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ABSTRACT KEYWORDS

The objective of this paper is to improve a semi-active control of struc- Semi-passive technique;
tural vibrations, which is Synchronised Switch Damping on Inductor Modal strategy; Modal
Maximum. The improvement is attained by adding a system to estimate observer; Vibration damping;
the structure modal displacement. A model of smart structure shunted ~ "iezoelectric transducer.
to resonant circuit is used and tested with Matlab™ environment and

the performance of the new strategy based on Lenear Quadratic Guaus-

sian and Neuro-Fuzzy observer are presented and compared with that

one based on Proportional Integral Derivative observer. Results shows

the new technique effectiveness when conventional one reaches its lim-

its in the wide bande frequency case.

1. Introduction

In the recent years, vibrations damping is a technological area interesting several researchers
whereas it concerns many industrial and military applications. Within this framework, many
methods of vibrations damping via piezoelectric materials were proposed. These methods can
be classified in three classes according to the external energy and the complexity of the used
control chain. There are three types: passive control, active control and semi-active control.

The passive control, beeing the earliest, consists in connecting the piezoelectric element
to a passive circuit (R, RL) (R. L. Forward, 1979; N. W. Hagood and A. Von Flotow, 1991).
This type of control has the advantage of requiring neither energy to work as well as the great
simplicity of implementation. Nevertheless, the method is very sensitive to the environmental
variations and drives thus to damp only one mode of vibration.

The active control is a technique which aims at imposing a force or a displacement in cer-
tain points of the system to be controlled as a function, especially, of the measured state or the
history of this one (C. H. Park and D. J. Inman, 2003; A. J. Fleming and S. O. R. Moheimani,
2003). Although very effective, these approaches imply several disadvantages including the
use of complexe chain composed of a calculating unit, sensors and transducers, control strat-
egy and voltage generators and/or amplifiers to supply the actuators. The ineffectiveness of
the passive technics and the complexity of the active ones were originate of the semi-active
(called also semi-passive) control methods development. The semi-passive and semi-active
methods can be distinguished by the use of the small amount external energy. This energy
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is only used for power-up the control system. Otherwise, there is a semi-active control (A.
Chérif et al., 2013).The semi-active strategy is an innovative alternative to active control. It
is a technique which carries out a nonlinear treatment of the voltage generated by the piezo-
electric elements, without need a great quantity of external energy which can be self-supplied
(M. Lallart, 2010.).

The first semi-active methods installation consist in commutating the piezoelectric ele-
ment from an open circuit state to a short-circuit state called later “Synchronized Switch
Damping Short-circuit (SSDS)” (C. Richard et al.,1999). The piezoelectric element is short-
circuited at each extreme of strain (or of displacement).This technique was improved by the
addition of an inductance in the circuit in order to increase the electric charge present in
the piezoelectric element. This strategy named “Synchronized Switch Damping on Inductor”
(SSDI) has been carried out in (C. Richard et al., 2000). It is almost identical to that of the
SSDS, except that instead of forcing the voltage to zero extreme at each displacement, this is
the voltage which is reversed and can increased by connecting the piezoelectric elements to
a continuous voltage source (SSDV) (A. Badel et al., 2006). This control makes it possible to
improve the performances of damping but the method requires an external source of energy.
However, the need of external energy source is rather a disadvantage of the method. The SSDI
development aims so to enhancing the performance of the SSDV technic, such as carried out
in (B. Mokrani et al., 2011). The enhancement was achieved by adding a negative capaci-
tance to the resonant circuit that dissipates the energy converted by the piezoelectric trans-
ducer. Afterwards, the methods have been improved in order to control the systems subject
to broadband excitations. Among these methods, there is that one baptized modal SSDI-Max.
This modal technic has been developed in the first time by (S. Harari et al., 2009) and has been
used in many works such as in (A. Chérifetal., 2013) and (E. Babesse et al., 2013). It consists in
combining the advantages of the both active and the semi-active methods. For that, a modal
model has been proposed and a modal observer has been developed to rebuild the modal
coordinates of the system within,the control can be targeted on the most energetic modes.The
modal strategy performances were substantially related to the performances of the observer
used whereas, inversions were located in the extreme of the modal displacements given by this
observer.

