations

Real part
Imaginary part

0.5356

-0.7523
1.186

0.2047

-1.897
9.068

0.2453

-7.391
29.21

0.4846

-17.32
31.26

-4.017 x 105 1.731 x 105 0.09147
Pole locations

Real part
Imaginary part

0.5044

-0.4284
0.7334

0.4544

-4.325
8.477

0.4965

-11.60
20.29

0.2011

-7.952
38.74

Table 4 Optimum gains obtained by using the objective function Jl

Optimum gains Pole placement

*1
-2.508 x 105

K2

1.677x-105

Optimum Jl

0.3011

Pl

-0.3165
+ 1.113*

f = 0.2735

ft

-3.617
+ 8.913/

C = 0.3760

P3

-11.15
± 22.03/

C = 0.4515

P4

-8.463
+ 39.07/

f = 0.21 17

\pdi-Pi \

- 0.6299
±1.252i

0.2425

Target pole locations
- 3.980 - 10.73
±7.960/ ±21 Mi

±21.46*
0.1151 0.2851

-21.46
± 42.93/

0.2787
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Fig. 4 Experimental apparatus.

A photograph of the experimental apparatus (i.e., the flex-
ible beam and its support structure) is shown in Fig. 4. The
beam consists of 18-8 stainless steel with a length of 2.4 m. It
weighs 2.74kg and has a cross section of 150 x 1 mm. (See
Table 5.) The support structure (i.e., test stand) is constructed
of steel angles and channels and weighs 700 kg in total. The
stiffness of the support structure is large enough so that its
dynamics do not interact with those of the flexible beam.

The dynamics of the beam motion are modeled by Euler-
Bernoulli theory, including loads due to gravitational force,
i.e., S(x) = Ag(l — x). For experimental verification of the dy-
namic model, analysis for the measured beam responses was
performed by means of an impact method. Table 6 presents the
theoretically and experimentally determined natural frequen-
cies of the lowest eight modes. The theoretical natural frequen-
cies without gravity are listed in the first column to show that
the gravity effect is remarkable, especially at lower frequencies.
On the other hand, the gravitational force changes the corre-
sponding mode shapes very little (not shown here).

Configuration of the prototype tendon actuator is shown in
Fig. 5. An electrodynamic force actuator and appropriate me-
chanical link are designed for the purpose of active tendon
control. The force actuator consists of a cylindrical electromag-
netic coil that is free to move in a permanent magnetic cylinder.
It has a capability of applying 4 Newton of force for a maxi-
mum 2-A input over about a 70-Hz bandwidth and with non-
linearity of 1% for a displacement range of ± 18 mm.

With the aid of a properly designed mechanical link system,
tension cables, and moment arms, the control moment gener-
ated by the force actuator can be transmitted almost linearly to
the arm position. To allow the beam's response to be free from
torsional vibrations, two pairs of arms are attached to both
side edges of the beam. Hence, a total of four tension cables are
used to link the moment arms to the guiding rods of the me-
chanical linkage mounted at the beam root. The tension cables
are made of piano wires of 0.35 mm in diameter.

An initial tensile force of equal magnitude is applied to each
cable by adjusting screw joints. This static loading is useful

i/i///

> ( A )

(B)

(B) Moment arms

Fig. 5 Configuration of the tendon actuator system.

Table 5 Characteristics of a beam used for hardware experiment

Material Stainless steel

Length, m
Width, mm
Thickness, mm
Flexual rigidity £7, Nm2

Mass density per unit length, kg-m"1

Weight, kg

2.4
150

1
2.39
1.14
2.74

both for preventing the cables from being loose during the
control action and for keeping the total axial stress applied to
the beam constant, thereby, avoiding problems due to time-
varying stiffness. Moreover, it increases resonant frequencies of
the cable vibration in the lateral direction.

Figure 6 shows the sensing system used in the control loop.
Two sets of electro-optical position sensing devices (PSD)
made by Hamamatsu Photonics Corporation are employed.
Each PSD unit measures the two-dimensional displacements
with a resolution of 0.02% over a 20-mm range and a 0.5-kHz
bandwidth. A pair of light emitting diode (LED) targets are
attached to the beam at a small distance above and below the
arm position. Thereby, the beam deflection angle can be ob-
tained from the displacements of the target pair by taking the
divided difference in the plane.

The entire assembly of the control system is shown in Fig. 7.
The two-dimensional displacements of the LED targets are
transduced into voltage signals and inputted to a 12-bit analog-
to-digital converter board mounted on an NEC 9801-VM
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microcomputer. This microcomputer chosen for the control
function is based on a V30 16-bit microprocessor operating at
a 10-MHz clock speed. An 8087 arithmetic processor is also
mounted to accelerate the processing speed in floating-point
operations. A 12-bit digital-to-analog converter is dedicated to
outputting a voltage signal proportional to the commanded
control forces. Since the employed actuator drive amplifier has
a current feedback loop with compensation networks, the
input-to-output relation between the commanded voltage and
the realized control force is found to be highly linear in the
frequency range of interest. Therefore, the inner loop control
using a force sensor, which is shown in Fig. 7, is not required.

Results and Discussion
An output ^feedback control law was tested by using the

prototype tendon actuator and the sensing system. Computer
software has been developed to carry out the control task. The
deflection angle of the beam at the arm position is computed by
using the PSD output signals as described earlier. Since no
state estimator is used in the controller, the angular displace-
ments are differentiated numerically to provide the local rate
information. A digital filter based on Simpson's rule is used for
the numerical differentiation. Angular displacement/velocity
thus obtained are multiplied by constant gains to form the
actuator command. The real-time control loops are coded di-
rectly in assembly language and, thereby, sampling time can be
chosen as short as 2 ms.

