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Experimental Research on Flexible Beam Modal Control

Bernd E. Schafer* and Hans Holzacht
German Aerospace Research Establishment (DFVLR), Oberpfaffenhofen, Federal Republic of Germany

A hardware experiment has been developed to study the active vibration control (low-authority control) of a
clamped-free flexible beam, where the design methodology is based on direct velocity feedback control. The ob-
jective of the experiment is to demonstrate and verify the dynamics and advanced control laws as applied to a
structural element. Another important feature of the experiment is the feasibility of hardware realization,
especially the dedicated noncontacting actuating and sensing method. Sensing is provided by a purely optical
displacement sensor, while an electrodynamic force system provides the actuation. Experimental results are com-
pared with numerical simulations of open- and closed-loop performance in both the colocated and noncolocated
actuator/sensor positions. In most cases, good agreement is achieved between the experiments and theoretical
predictions.

Nomenclature
A = cross section of beam
B — input matrix
b = width of beam; entries of matrix B
C - measurement matrix
c - eigenvector; entries of matrix C
D0 = damping matrix
E = Young's modulus
ED = dissipation energy
E0. = total energy
F. = external forces
/ = natural frequency; vector of input forces
G = transfer function
g = acceleration due to gravity
h — beam thickness
/ = momentum of inertia; identity matrix
K = feedback gain matrix
k = entries of matrix K
I = beam length
M = matrix of eigenvalue problem
m = beam mass; number of force actuators; entries of

matrix M
N = truncation number
n = dimension of vector q
q - generalized coordinate vector
r = number of sensors
S = tensile force
5- = transform variable
T = time constant
t =time
v = velocity
W = mode shape
w - beam deflection function
x = independent spatial variable
y = velocity vector
6 = Dirac delta function; Kronecker symbol
f = modal damping coefficient
^ = efficiency factor
A = eigenvalue
X = eigenvalue
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v = Poisson's ratio
£ = nondimensional spatial variable
p = density
T = nondimensional parameter including gravity
4> = comparison function
Q = diagonal matrix containing eigenfrequencies
a? = natural circular frequency

Introduction

A DVANCED spacecraft systems are becoming increas-
ingly complex as large lightweight structural elements

become integral parts of the configuration. Furthermore,
systems are now being considered that will no longer have a
central rigid body. One essential characteristic of these space
structures is their very low critical frequencies, which are
falling within the attitude control system bandwidth. Hence,
the question of vibration suppression by active modal con-
trol will become of fundamental importance. Although there
are already a great variety of approaches to the theoretical
control law,1 the development of control experiments has
grown much more slowly. Representatives of the first major
attempts are described by Aubrun et al.2 Interesting ex-
perimental studies of active vibration damping (low-
authority control) have been performed on flexible beam
structures having various supporting devices and using dif-
ferent types of sensors and actuators.3"5 Controllers have
been designed using full-state feedback and observer theory3

or discrete Kalman filters.4
Controllers based on direct velocity feedback (described by

Balas6) appear extremely simple compared to other ap-
proaches. Therefore, the objective of the present experiment
is to demonstrate and verify this advanced approach on the
basis of a new method for the optimal positioning of ac-
tuators and sensors on the structure to provide optimal feed-
back gains.7 Further important features of the experiment
are to demonstrate the feasibility of the dedicated noncon-
tacting actuating and sensing devices.

Flexible Beam Configuration and Analysis
Test Setup

Since the main objective of the experiment has been
directed toward the demonstration and verification of the
dynamics and controller design, a simple structure with
respect to dynamical modeling and its technical realization is
required. For this purpose, the clamped-free homogeneous
flexible beam hanging in the vertical direction (flexible pen-
dulum) has been chosen as a suitable test structure. This con-
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figuration can be regarded as being typical for a large variety
of flexible elements (e.g., booms, antennae) in many
spacecraft systems. The beam consists of nonmagnetic
stainless steel (of the austenitic type) with a length of 2.90 m
and a rectangular cross section of width 10 cm and thickness
1 mm; the total weight is 2.32 kg. A rigid, reinforced
double-T girder weighing about 500 kg and mounted parallel
to the beam at a distance of 5 cm serves as the supporting
mechanism and is fixed to the wall (Fig. 1). At its upper end
a clamp is mounted to support the flexible beam. An optical
guide rail, as long as the beam, is attached along the support-
ing girder, serving as well-defined reference frame for car-
rying the actuating system. Moreover, the guide rail enables
easy positioning of the actuator if other locations need to be
investigated in the closed-loop tests.