A performances analysis of modal SSDI-Max using an enhanced LQG + Neuro-Fuzzy
observer is presented in this work. The results were compared with that one obtained by the
LQG + PID observer carried out in the precedent work (A. Chérif et al.,2012). The object
of the work aims to improve the modal displacement image given by the observer and to
maximize the self-generated voltage whereas the method has been used to improve the per-
formances of the piezo transformer (A. Chérif et al., 2013). Simulations are performed on a
model representative of a clamped plate. The results are given in the cases of multi-sinusoidal,
pulse, and white noise excitations.

2. Smart structure modeling

The electromechanical behavior of an intelligent structure (instrumented of piezoelectric ele-
ments) is given by the following equations:

M§+Cs +KPqg = —aV + BF, (1)
I=a'6-CV, ()



Downloaded by [INSA Lyon - Doc'INSA] at 00:59 18 May 2016

MOL. CRYST. LIQ. CRYST. [381)/147

With § is the vector of displacement, M, C and K* are respectively the matrices of mass,
damping and rigidity when the piezoelectric patches are in short-circuit. « is the electrome-
chanical matrix of coupling, V is a voltage vector of the piezoelectric patch, I is the electrical
current vector, and Cj is the diagonal matrix of patches capacitances. F is the force applied to
the system.

Carrying out the change of variable according to:

8 = ¢q, (3)

Where ¢ is the mode matrix of the structure limited to n modes and g is the vector of modal
displacement of the structure. Equations (1) and (2) become:

Mg+ Cq + Kfq = —6V + BF, (4)
I=6"4-0GV, (5)

With & = ¢'.«, is the modal matrix of electromechanical coupling of size [, i]. M, C,
KF are respectively the modal matrices of the mass, damping and rigidity.
The equation (2) is standardized in order to have:

M = I;; C = 2diag(£)diag (0"); K = diag ((a)E)2>,

With & is the vector of modal damping, w” is the vector of the frequency in short-circuit
and P the vector of frequency in open circuit.

While separating the voltages of the transducers and the sensors, I; and V respectively, and
when the sensor voltage is supervised by a voltage amplifier (whose intensity of the sensor is
null). Equations (4) and (5) become:

Mg+ Cq + Kfq = —6,V, —0,V,+ BF, (6)
0:qg — CosVs = 0, (7)
By substitution of (7) in (6) one found:
MG+ Cq+ (K +6, (Co) '0)) g = —6.Va +BF, (8)
The system of linear equations (7) and (8) can be written in the form:
Rl

U= [F Va ] ,is the control vector;U = [q q] , Vi is the output vector, A, B, Care the state
matrices:

A= |: 0 I i|
- M (KE+ 6, ¢l 0) =M C |’
0
B=[+M1ﬂO—M19] ¢= % L I
a CO_sl gst 0
V., is calculated by the following relation:
Vo = G 6 4.

Coq and Cy; are the capacity matrices of transducers and sensors respectively.
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The structure used in the following simulations is that one carried out in the references (D.
Guyomar et al., 2008) and (S. Harari et al., 2009).

3. Modal SSDI-Max control

Modal SSDI-Max control based on SSDI strategy was associated to a modal observer which
provides the disired modes. Recalling in the following sections the principle of each method.

3.1 SSDI control

The SSDI control (Synchronized Switch Damping on Inductor) consists in using an electronic
switch which was controlled during brief moments in a synchronous way with the vibration.
When the voltage of the piezoelectric elements is extreme, the switch connects the piezoelec-
tric elements to an electric circuit composed of an inductance driving to reverse the voltage.
This inversion was based on the capacity Cy of the piezoelectric elements and the inductance
L which form an oscillating electric circuit. The inversion induces a mechanical force of sign
opposed at the speed, thus obtaining the desired damping (A. Chérif et al., 2012), (S. Harari
et al.,2009) and (S. Harari et al.,2009).