The open- and closed-loop responses of the beam are shown
in Figs. 8 and 9, where the excitation input is a unit impulse to
the electrodynamic actuator and the output is the beam dis-
placement at the arm position. The arm location was at 60%
beam length from the root, which is one of the best colocation
positions when the first four modes are considered in the con-
troller design. This location was selected considering the re-
quired maximum control torque and the length of tension
wires. In this experiment, noise filters are not fully applied in

PSD
transducer

| lens

Fig. 6 PSD's and LED targets.

order to avoid phase delays in the range of high frequencies;
therefore, the feedback gain is chosen to be within a very low
level determined from noise considerations. Furthermore, no
position feedback was introduced.

In Fig. 8, many lightly damped modes excited by the mo-
ment impulse can be seen. The open-loop modal damping,
primarily due to friction of the actuator coil and joints as well
as atmospheric drag, is estimated to be about 1.3% of critical
damping for the first mode.

The closed-loop response shows that this controller provides
an added effective damping to the structure. Although the in-
crease of damping is not remarkable (about 3,3% of critical
damping) for the first mode, there is no observable spillover
into the higher frequencies for this configuration and gain.
Amplitudes of the Fourier spectra are plotted also in Figs. 8
and 9. The decrease in the peak amplitude for the third and
higher modes is more remarkable as compared with that for the
lowest two modes. This is due to the characteristic of the
torque actuation with angular velocity feedback. The first and
second modes would be suppressed further if linear velocity
feedback were used.

In this preliminary experiment, experimental validation has
been achieved for the fundamental feasibility of the tendon
control system. There are, however, several problems to be
considered for engineering practice. The following points
should be studied further: 1) influence of the dynamics of the
tendon actuator on beam motion; 2) material of the tension
cables should have both high rigidity and low density; 3) design
of the magnitude of initial tension considering the effect of
axial stress on the dynamics; and 4) implementation of tendons
and moment arms in actual space structures.

The first item is very important because when long tendon
wires are used in practice, they cannot transmit the control
torques immediately to the arm position. In this case, the
colocation condition for the sensor/actuator placement is evi-
dently violated, and the transmission delay due to wave travel-
ing in tension cables may cause instability.

This problem was examined with the existing experimental
hardware. In order to investigate the closed-loop system sta-
bility in the range of high frequencies, the bandwidth of the
actuator dynamics was increased (by reducing the frictional
damping in the rotational motion of the linkage). A typical
result for this revised model is shown in Fig. 10. When the gain
was increased, severe interactions between the vibrating wires
and the beam caused instability. Further studies are required to
investigate this phenomenon of instability and to develop the
procedure for designing a refined controller that alleviates the
unstable interaction. The results and discussion for further ex-
periments are given in Ref. 14.

Closed-loop response of the improved control system is
shown in Fig. 1114 to demonstrate that the new design is effec-
tive in avoiding the instability due to structural/controls inter-
action. The figure illustrates the free-vibration decay with the
feedback circuit switched on and demonstrates the increase in
effective damping by feedback. There is no observable high-

Table 6 Natural frequencies for beam (Hz)

Euler-Bernoulli theory Timoshenko

Modes without g with g with g Experiment

Fig. 7 Block diagram of the controller.

1
2
3
4
5
6
7
8

0.14
0.88
2.42
4.74
7.83

11.70
16.34
21.76

0.42
1.28
2.90
5.26
8.39

12.29
16.93
22.35

0.42
1.28
2.90
5.26
8.39

12.28
16.93
22.36

0.42
1.28
2.92
5.35
8.55

12.45
17.33
22.85
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Fig. 8 Free-impulse response of the beam
motion at the arm position.
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Fig. 9 Closed-loop response for DVFB con-
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arm.
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Fig. 10 Typical trace of the closed-loop sys-
tem instability.
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Fig; 11 Closed-loop response for the strict colocation control using a rate sensor mounted at the mechanical link.

frequency modes uncontrolled. The new controller differs
from the former unstable one in that it uses feedback of the
angular velocity of the mechanical link mounted at the beam
root and activated directly by the electrodynamic motor.
Thereby, this controller yields a promised stability owing to the
strict "colocation" of the sensor/actuator pair.

With these experimental results, strict colocation of the
sensor/actuator (i.e., placement of the rate sensor at the
mechanical link) is recommended for the actual implementa-
tion of a low-authority controller. However, the analysis devel-
oped in the preceding sections (with the assumption of virtual
colocation condition) is still useful for the purpose of initial
design. In a more advanced design strategy, the controller
should be based on a two-level control architecture known as
low-authority control (LAC)/high-authority control (HAC).
The HAC is designed so that the controller performs a given
mission optimally using a state observer and modal state feed-
backs. Thus, further studies are needed for precise modeling of
the dynamics of the tendon actuator and developing an efficient
controller for the interacted tendon/structure system.

Conclusions
A newly conceived tendon control concept is given for space

structure vibration suppression. The analytical framework has
been established for the design arid gain synthesis of low-
authority controllers using tendon actuator and output feed-
backs. The design method proposed is based on a nonlinear
optimization scheme in which the feedback gains and control
device placements are determined to minimize the aggregated
errors in the modal dampings or pole locations.

A hardware experiment has been performed to validate the
feasibility of the tendon control system for a beam structure.
This experiment has been successful in that the prototype sys-
tem achieved good vibration suppression in the case of a
proper damping applied to the tendon actuator. It also in-
dicated that further studies are required in the identification
and modeling of the dynamics of tendon actuator system. In-
teractions between the dynamics of the tension cables and flex-
ible beam should be eliminated by a proper design of the
control system (e.g., LAC/HAC design taking into account the
tendon actuator dynamics).
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