Dynamic tests of the supporting mechanism have been per-
formed in order to pinpoint any disturbances likely to occur
by the interaction of the supporting beam with the flexible
structure. The results show that minimum resonant frequen-
cies at 56 and 82 Hz appeared to have no influence during
the subsequent controller tests. In all experimental dynamic
tests, a structural dynamics analyzer of type HP 5423A was
used. It was a useful tool for studying and interpreting the
results by means of time histories, frequency responses, and
transfer functions.

Dynamic Model
For the controller design, a dynamic model of the flexible

beam is required. The model is based on the Euler-Bernoulli
theory that includes longitudinal loads due to gravity effects
(Fig. 2). The partial differential equation of motion is

EIwIV-(Sw')'+pAw=F(x,t)

together with the boundary conditions

w(0,t)=0, w'(0,t)=0,

(1)

EIw"' ( I t ) - ' (l,t) = EIw'" (l,t)=0

where

S(x)=PAg(l-x)

(2)

(3)

is the tensile force due to gravity.8 At the clamped end, this
force is equal to the beam's weight, while S is zero at the
free end. The force distribution F(x,t) comprises the applied
control forces. These are ignored for the free vibration
analysis to be considered now. A transverse harmonic mo-
tion of the form

(4)

is assumed, where w is the natural circular frequency and W
the corresponding mode shape. With f -x/ly r — pgAl3/EIt
A=pAu2l4/EI, Eq. (1) is replaced by

(5)

No exact solutions are known for this boundary value prob-
lem. Therefore, an approximate approach for achieving a
closed-form analytical solution is performed using Galerkin's
method9 with beam eigenfunctions $, (without gravity) as
comparison functions in the Ritz expansion,

(6)

where the functions

*/ (€)= coshX^ - cosX, £

coshX,-+ cosX7- . .
——r-rr——r-~- (sinhX,£ - sinX,£)sinhX/ + sinX,

are orthogonal and normalized with respect to

(7)

and X, is the solution of cosX/coshX,= -1. Inserting Eq. (6)
in Eq. (5) finally leads to the special eigenvalue problem

(M-A/)c = (8)

where the symmetric and positive definite matrix M consists
of the matrix elements

(9)

Numerical results for the eigenvalue A and the corresponding
eigenvector c have been obtained by standard methods with
truncation number Af = 20. A final design for a homogeneous
flat beam yielded the geometrical and material parameters
mentioned above. Because flat beams are plate-like structures,
a correction on the assumption of pure bending is
necessary10: transverse contraction will be restrained by addi-
tional transverse normal stresses that finally result simply in
an increase of Young's modulus according to E' -E
-4- (1 - v2). Moreover, in most practical cases, E is known with
only poor accuracy, while the density p can be measured
easily. Therefore, the modified wave velocity V£"/P
has been determined such that the five lowest natural fre-
quencies agree very well with the corresponding experimental
ones, giving finally a value of E that is about 20% lower than
the expected one of 2-1011 N/m2.

Table 1 compares the theoretically and experimentally
determined natural frequencies together with experimental
modal damping parameters, where the experimental values
of the first five modes have been determined by modal
survey testing and the others by frequency response
measurements using strain gages at the clamped end. The
first column lists the theoretical natural frequencies of the
same beam without gravity in order to exhibit the great im-
pact of the gravity effects, especially at lower frequencies.
The corresponding mode shapes are influenced very little by
gravity when compared to the gravity-free modes not shown
here. A graph of the first six mode shapes is shown in Fig. 3.

For experimental verification of the dynamic model, a
model survey testing has been performed by means of the
impact method. To identify the various mode shapes, the
beam has been stimulated at different locations and the de-
flection measured by a displacement transducer. The transfer
functions, generated by the spectral analyzer, yield the fre-
quency and damping behavior (Table 1) together with the
mode shapes. Good agreement with the theoretical predic-
tions has been achieved. Additional information about the
higher frequency range has been obtained by the strain gage
mounted at the clamped end (Fig. 4).