3.2 SSDI-Max control

The SSDI-Max technique is an improvement of SSDI technique where the commutation
occurred in the local maxima. It consists in immediately delaying the moment spent to the
extreme of following voltage after the extreme of targeted modal coordinate. This process is
illustrated in the Figure 1. The algorithm of the strategy is summarized in (A.Chérif et al,,
2012) as fellows:
When a maximum of modal displacement appears, the window of time limitation starts.
Thus the signs of the voltage V, and its derivative are considered during the window:
e If the voltage is positive and the derivative is negative, the switch trigger is immediate.
e If the voltage is positive and the derivative is positive, the system waits for the next max-
imum voltage. This delay is nevertheless limited by the window of time.
e If no switching occurred and the end of the time window is reached, the switching is
triggered.
This algorithm is antisymmetric if a minimum modal displacement is reached.

3.3 Modal strategy

The strategy of control SSDI/SSDI-Max is adequately used for single frequency excitation
signals. In the broadband excitation, the method reaches its limits. These ones are due to the
many inversions of voltage having many small amplitudes. The significant number of inver-
sions in the same time does not make it possible consequently to maximize the transducer
voltage and to target certain modes control of the structure. Otherwise, the action localiza-
tion surrounding energy modes contributes to improve the effectiveness of control.

Thus in order to avoid these disadvantages, modal strategy was developed (S. Harari et al.,
2009). So as to target certain modes, the suggested method consists in reversing the transducer
voltage when the displacement of the targeted mode is extreme. The Figure 2 presents the
transducer voltage V, related to modal displacement qi (S. Harari et al., 2009).



Downloaded by [INSA Lyon - Doc'INSA] at 00:59 18 May 2016

MOL. CRYST. LIQ. CRYST. (3831/149

[l Time window.
¢ Inversion time example.

----- Targeted modal coordinate g;
= Piezoelectric voltage V.

oV
ql, a-oc 3

A&l_v____

J Ul D

Figure 1. The SSDI-Max strategy illustration: the definition of the switching moment according to the tar-
geted modal coordinate and the piezoelectric transducer voltage in open circuit and the authorized maxi-
mum time.

The inversion of the voltage, when selected modal displacement is extreme, is possible
only if the modal displacement is available, but this latter is not accessible directly via mea-
surements. There is therefore necessity to estimate it. In this way, a modal observer is used (8.
Harari et al., 2009).

Figure 3 shows the SSDI/SSDI-Max modal control architecture. As it is shown in the dia-
gram (Figure 3), the observer role is decisive in this type of strategy, whereas the moments of
commutation, which define the quality of damping, are largely dependent of this observer.

v

AT | AT
. VO \V

y -

g

Figure 2. Wave form of the voltage, where V,, is the piezoelectric transducer voltage and g, is the corre-
sponding first modal displacement.
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Figure 3. Modal SSDI/SSDI- Max control architecture.

3.4 Modal observer

The modal observer used in this work consists in deriving from the measurement voltages V
the modal coordinate g; to trigger the commutation device. The loop of observation will esti-
mate in the same time the state space vector and the sensors voltages; therefore the equation
of control in closed loop is expressed by,

x =A%+ BV, —L (Vs—f/s),

Gain matrix L must be selected so that the error on the state will be stable and disappears
quickly with a great dynamic; faster than the structure itself. To calculate this matrix, the
method LQG was chosen (D. Luenberger, 1971). Otherwise, LQG technique does not guar-
antee the good properties.

In order to ensure an adequate stability of the system and to improve the global perfor-
mances, the solution consisted in adding an external loop implementing a regulator PID (A.
Chérif et al., 2012).

The implementations of estimator LQG and regulator PID are detailed in the references
(A. Chérif et al., 2012; T. Richard, 2007 and A. Chérif et al., 2012).

3.4.1 Observer improvement
In order to improve the performances of the observer used, regulator PID in (A. Chérif et al,,
2012; A. Chérif et al., 2013) is replaced in this work by a fuzzy- neural regulator as shown in
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Figure 4. Neuro-fuzzy network architecture.

Figure 3. In Neuro-fuzzy control, neural networks are used to design membership functions of
fuzzy systems. They are employed to control the system. This idea was proposed in (Hideyuki
Takagi, 1990).

