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Abstract. This paper explores the modéal,, methodology for active vibration control of real flexiblewusttures. The
modal technique has been recently proposed by this resegicelp, associating modal and robust control concepts by
means of the new modal., norm. This norm allows an appropriate control energy dlstition in each mode using an
H, controller, which leads to a high modal selectivity, an adaig overall performance, and robustness. The modal
technique effectiveness is investigated in a cantileueamalum beam with non-collocated piezoelectric transdsiesd

is compared with the regulak ., control methodology. Theoretical and experimental ressatiow that the modat/ .,
control provides a significant performance gain over thauteg H ., strategy.
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1. INTRODUCTION

The increasing demand of high structural performance haduwed to the development of ever larger, lighter, and
more flexible structures. These structures are usuallyestdyj to disturbance that may lead to undesired vibratfcars i
efficient vibration control algorithm is not applied profygiGenariet al, 2015; Mechbal and N6brega, 2015; Pereira and
Serpa, 2015). In consequence, the active vibration cotgchinique development has been receiving a relevantiatient
in the last decades (Hu and Ng, 2005; Halim, 2004; MechbalNdiotega, 2012), considering that active approaches
usually provide better performance than semi-active asdipa methods (Preumont, 2011).

The infinite number of structure vibration modes may be aersid the main challenge in the controller design for real
mechanical structures. Usually, the control techniqueglaveloped for a finite number of vibration modes, which may
lead the control system to instability due to the excitatibneglected dynamics, a phenomenon known as spilloveaéal
1979; Meirovitchet al,, 1983; Genaret al, 2017¢). The localization of sensors and actuators mayralsder a more
complex structure dynamics to control because most streetare non-collocated, which means they may have zeros
on the right half-plane (Gosiewski and Kulesza, 2013; Masand Chalhoub, 2014). Th#& ., control approach is
able to deal with spillover and non-collocated structutessng weighing filters to avoid the excitation of the negielct
dynamics (Serpa and Nobrega, 2005). However, filters lingitdontroller actuation in contiguous low-frequency bands
preventing mode selectivity in terms of both the amplitudd the frequency (Genagi al., 2017b). On the other hand,
modal control methods are able to control each vibrationenbdwever, these methods are very sensitive to the spillove
phenomenon (Baz and Poh, 1990; Inman, 2001; Cinqueetahj 2015).

Recently, our research group proposed a methodology toetleegnodal and th& ., control features (Genaei al.,
2017a), aiming to achieve higher global vibration reductly means of mode selectivity. This is possible due to the
modal H ., norm, which weights each mode according to the desiredtsteibehavior. The modal controller is obtained
by the minimization of the modal/, norm, using an equivalent problem formulation that can beesbby adopting a
well-known procedure for the reguldf., control problem. However, this technique still requiregtier experimental
results to test the performance effectiveness. Therefloiepaper examines experimentally the moHal, control for
disturbance rejection in a flexible structure, aiming teeextthe experimental results presentin (Geetai., 2017a). The
structure is a cantilever aluminum beam with non-collodgtiezoelectric transducers. Initially, a reguld, controller
is designed, whose performance is used as reference. Tmamsodald,, controllers are designed with different modal
weights in order to show the mode selectivity. Experimergsililts show that using the modal,, approach may increase
the global vibration reduction compared to the regufas strategy.
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2. STATE-SPACE MODAL MODEL

The modal robust control technique is configured to use tite-s{pace models in the modal canonic form. Therefore,
a brief description of this model representation is presegiim this section. A generic flexible structure with mukipl
transducers can be modeled by the following second-orffereintial pair of equations:

Mp(t) + Dp(t) + Kp(t) = Bww(t) + Byu(?) 1)
Y(t) = Cdp(t) + Cvp(t) + wa(t) + Cuu(t)a

in which M is the mass matrixD is the damping matrixK is the stiffness matrix, anB,, andB,, are the respective
input matrices. The signal(¢) denotes the displacements(t) represents the disturbance forces acting on the structure,
u(t) represents the control forces, ap@) are the measured output signals modeled through the ougititesCyq, Cy,,