Actuators and Sensors
The proper selection of the actuating and sensing system

has been the focus of some effort. To achieve near-ideal per-
formance (that is, to assess the performance of the control
algorithms for the shape control of the beam), actuators and
sensors having minimum interaction with the beam dynamics
have been used. With this requirement, many sensor/ac-
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tuatontypes were eliminated. Range and sensitivity were also
restrictions. The sensors considered provide expected max-
imum vibration amplitudes of 10 mm and frequency ranges
of about 100 Hz, since the designed controller will be based
on the first five or six lowest modes and signals of higher
frequency should be observable in order to account for
possible instabilities. The expected force amplitudes range up
to about I N . Highly accurate accelerometers of the
magnetoresistive type, although being space applicable, have
been discarded by their inherent physical effects: when
mounted on the beam, they cannot distinguish between the
desired horizontal acceleration and the undesired vertical
component due to gravity, which might be of the same order
of magnitude as the horizontal one, especially for low-
frequency vibrations.

On this basis, noncontacting systems with laboratory-fixed
references have been selected: a purely electro-optical
displacement transducer (commercially available, of type
Zimmer OHG 140) together with an in-house developed elec-
trodynamic force actuator11 provide for sensing and ac-
tuating (cf. Fig. 1). Since the underlying sensing and ac-
tuating methods are not in fact realizable in space (where
there exists no rigid inertial support), this experiment does
not focus on the complete problem of flexible spacecraft
shape control, but rather on the limited problem of assessing
controller performance and modeling fidelity when the in-
fluence of sensors and actuators can be almost ignored.

The actuator is of high resolution (< 1%) with a range of
1.1 N and nonlinearity of 1% for a displacement range of
±12 mm. It consists of a permanent magnetic bar attached
to the flexible beam that is free to move in a cylindrical

STRUCTURAL ELEMENT

N DISTURBANCE

ELECTRODYN. FORCE ACTUATOR

CONTROL

ELECTRO-OPT. DISPLACEMENT
TRANSDUCER

laboratory-fixed electromagnetic coil (Fig. 5). The dimen-
sions of coil and magnet have been determined such that the
applied force is almost independent of their relative motion,
resulting in an almost parabolic shape. To minimize errors in
motion, a pair of coils is arranged at opposite sides of the
structure. Driving these coils in parallel, the induced error in
the axial motion will be essentially canceled. The small tilt

lx

Fig. 2 Flexible beam model. E.p.v
l .A
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Fig. 3 Six lowest mode shapes.
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8 [Hz] 12.
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Fig. 1 Flexible beam test setup.

80 [Hz] 120

Fig. 4 Transfer functions showing a) the lowest 7 (0.05 Hz resolu-
tion) and b) the lowest 22 (0.8 Hz resolution) natural frequencies.
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angle of the vibrating flexible beam proved to have no
remarkable influence upon system nonlinearities. Additional
mass concentrations due to the mounted pair of cylindrical,
rare earth magnetic bars are negligible, considering a weight
of 25 g for each bar having a length of 4 cm and diameter of
1 cm. This has been shown experimentally by frequency
analyses when varying the locations of the bar along the
beam in discrete spatial steps. The observed frequency varia-
tion remained below 3%.

The electro-optical displacement transducer requires an il-
luminated beam target as reference point for sensing, which
is provided by the beam-mounted magnetic bar vibrating
with the structure. The transducer then is placed perpen-
dicular to the plane of the beam vibrations at a distance of
30 cm to the beam's symmetry axis and the target is pro-
jected on the photocathode of the transducer's image con-
verter. Detection units installed on the transducer, driven by
triangular signals derived from a generator, then cause pulses
at the output of the built-in electron multiplier, which are
proportional to the target deflection. With very low noise
levels, the transducer has an excellent resolution of about
0.01% full scale in a range of about 10 mm. The range easily
can be varied by changing the imaging optics. Nonlinearity is
below 0.01% and frequency range extends to 1 kHz.

The actuating/sensing system provides for an almost ideal
realization of colocated actuator/sensor positioning since the
beam-mounted magnetic bar vibrating with the structure
serves as the reference point for sensing (cf. Fig.' 1). Non-
colocated actuator/sensor positioning has been realized by a
similar configuration fixing a small black-and-white edge
sheet at the specified position.