The development cycle of the Neuro-fuzzy model (ANFIS) can be summarized as fol-
lows: data-gathering and analysis, choice of neural network architecture and training using
the gathered data.

In this work, the training database for the ANFIS model is learned from the simulation
model. The chosen Neuro-fuzzy network architecture is given in Figure 4. It comprises two
input variables and three membership functions.

The fuzzy controller consists of two inputs: the error (e) which is equal

A

to (VS - VS) ,Figure 3, and the error change (de). The output is defined by the member-
ship functions of Figure 5.

Membership funttien

nimf1 inimf2 intmf3

051

i L . : n -
03 02 01 0 01 02 03 04

o5

4 05 0 0s 1 15 2 25
input variable “input2” it

5]
ol

-25

Figure 5. Fuzzy controller membership functions: (down) inputs1 (e) and (top) input2 (de).
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Table 1. Coefficients a, b and c.

[a b c] for the nine membership functions

[127.6 — 3.493e-005 —2253]
1321 —1.381e-005 0.1343]
1317 — 1.472e-005 0.7989]
[129.4 7.673e-006 0.4491]
1321 8.453e-006 —0.06528]
[132 1.847e-005 —0.3501]
[93.69 —0.0008193 —1.83]
[136.1 —0.0001929 —0.4182]
[127.9 — 0.000232 6.853]

Table 2. Characteristics of the clamped plate.

Parameter Real value
Length 0.6m
Width 0.4m
Thickness Tmm
Young modulus 210 GPa
Poisson ratio 0.345
Density 7500 Kg/m3

The controller output is calculated using the following equation:
y=ax +bx;+c,

Where y is the output, x; is the inputl (e) and x; is the input 2 (de) and coefficients a, b and
¢ (for the nine output membership functions) are given in table 1.

4. Simulation results
The simulation, of the smart structure, has been performed under the Matlab/Simulink™

environment.

4.1 Smart structure definition

The smart structure used in the simulation is a steel plate fixed on the four sides and equipped
with four piezoelectric inserts PZT P188. (Figure 6).

Piezoelectric
patches

Figure 6. Protective panel structure used for the simulation. The plate is clamped on the four sides. The size
of the piezoelectric elements is 12x 4 cm2 and 600 pm thick.
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; real of gl
1| —estimate of g1 *
' L

~modal displacement g1 (m)

Figure7. Real (red) and estimated (blue) modal coordinates for mode 1using the LQG+PID method without
control (with zoomof the framed area).

The dimensions and the physical properties of the plate are given in tables 2 and 3 (S. Harari
et al., 2009). The structure has been identified according to the model described previously.
The procedure of measurement and identification of the parameters is detailed in (S. Harari
et al., 2009).

4.2 Observer performances

In this section, the performances of the proposed observer will be compared with those of
the observer based on PID regulator. The two observers will be tested in both open-loop and
closed-loop cases.

4.2.1 Open-loop case
The structure model presented in § 4.1 has been simulated by using three patches as sensors
to feed the observer, and the other patche was left in open circuit; therefore, in this section
the system is without vibrations control. The excitation is a pulse square force of 50.4s with a
normalized amplitude.
In order to compare the two various configurations of observers, the real and the estimate
of the modal coordinates g; and g, (first and forth modal coordinates) are compared.
Figures 7 and 9 illustrate the comparison of modes 1 and 4 respectively using the PID-
based observer design. Otherwise, Figures 8 and 10 show the same comparison in the case of

Table 3. Characteristics of PZT P189 piezoelectric patches.

Property Symbol Real value
Density P 7650 Kg.m?
Compliances CC sE 10.66 x 1072 Pa™!
o —334 x10™ Pa’
sg —4.52 x 10 pa’!
Sas 13.25 x 107 Pa’!
Permittivity el 10.17 nF.m’”
Piezoelectric coefficient d; —108 pC.N"
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Figure 8. Real (red) and estimated (blue) modal coordinates for mode 1using the LQG+NF method without
control (with zoom of the framed area).

the NF-based one. All the figures are associated with a zoom of a part of response arbiterary
chosen whereas the modal displacement seems to be superposed.