Cw, andC,,. In general, a reduced order model is used to representaineg band of interest, in which a modal matrix

is used to obtain the manageable model. Considering the euafibibration modes is», the modal matrix is defined as

=[¢1 ¢2 ... dm |-
Using the coordinate transformatigiit) = ®q(¢) and pre-multiplying Eq. (1) by, it results in
dTMPG(t) + TD®(t) + PTKPq(t) = 2B, w(t) + 2T B,u(t)
y(t) = Ca®q(t) + Cv24(t) + Cww(t) + Cuu(t),
which may be written as
Mmd(t) + Dmq(t) + Kmq(t) = Bw,,w(t) + By,u(t) )
y(t) = Cana(t) + Cv,d(t) + Cww(t) + Cuu(t), ®)

whereM,, = ®"M®, D,, = ®"D®, K,,, = ®"K®, B,,, = ®'By, B,, = ®'B,, Cq,, = Cq®, and

C,,. = Cy®. The matricedM,,, andK,, are diagonal whildD,,, is not necessarily diagonal. Considering flexible

structures, a reasonable assumptioDiss «M + SK for o, 5 > 0 due to small damping factors (Gawronski, 2004).
For nonsingular matrid,, , Eq. (2) can be written as

A(t) + My, Dmd(t) + My, Kmq(t) = My, By, w(t) + My, By, u(t). (4)
Adopting the state-vector definition as
x1(t) qa(t)
t) = = .

x(?) [ xa 1) } [ a( |
Eq. (3) and Eq. (4) can be transformed into

5(1 (t) = Xo (t)

%2(t) = ~Mp ' Kmx1(t) — M Dmxa(t) + M By, w(t) + M!'By, u(t)

y(t) = Cq,x1(t) + Cy,x2(t) + Cxw(t) + Cyu(t),

which can be written in the state-space representation:

x(t) = Ax(t) + Biw(t) + Bau(?)

y(t) = sz(t) —+ D21W(t) —+ ngu(t),
in whichCy = [Cq,, Cy, ], D21 = Cy, andD22 = C,,. The matriceA, By, andB- are obtained as

0 I 0 0
A= MK ~M,D,, } ch { M,'By,, } , andB, = [ M,'B,, ] '

The state-space modal model representation can be obtapmying a transformation matrix (Gawronski, 2004),
which leads to the following state-space model structuoptatl in this paper:

A, 0 -+ O B B2 Cs ’
B 0 A --- O B Bi- _ B22 _ C3a
A= . .. . , By = . , Ba = . , andCq = ;

whereA; is a2 x 2 matrix fori = 1...m, i.e., it isolates each mode.
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3. MODAL ROBUST CONTROL

A performance vectoz(¢) is included in the modal representation to build the adoptedel framework, leading to
the following state-space model:

x(t) = Ax(t) + Byw(t) + Bau(t)
Z(t) = Clx(t) + D11W(t) + Dlzu(t)
y(t) = sz(ﬁ) + D21W(t) + ngu(t),

in which the matrice€,, D41, andD4 5 with appropriate dimensions are chosen to define the dgs&ddrmance vector
z(t). Considering the modal representation, the performanc®rand disturbance vecter(t) can be decomposed into
m contiguous frequency bands#3) = >_." | z;(t) andw(t) = >, w;(¢), in whichz,(¢) represents the performance
signal relative to the distinct moden frequency band (Genariet al,, 2017a).