The controller requires velocity information for the feed-
back that is extracted from the optical displacement signal by
a differentiation procedure. Since no other controller
algorithms have been proposed, it was preferred to realize
differentiation by an analog technique rather than by a data
processing system. The analog differentiator is characterized
by a transfer function of type G(s) = TjS/(l + T2s), with
time constants r7=6.01 s and T2 = 0.0015s, yielding a roll-
off frequency of 667 rad/s.

Bandwidth limitation of the sensor signal is necessary to
avoid the saturation effects of the differentiation loop. Dur-
ing the tests, no instability has been observed due to phase
shifts in sensor signal and differentiation circuit.

Controller Design
The objective of the controller to be designed is to increase

damping of the structure by direct velocity feedback. The
flexible beam dynamics with m point-force actuators

F(x,t)= •«(*-*/) (10)

is described by Eq. (1). The velocities are measured by r
point sensors,

(11)

The solution of Eq. (1) can be expanded in the mode shapes
given by Eq. (6),

(12)

where the generalized coordinate vector q = [<?/,...,<7n]r

satisfies the modal state space equation (with added modal
damping assumed)

where Q = diag(cof), Z)0 = diag(2fArcoAr), B is a nxm matrix
with entries bki = Wk(xi)> m = pAl, and the vector of input
forces is /=[//,...,/w]r. The sensor equation (11) then
becomes

y(t)=Cq(t) (14)

with y= [yi,...,yr(t)]T and C is a.rx/r matrix with entries
cjk= Wk(Xj). For direct velocity feedback, the control law is
obtained by

= -Ky(t) (15)

where K is the m x > gain matrix. Then the dynamical
behavior of the closed-loop system is described by

U)0 + ——\ m (16)

In case of colocated sensors and actuators (i.e., m = r and
BT = C), K non-negative definite, and no zero frequencies, it
can be shown6 that Eq. (16) has asymptotically stable solu-
tions if f>0 (even if the truncated residual modes are im-
plemented), which is fulfilled since internal damping is pres-
ent in all flexible structures. In case of dislocation, instability
may occur as soon as truncated residual modes having nodal
points between the actuator and sensor positions (spillover
effect) are implemented in the model.

The important problem of suitably positioning actuators
and sensors has been treated by Schulz and Heimbold7 who
presented a new method for an integral determination of ac-
tuator/sensor positions (included in B and C) and feedback

DISPLACEMENT TARGET
(BLACK/WHITE EDGE

COIL WINDING

STRUCTURAL ELEMENT

.PERM. BAR MAGNET

ELECTRIC. CONNECTION
Fig. 5 Electrodynamical force actuating system.

Table 1 Natural frequencies and modal damping
parameters for beam

-> (13)

j
1
2
3
4
5
6
7
8
9

10

Natural
Theory

(without g)

0.09
0.56
1.58
3.09
5,12
7.64

10.67
14.21
18.25
22.80

frequencies /,-,
Theory
(with g)

0.37
1.02
2.14
3.73
5.79
8.35

11.41
14.96
19.01
23.57

Hz
Exp.

(with g)

0.37
1.02
2.14
3.72
5.80
8.39

11.41
15.1
19.2
23.9

Exp.
modal

damping, %

0.30
0.24
0.16
0.14
0.13
0.12
0.1

<0.1
<0.1
<0,1
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gains (matrix K) for the system of Eq. (16). The method is
based on the maximization of the dissipated energy caused
by the control action,

(17)

which represents an optimization criterion guided only by
physical considerations. Additionally, constraints (upper
bounds of ±50 N-s/m) have been imposed on the feedback
matrix K because of restricted maximum control forces ex-
erted by realactuators.

Initial disturbance forces is realized by an impulsive point
force acting on the beam and producing an initial velocity v0
at the point of impact. The energy distribution among the
modes of the total energy E0 stored in the flexible structure
is very strongly influenced by the position of the originating
disturbance, and hence it influences the optimal ac-
tuator/sensor positions and the feedback gains. In order to
excite many of the lower structural modes, the initial force
has been applied near the clamped end at £ = 0.2 rather than
at the free end (in order to avoid an ideal disturbance com-
pensation at the free end). To comply with realistic condi-
tions, the force impact has been chosen as to achieve v0 = 30
mm/s to give a maximum amplitude of about 5 mm at the
free end.

