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Abstract: In this work, active vibration control @nunderwaterylindrical shellstructure

was investigatedo suppress structural vibration astiuctureborre noise in water. Finite
element modeng of the submergedcylindrical shell structure was developedand
experimentally evaluated. Modal reduction was conducted to obtain the reduced system
equation for the active feedback control algorithm. Three Macro Fiber Composites (MFCs)
were used asctuators and sensors. One MFC was used as an exciter. The optimum control
algorithm was designed based on the reduced system equations. The active control
performance was then evaluatesingthe lab scale underwateylindrical shellstructure.
Structuralvibration andstructureborne noise of the underwatewylindrical shell structure

were reduced significantly by activating the optimal controller associated with the MFC
actuators. The results provide that active vibration control of the underwateursrisca

useful measto reduce structurborre noise in water.
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1. Introduction

In the last severalecades, significant advances have been achieved in the field of smart materials
and structures. One of the main applications of smart materials and strigtctge vibration control
to suppress undesirable structural vibration and noise. A smatuse has the capability to respond
to changein theexternal environmenas well as to a change it internal environment. It incorporates
smart materials that allow the change of system characteristick as stiffness or dampinig a
controlledmanner. Many types of smart materials are being developed as actuators and sensors, suc
as piezoelectric materials, shape memory alloys, electrorheological fluids, magnetorheological fluids,
electrostrictive materials, magnetostrictive materials and rebsdive polymers.In particular
piezoelectric materials are most commonly used as smart mgtenahg to their quick response,
wide bandwidth and easy implementation. Moreover, piezoelectric materials can be employed as both
actuators and sensoly/ taking advantage of direct and converse piezoelectric effects.

Crawley and de Luis provided pioneering work in this ameaolving the development of the
induced strain actuation mechanigtj. Thereafter, numerous researches have been conducted to
improve structural performanclkased on the induced strain actuators and sefJotdowever, most
of these works were limited to plate type structures. Tetoal. developeda distributed structural
control scheme of elastic skelising spatially distributed nalal piezoelectric actuatof8]. They
formulated generic distributed feedback algorithms with spatial feedback functions. Lester and Lefebvre
proposed piezoelectric actuator models for active sound and vibration control of cy#jd@an and
Hansen reported the theoretical analysis of active controlaahdnic power transmission in a
semtinfinite cylinder, using a circumferential array of control forcesid a circumferential array of
error sensorgs]. Maillard and Fuller presented analytical axgperimental results of an investigation
of active control of vibration and sound radiated from cylinders with piezoelectric act(iékors
Kim et al. investigatedactive vibration control ofa smart composite shell with surfaced bonded
piezoelectricactuatory7]. Sohnet al. studied active vibration control of hull structures wiitiear
guadratic Gaussian (LQG) thed§]. Panet al.reported a theoretical analysis of the active control of
low-frequency radiated pressure from submarine H9lB0]. However, most of these works were
limited to surfacebonded piezoelectric ceramic patches. Piezoelectric ceramicpatetvery brittle
and not easy to uder curvedgeometry. To solve this problera,Macro Fiber Composite (MFC)
actuator, based oa sheet of rectangular piezoelectric ceramic fiber, was developdte &ASA
Langley Research Centgt1,12]. The MFC actuator is flexibleand therefore applicable to curved
structures. Irplane poling with d33 property can be achievedahynterdigitated electrode, which
producs more induced actuating strain thaossible witha monolithic piezoelectric ceramic patch.
Azzouzet al.investigated finite element modeling af MFC actuatof13], and Sodanet al. studied
applications of MFC actuators in structural vibration corttd]. Choiet al. presented active vibration
control of pretwisted rotating composite thiwalled beam with MFC actuatofd5]. They useda
negative velocity feedback control algorithm to suppregsetwisted rotating blade. Dano and
Julliere reported the usef MFC actuators to control thermally induced deformations in laminated
composite structurefl6]. Barkarov et al. investigatedthe active twist control ofa helicopter rotor
blade usingan MFC actuator to reduce vibration and neig&hout any complex mechanism in the
rotating systemg17]. Binette et al. studiedthe shape control of composite structures using MFC
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actuatorg18]. They used MFC actuators to compensatehermallyinduced distortion o& sandwich
plate subjected to a througihe-thickness thermal gradient. Vadiraja and Salmgthe proposethe
structural modeling of rotating pretwisted composite beam with embedded MFC actuators and
sensorsusing higher shear deformation the¢t®,20]. They useda LQG control algorithm to reduce
the structural vibratios of the box beam. Bilgeet al. demonstrated variable camber airfoil using
MFC actuatord21,22]. Sohnet al. reported active vibration control a@f smart hull structure using
MFC actuatord23,24]. All of these worksnvolve active vibration/noise control of smart structure
using MFC actuators in agonditiors. Zhanget al.investigated underwat sound radiatiosontrol of

a stiffened plate structure Ithe active vibration isolationechnique[25], and evaluated their scheme
experimentally[26]. Carestareportedthe active control of soundadiation of a submane hull
structure intheoreticabending vibratior27]. Experimentalresearch othe active vibration control of
underwater structure is rare.