Given a state-space controll&r. as

%o(t) = Auxo(t) + Boy(t)
U—(t) = chc(t) + Dcy(t)7

the modalH ., control problem is to compute the controller matrices sieh the closed-loop system satisfies

inf 2
sup  Jn, <7,

~—
KeeV weL3]0,00]

in which V' represents the set of all controllers that stabilize that@ad

T = Sim Jo 2l ()Quzi(t)dt
TS e Wl (hwit)dt

is the modalH ., norm, in which the diagonal matri®; > 0 weights the modeéto achieve mode selectivity.
A new modal performance indicator is defined as

zp(t) = I'x(t) + Ow(t) + Au(t),
which is composed by the following matrices
= aici, qic, - Qhcu, |-

(Q; D11, + -+ QmDi1,,),
1 1
(Q:Dq2, + -+ Q&D12,),

r
®
A

in which Cy,, D11,, andD2, correspond to the respective modsubmatrices irCy, D11, andD;2. Therefore, the
modal control problem can now be solved using a known oljedtinction (Genareét al., 2017a):

_ fooo Zg (t)zp(t)dt

Jo S wT(tyw(t)dt’

Joo

where regular techniques i, control theory can be applied to find the controller matrices

The modal control problem is depicted in Fig. 1, including ttominal plant7,,, modal controllers ., and weighing
filters F,, andF, whose outputs are respectively the performance veetdrs andz, (¢). These filters are used to avoid
spillover, to limit the control signals, and to balance tktation between the disturbances and the performance.index
Usually, F,(s) is designed as a low-pass filter afig(s) is chosen as a high-pass filter (Zhou and Doyle, 1997):

,;_-ﬁ-wc k s+ < k
Fz(s):( £ Al ) andFu(s):( a4 ) , (5)

in which w,, k, €, and M determine the transition frequency between rejection lzanttipassband, the filter order, the
gain at passband, and the gain at the rejection band, resggct
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Figure 1: Block diagram of thél, control problem

4. EXPERIMENTAL RESULTS

This section presents the experimental application of tbdah# ., technique for the vibration control of a flexible
structure. In the sequence, a reguiay, controller and some modal, controllers are designed and their performances
are related to reduce structural vibration caused by diatwre.

4.1 Structure description

The flexible structure used to test the moéial, methodology is a cantilever aluminum beam, shown in Fig.T2és
structure has length @0 mm and cross section 8f2mm x 32 mm. A volume equivalent to two triangular prisms were
removed to amplify the vibrations caused by disturbancertheamore, two pairs of piezoelectric transducers (PZTs)
are used to apply the disturbance and the control signal. fifdtePZT pair, with each PZT presenting dimensions of
0.3 mmx 20 mmx 30 mm, is placed0 mm away from the origin and is used to apply the control sighhé second pair,
with each PZT presenting dimensions®® mm x 20 mm x 30 mm is glued120 mm far from the origin. As a sensor,
only one PZT with dimensions @5 mm x 20 mmx 20 mm is used to capture the vibrations) mm away from the end.
The input signals are amplified k2 times and are applied to their respective transducers. A@EP board, model
DS1104, and the ControlDesk software are used for signal generation, data acquisiioa controller implementation.
The experimental diagram is presented in Fig. 2b.

Dspace
f y(t)
Seinso+ }2’""‘
‘)3.2rnm
§ ; ) 570mm
i 3 700mm
(@) Aluminum beam (b) Block diagram

Figure 2: Experiment setup

4.2 Model identification

The experimental frequency response functions (FRFs)stira@ed using a Schroeder signal with bandwidHe to
500 Hz, sampled at kHz. To determinate the FRE,,, between the outpuf(t) and the control signal(t), the Schroeder
signal is used as a control signal and the disturbance i® strb. Analogously, the FRE,,, between the outpuj(t)
and the disturbance signai(t) is computed using the Schroeder signal as disturbance ancbtitrol signal is set to
zero. The experimental FRFs are presented in Fig. 3, in wikiplessible to identify six different modes. However, the
two first modes inP,,, are much smaller than the other four modes. Furthermoregahtol objective is to reduce the
vibration caused by disturbance through peak vibrationcgdn of P,,,. Thus, the two first modes can be ignored for the
identification, considering the control goal. The stataespmodal model is identified wigsesfunction of MATLAB®,
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in which the identification model is compared with the expental FRFs in Fig. 3.