The design model accounts for the lowest five vibration
modes. An evaluation model including higher modes has
been considered with n — 10 in order to investigate the stabil-
ity of the residual five modes on the basis of the design

Solution No. 1
(Collocation)

I 3

Fig. 6 Optimized actuator/sensor positions for colocated and
dislocated configurations (t actuator sensor) based on a five-mode
controller.

4
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Fig. 7 Experimental time histories at £ = 0.602: a) open- and
b) closed-loop displacement; c) control force.

model. The natural frequencies and mode shapes were deter-
mined analytically together with the experimentally obtained
structural damping factors entered into the controller design.
Furthermore, an efficiency factor r\=ED/E0, giving the frac-
tion of the total energy dissipated due to control action, has
been considered in order to judge the optimal solutions.

Experimental and Numerical Results
An inherent basic problem of the optimization procedures

used is that no global optimum could be found. The optimal
parameters achieved depend upon their initial values. Hence,
several optima may result that are regarded as being only
locally optimal. An important feature of the experimental in-
vestigations therefore is to judge the closed-loop behavior
for different optima. The studies are performed for a one ac-
tuator/sensor configuration for both colocated and non-
colocated positions. Furthermore, to get a first insight ex-
perimentally into the treatment of multiple actuator/sensor
locations, a configuration of two actuators and two sensors
is realized. Here, the study is confined to colocated positions
in order to avoid excessive parameter combinations for the
positions.

For verification of the designed control law, the variation
of the closed-loop system eigenvalues with respect to the cor-
responding open-loop values has been determined by means
of a transfer function measured between the force impact in-
put as £ = 0.2 and the displacement output at the optimized
sensor position. In case of highly damped systems, excitation
by white noise has been preferred rather than by impact in
order to put more energy into the structure.

The disturbance impulse has been realized experimentally
by a separate electrodynamic actuator system. A further
displacement sensor has been positioned at £ = 0.2 to deter-
mine the initial velocity v0 by subsequent analog differentia-
tion of the sensor signal. The pulse height and width can be
adjusted to defined initial conditions to comply with the
desired value of v'09 yielding 0.15 N and 50 ms. The adjust-
ment of v0 is necessary for comparison of experimentally
and numerically obtained time histories.

One Actuator/One Sensor (Colocation)
Nine locally optimal positions have been obtained, each ly-

ing between adjacent zero crossings of the mode shapes as

No.

Table 2 Optimal parameters of one actuator/sensor
________configuration (colocated) ______

£ kjj, Ns/m

1
2
3
.4
5
6
7
8
9

0.2
0.329
0.445
0.602
0.699
0.774
0.830
0.900
1.0

50.0
15.43
14.29
13.30
12.33
10.05
10.33
10.60
3.96

99.4
88.4
93.1
92.2
84.1
85.7
91.3
76.5
79.1

Table 3 Closed-loop eigenvalues for optimized position at
£ = 0.602 of one actuator/sensor configuration (colocated)

Model
No.

1
2
3
4
5
6

Frequency, Hz

Exp.

_ "
0.7
1.9
3.5
4.9
8.3

Num
__

0.70
1.96
3.57
5,33
8.35

Modal damping, %

Exp.
• _
10.2
8.3
7.6

12.7
1.1

Num.

100.0.
15.0
7.6
7.7

11.5
0.5
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presented in Fig. 6. The feedback gain matrix now consists
of only a single element klf. Table 2 lists the optimized posi-
tion, feedback gain kn, and the corresponding efficiency
factory for the various optima. Striking position 1 can be
expected to be due to an ideal disturbance compensation that
causes the optimizer to move the actuator at the position of
the originating disturbance, thus giving an extremely high
gain identical to the upper bound constraint in the present
case. Positions 2-8 show gains of comparative size but with
quite different efficiency factors. This means that high gains
do riot automatically yield low decay time constants in order
to damp the vibrations quickly, since the damping behavior
is obviously influenced strongly by the modal amplitude at
the actuator/sensor position. This behavior is evident for
position 5, where the sizes of mode shapes 2, 4, and 5 is
much lower than those of modes 1 and 3. In contrast, at the
free end a very low gain factor is obtained, mainly due to the
large deflection of the mode shapes there.