We can see clearly in the figures 7 and 9 that the crests of the estimate modal displacement
present bumps where few points only overlap with the real modal coordinates (g; and gy).
Otherwise, the crests of the estimate and real modal coordinates are superposed for q; (see
zoom Figure 8) and overlap on several points for g, (see zoom Figurel0). We see well so
that the LQG+NF architecture, in open-loop, provides a quick and a best convergence in
comparison with the LQG+PID architecture.

4.2.2 Closed-loop case
a) Pulse square excitation. Since, the modal observer acts rather in the dynamic cases as
the nonlinearity affects the system responses. We study, here the case of the closed loop. In

re(lx.’ of ¢4
—estimate of q4*

T
i W:V;:

X ]

placement g4

—
.
.
—_—
-_—

&
I
JA E——
e
—_—

_rnndale dis

t'rl':eh(sl

Figure 9. Real (red) and estimated (blue) modal coordinates for mode 4 using the LQG+-PID method without
control (with zoom of the framed area).
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—real of ¢4
—esimate of ¢4
M &

modal di_s_lplatEm g_nt qdim]_l

Figure 10. Real (red) and estimated (blue) modal coordinates for mode 4 using the LQG+NF method without
control (with zoom of the framed area).

order to analysis the performances of the improved observer, the same simulations than that
previously were performed. The SSDI-Max method was used as control technique.

Figures 11, 13 (see zoom of the crests) show that the crests form of the real and estimated
modal coordinates (q; and g4 respectively) were different.

The oscillations on the estimated coordinates (see crests) were more damped. The observer
LQG+HPID approaches so little the estimated response to the real response.

In the figures 12 (for q;) and 14 (for g4), one can see already that the improved observer
(LQGHNF) functionning in closed-loop reduces the observed oscillations in the figures 11
and 13 (see zooms). The zoom of the considered crests were different point of view form and
oscillations of the estimated modal coordinates. Otherwise, the estimated and the real modal
coordinates were superposed for the two modes g; and q4s. We can say that the improved

{1 [redofql
—estimate of q1*

R
Rk

m odal displacement g1 (m)

Figure 11. Real (red) and estimated (blue) modal coordinates for mode 1 using the LQG+PID method under
control (with zoom of the framed area).
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~-real of g1
’ —esmu ate of ql*

modal displacem ent q1 (m)
& B i

:'m-e ()

Figure 12. Real (red) and estimated (blue) modal coordinates for mode 1 using the LQG+NF method under
control (with zoom of the framed area).

observer (LQG+NF) in closed-loop, using SSDI-Max as control technique, well approached
the estimated to the real modal coordinates.

b) White noise excitation. The closed-loop using the improved observer, in the previous
section, gave a good result. This one has been tested on the responses of displacement and
the voltage of the transducer. Simulations were made using a white noise excitation and the
control was targeted on the modal displacement 1.

Figure 15 illustrates the comparison between the two responses of displacement using the
two observers, and the figure 16 represents the two transducerl voltages. In the figure 15 we
can see well that the new observer attenuates the modal displacement. The effect of the Neuro-
Fuzzy observer on the voltage of the piezoelectric transducer is shown in Figure 16. The

]

1) N

~real of g4
—esmnare of qd‘

J

%
T
e

el
]

modaldisplacement g4

nm: (s)

Figure 13. Real (red) and estimated (blue) modal coordinates for mode 4 using the LQG+-PID method under
control (with zoom of the framed area).
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Figure 14. Real (red) and estimated (blue) modal coordinates for mode 4 using the LQG+NF method under
control (with zoom of the framed area).

voltage of this later is increased in comparison with the result obtained with the LQG+PID
observer (see Figurel6).

In this latter, the many inversions of voltage having too small amplitudes due to the har-
monics, on the displacement image given by, the PID based observer performances seems to
be limited to maximize the transducer voltage and drives to a weak damping. It is in agreement
with literature (S. Harari et al., 2009; A. Chérif et al., 2012).

When the NF based observer was used, the precise image leads to precise trigger
instants which increase significantly the actuator voltage and as a result maximize the
damping.