40 T T 40
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Figure 3: Experimental and identifidg,, and Py,

4.3 Modal robust controller design

The modal controller is designed using only the three firsd@so in which the fourth mode is used to verify the
controller effect outside of the frequency band of interé&tus, the modal model is truncated including only the first
three modes, as can be seen in Fig. 4. Furthermore, to awidpiliover effect, the weighting filters of Eq. (5) are
designed with the following parameter®f = 255,k = 1, = 0.1, andw, = 1800 rad/s.

40 —— . 40 ;
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20t — — —-Full model | 301 — — —-Full model 7
20
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2 2
g 2| :1
N
= = 20! N
30 3
!
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50 —— :
10% 10° 10? 10°
Frequency (rad/s) Frequency (rad/s)
(a) Transfer functions betweey{t) andu(t) (b) Transfer functions betweey(t) andw(t)

Figure 4: Transfer function comparison between full andioedl models

The model used to design the controller is obtained in the-sfaace form with matrices\(, By, B,, C», D21, D22)
obtained directly from the truncation of the identified mpdehose performance matrices are adopte€Cas= Cj,
D2y = D,z = 0. Moreover, the modaH.. problem is solved using the functionincxof MATLAB ® and a chirp
signal with band betweef8 Hz and500 Hz and amplitude 06.5V is considered as disturbance in the simulations and
experiments to test the controllers.

The regularH ., controller (RC) is initially designed and its performansaised as the reference. Then, to analyse
the weighting effects in the modes, three modal contro(lg/G) are designed with the following weighting matrices:

1. MCL:[Q? Q2 Q2] =[0.51.0 1.2];

2. MC2:[Q? Q2 Q2] = [0.51.2 1.4];
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Figure 5 presents the simulated results for the maximunatidom of each mode and the control signals, where three
modes are in interest bandwidth and one is outside it. Foleod is possible to note that the decrease in weighing leads
to modal performance loss and control signal reduction. l@nother hand, the increase in weighing in modes 2 and 3
conducts to performance gain and control signal amplificatin relation to the mode 4, outside of the interest barid, it
little affected by all controllers.

1.4

I Open loop

Maximum Amplitude (V)
Amplitude (V)

Modes

(a) Peak vibration of each mode (b) Control signals
Figure 5: Simulated signals

4.4 Experimental application

The designed controllers are now experimentally examindiae beam. Figure 6 presents the controller performances
and the control signals. One may note that the controlleve haclose behavior to the simulated results, in which the
modal controllers provide a superior performance in refato regular strategy. This effectiveness is provided by an
adequate modal control signal energy distribution of madaitrollers, where the moddl, norm is responsible to
signal which modes should be prioritized. For instancettiermodes whose weights are continuously increased, their
vibration amplitudes are continuously reduced. In addijttbeses results show that an adequate modal vibrationotont
is able to provide a better performance than a regular costrategy.
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Figure 6: Experimental signals
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5. CONCLUSIONS

This paper presents an experimental study of the new midalcontrol technique for structural vibration control
of flexible structures. Initially, the description of a &tatpace modal representation is presented. Then, the modal
control technique is introduced, in which the modal modelrelsteristic is used to provide the modal, norm. Finally,
experimental and simulated results show that the médalstrategy is more effective than the regulay, technique in
reducing structural vibration in the analyzed cases. Tarfgpmance gain is due to the possibility of modal seleftjvi
which provides an efficient modal control energy distribatiAs future work objective, more complex flexible struetir
will be investigated to examine the effectiveness of modbust control for real applications. Furthermore, the pssul
technique will be examined in new application areas likgttary tracking in autonomous vehicles, polytope control
problems, and fault-tolerant control.
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