Figures 7 and 8 present open- and closed-loop time
histories for two optimized positions: one at £ = 0.602 (Fig. 7
shows displacement and applied control force) and one at the
free end (Fig. 8 shows displacement only compared to the
numerical results). Experimentally determined transfer func-
tions for both positions are presented in Fig. 9 for open- and
closed-loop systems. The resulting eigenvalues (i.e., shifted
resonant frequencies and modal damping factors) are listed
in Tables 3 and 4 together with the calculated values for the
first sixi modes. Although quite good agreement is indicated,
proper eigenvalue determination of the lower frequency
modes often appeared difficult due to high damping rates,
which is most evident at £ = 0.602. In accordance with
theoretical predictions, no unstable modes could be observed
during these tests.

tuator/sensor position always lies about in the middle of the
corresponding dislocated positions.

Spillover is predicted in cases 3 and 4 when implementing
the residual five modes (n = 10 now) in the evaluation model,
caused by the nodal points of higher mode shapes between
the actuator and sensor positions. For experimental dem-
onstration of spillover, only position 4 will be investigated.
Here, the sensor and actuator are separated by a distance of
only 6.7 cm. The closed-loop time history of the displace-
ment at sensor location is presented in Fig. lOa and shows
that the lower vibration modes are damped out, but mode 6
with a frequency of 8.4 Hz and a nodal point at | = 0.6 (cf.
Fig. 3) is excited very strongly.

To avoid spillover in this case, an extension of the con-
troller design =has been attempted on the basis qf a six-mode
design model, thus including the unstable vibration mode.
Now the actuator and sensor move closer in order to exclude
the critical zero crossing, yielding £ (actuator) = 0.5692 and £
(sensor) = 0.5787, kjj = 12.85 N-s/m, and> = 96.6%. Figure
lOb indicates stability of the closed-loop system. The very
close distance of 2.7 cm appears almost colocated and it may
be conjectured that in the colocated case the optimal posi-
tions will be somewhere between these two dislocated posi-
tions. The subsequent controller design verifies this sugges-
tion, yielding optimal parameters of £ = 0.5741, kn = 12.53
N-s/m, and 17 = 96.5%, which are not much different from
the dislocated case.

Two Actuators/Two Sensors (Colocation)
The gain matrix K now comprises four elements to be op-

timized. Different choice of a specific form of K has been
followed in the design, depending upon the choice of number

One Actuator/One Sensor (Dislocation)
Again, nine locally optimal positions are obtained, where

the initial yalues for both actuator and sensor have been
chosen so as to lie between adjacent zero crossings of the
five lowest modes. The results are presented in Fig. 6 and in
Table 5, indicating a very close spacing between the actuator
and''sensor positions. Obviously, in order to avoid zero
crossings between adjacent actuator and sensor positions,
this spacing becomes closer if more modes are implemented
in the design model, thus approaching the colocated case.
The energy extracted by the actuator and the feedback gains
are only insignificantly higher than in the colocated case.
Moreover, it turns out that in tlje colocated case the ac-

15
[mm]

0

-1.5

b)

I.D

[mm]
. 0.

-1.5

In A/ m~ - -rJl^WyT^Wv — ---

w
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[s] 10
Fig. 8 Time histories of displacement at £ = 1.0: experimental
a) open- and b) closed-loop displacement; c) numerical closed loop.

open loop
closed loop
(mogn. X 0 . 2 )

a)

0 5 [ H z ] 10
Fig. 9 Experimental open- and closed-loop transfer functions for
optimized colocated positions: a) £ = 0.602 and b) £ = 1.0.

Table 4 Closed-loop eigenvalues for optimized position at
£ = 1.0 of one actuator/sensor configuration (colocated)

Mode
No.

1
2
3
4
5
6

Frequency, Hz

Exp.
_

0.7
1.8
3.3
5.3
8.0

Num.
_

0.73
1.88
3.67
5.73
8.30

Modal damping, %

Exp.
_

11.9
7.3
5.4
4.6
3.3

Num.