4.3 SSDI and SSDI-Max modal

In this part, we compared the two controls SSDI and SSDI-Max using the proposed observer.
They were tested with three types of broadband excitation: pulse, sum of sinusoids and white
noise. In these simulations, only one piezoelectric element is used as actuator. The three
others are used as sensors to feed the observer. The strategy consists in targeting the first
mode.

Modal displacement | (m)

i i
L Fo ] b | 1% 13 e
time (3)

Figure 15. Modal coordinates for mode 1using the LQG-+NF obsever (red) and LQG+PID obsever (blue).
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Figure 16. Voltage in the transducer 1 using the LQG+NF obsever (red) and LQG+-PID obsever (blue).

a) Pulse excitation. The excitation is a pulse square of 50 s and normalized amplitude.
Figure 17 shows the modal displacement (mode 1) where the LQG+NFobserver has been
used in order to compare its performances under SSDI-Max and SSDI control.

We can see that from the time 0.43 s, the displacement was totally damped under the SSDI-
Max control. However, a partial damping was observed on all the duration of the simulation
under SSDI control. The total damping was obtained rather beyond of the time 0.52 s. How-
ever, the transducer voltage increases under the SSDI-Max control in comparison with the
SSDI control (Figure 18). However, the modal displacement was zero whereas the transducer
was disconnected (without control).

b) Sinusoidal and white noise excitation. The improved observer and the SSDI-Max con-
trol have been tested by using the sum of four sinusoidal signals. The frequencies of the four
modes were electromechanically coupled (T. Richard, 2007).

The figures 19 and 20 present respectively the displacements and the transducer voltages.
We see well that the SSDI-Max control gives a displacement more damped in comparison
with SSDI control. The same test has been made by using the white noise excitation. The
results were similar to that obtained previously (Figure 21 and Figure 22). In all the cases
the displacements decrease and the transducer voltages increase (zero without control) as
previously.

—without control
mm—rmng.iﬂf

| —using SSDI-Max
A

displacen enl(m)

Figure 17. Modal displacement 1 using the LQG+NF obsever with SSDI-Max (red), SSDI (blue) and without
control (black) in the pulse case.
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Figure 18. Transducer voltage using the LQG+NF obsever with SSDI-Max (red), SSDI (blue) and without con-
trol (black) in the pulse case.
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Figure 19. Modal displacement 1using the LQG+NFobsever with SSDI-Max (red), SSDI (blue) and without
control (black) in the sinusoidal case.
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Figure 20. Transducer voltage using the LQG+NF obsever with SSDI-Max (red), SSDI (blue) and without
control (black) in the sinusoidal case.

As it is known, the damping performances are strongly dependent on the gener-
ated piezoelectric actuator voltage (V,), figures 18, 20 and 22 for the three excitation
types. These one illustrate so the considerable increase in this voltage when the SSDI-
Max strategy was used instead the SSDI control. Moreover, it is clearly visible in figures
17, 19 and 21 that a strong improvement of damping was observed by using SSDI-Max
method.
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Figure 21. Modal displacement 1using the LQG+NFobsever with SSDI-Max (red), SSDI (blue) and without
control (black) in the white noise case.
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Figure 22. Transducer voltage using the LQG+NF obsever with SSDI-Max (red), SSDI (blue) and without con-
trol (black) in the white noise case.

5. Conclusion

In this paper, the performances of modal SSDI-Max strategy based on enhanced
LQG+Neuro-Fuzzy observer are presented and compared with that one based on LQG+PID
observer. The particularity of this work was the significant improvement of the modal coor-
dinate’s image given by the observer whereas the damping performances are strongly related.
In the same time, a remarkable maximization of the self-generated voltage amplitude was
obtained by a self-definition of the voltage inversion instants according to the chosen targeted
mode.

The simulation results obtained using the improved observer showed well that the semi-
active methods, based on the modal strategy, are practical solutions suited to the real vibration
damping especially in the case of the broadband frequencies. Simulations are performed on
a model representative of a clamped plate and the results are given in three multimodal cases
whereas these methods allow targeting any undesirable vibration mode. Finally, it was shown
that the proposed observer offers better performances in both open and closed loop tests and
in all the cases of excitation.
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