100.0
12.1
7.6
1.9
2.1
1.8
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Fig. 10 Experimental closed-loop time histories of displacement for
two controllers (dislocation): a) instable sixth mode, ^(sen-
sor) = 0.614; b) stable behavior, £ (sensor) = 0.579.

Table 5 Optimal parameters of one actuator/sensor
configuration (dislocated)

Mode
No.

1
2
3
4
5
6
7
8
9

' ' f
(actuator)

0.2
0.317
0.429
0.591
0.695
0.772
0.825
0.898
1.0

{
(sensor)

0.2
0.343
0.463
0.614
0.702
0.776
0.835
0.901
1.0

kn,
Ns/m

50.0
18.72
16.59
14.31
12.57
10.14
10.47
10.63
3.96

77, %

99.7
89.3
93.5
92.4
84.3
85.7
91.3
76.5
79.1

2.5

[mm]

0

a)

[s]

-1.5 H
0 1 2 [s]

Fig. 11 Experimental closed-loop time histories of displacement at
£ = 1.0 for two actuators/two sensors controller: a) global feedback,
b) axial feedback (here increasing oscillation from equilibrium
position).

of sensor signals to be fed back. This has been realized
numerically by equating to zero the corresponding matrix
elements of K. The purpose of choosing different feedback
strategies is to investigate the possibility of meeting con-
troller performance requirements with just a few sensors and
actuators. To be convenient, the actuator and sensor posi-
tions have been taken from the optimized one sensor/ac-
tuator case at £ = 0.602 and 1.0 rather than optimizing these
positions here. Three different feedback schemes have been
considered for which the gains have been optimized, giving
the following results:

i.e., all sensor signals are fed back to all actuators (global
feedback).

2) K= )N- s/m, 7/ =

i.e., each sensor signal is fed back locally to the colocated
actuator (axial feedback).

i.e., the sensor signal at position 1 is fed back to the actuator
at position 2 and vice versa.

Since in all three feedback schemes K is non-negative
definite, the five-mode closed-loop system is asymptotically
stable. Evidently, axial feedback gives the largest efficiency
with low feedback gains that resemble the equivalent gains in
the one actuator/sensor case (Table 2) for both positions.
Contrarily, feedback scheme 3 produces an extremely low ef-
ficiency factor but with comparatively high gain factors.
Moreover, regarding the evaluation model with 10 modes,
spillover is predicted and observed experimentally for mode
7 with a frequency of 11.4 Hz. Figure 11 presents the cor-
responding time histories.

An important result is that a configuration of two ac-
tuators and two sensors can be more efficient than a con-
figuration of only one actuator and one sensor, but this
depends on the selected feedback strategy. Nevertheless, even
overall sensor information (global feedback) may not be as
useful as in axial feedback when comparing the amount of
dissipated energy.

Conclusions
A flexible beam experiment has been constructed in order

to demonstrate and verify advanced control laws based on
direct velocity feedback. The new actuating and sensing
system is based on an electrodynamic force actuator and an
electro-optical displacement transducer that revealed almost
ideal performance. This allowed the investigation of the in-
teraction of controller/structure without the impact of hard-
ware constraints. The structural dynamics of the gravity-
loaded beam could be modeled with good accuracy, being an
essential input for the controller design. Detailed studies on
colocated and noncolocated one actuator/sensor positions
favored the colocated configuration, since noncolocation
proved to produce spillover due to the higher modes not be-
ing implemented in the design model or, potentially, even in
the evaluation model.

By realization of a two actuator/sensor controller, better
closed-loop behavior could be achieved: the amount of
dissipated energy was increased when applying special feed-
back strategies (global or axial feedback), but global (rather
than axial) feedback did not essentially improve the con-
troller performance. For investigation of the closed-loop
system dynamics, the experimental determination of complex
eigenvalues by means of transfer functions proved to be
most practicable. Only in cases of highly damped modes
were the eigenvalues determined with poor accuracy. In all
of the studies performed, no remarkable difference between
the experimental results and theoretical predictions could be
exhibited.

Future work will be directed toward the digital realization
of controller feedback. Further studies are in preparation in-
volving structures with frequency spectrums that include the
closely spaced mode shapes (plates) more typical of large ad-
vanced space structures.
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