Consequently, the maipurposeof this work is to actively control the imposed vibration aof
underwatercylindrical shell structure using MFC actuatorand to experimentallyinvestigate the
reduction ofstructureborre noise due to the vibration control effect. Finite element modeling was
developed to obtaiastate space equation for the active control algorithm. The alptiontrol algorithm
was designed and experimentally implementeduppressstructuralvibration in water. It has been
demonstrated that the imposed vibration of the undervegterdrical shellstructure wasuppressed
significantly, based on the desigheptimal control algorithm. Iraddition it has been measured that the
structureborre noise was effectively reducgdaly actively controlling the vibration using MFC actuators.

2. Dynamic Modeling of Underwater Cylindrical Shell Structure

A schematic digram of the proposed underwatstindrical shellstructure for vibration control is
shown in Figire 1.

Figure 1. Schematic diagram of the proposed underwatindrical shellstructure.

MFC Actuator
\\

MFC Exciter

Cylinder

Water

A simple endcapped cylindrical shell gicture is considered dke host structure, which can be
considered athe simple model of a submarine. MFC actuators are bonded on the surface of the host
structure and perfect bonding is assumed between the host structure and actuators. The ructure i
considered in the watewith freefree boundary conditions.
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Finite element modeling of the underwateylindrical shell structure is conducted first. The
underwatercylindrical shellstructure is divided into three partsamelythe cylinder, MFC actu¢ors
and water. Thecylinder and MFC actuators are finite, bthe fluid is infinite in dimension. In
mathematical modeling ahe underwatercylindrical shell structure,the fluid-structure interaction
must be consideredlhe euationsof motion of the underwatercylindrical shellstructure can be
expressed as follow&8]:

MsU+CU+K U =Fg+F, 1)

whereU is the nodal displacemeniThe matricesM¢, C5 andK g are mass, damping and stiffness
matricesof the host structure, respectivelyhe dampingmatrix C is assumed to bproportional to
the mass andhe stiffness mataes The forceF, is an externalmechanicaforce appliedo the host
structure. The forcé, is an external fluid forcegenerated by the fluidtructure interaction. The
analysis of fluidstructure interaction is a procedure to fiRdas a function of structural responde.
the cylindrical shellstructure under watavas vibrating in low frequency bandwidth, the surrounding
fluid can be assumeasanideal fluid. Then, the tangentiahear forceoccuring on the surface ahe
fluid-structure interfacean be neglected.herefae, there is onlythe normal force generated dhe
surfaceof thefluid-structure interfaced 5. Finally, F, isexpressed a®llows:

F =N 'nPdS (2)

where N is the shape functionotapproximate the pressure the givenelement.P is the pressure
vector obtained fronthe fluid-structure interactionn is a unit normal vectoron thesurfaceof the
fluid-structureinterface and dS is aninfinitesimal area of the fluidtructure interfaceThe pressure,
P, is solved by applyinghe boundary element methpHased orthe inverse formulation of Eulés
solution.Then, one can obtain

F=-M.U 3)
whereM . is anadded mass matriSubstituing Equation(3) into Equation(1), the equation of motion
for thefluid-structure interaction is expressed as follows

Ms+M)U+CU+KU=F (4)

Now electremechanical coupling of thill structure and MFC actuators is considered. After the
application of the variational principle and finite element discretization, the coupled finite element
equations of motion can be expressed as follows

Mg +Me O@U0+ecs O@Ug+é<uu K 2eUa _ eFsa

& o offy &0 Offy &Ku K/ fify iFry ®)
where f is the electric potential vectorThe matrcesK ,, and K ,, are stiffness matiges due to
piezoelectriemechanical coupling (conversand directpiezoelectric effects)Their presence allows
piezoelectric meerials to produce mechanical actuation forces under input vol@agekectric signals
under mechanical deformations. The mati, , is the stiffness matni resulting fromthe electric field.
The stiffness coupling effects can influenthe equilibrium position if a steady state exists. The

vectorsFg and F, are force vectors due tbhe mechanical and electric fields, respectivéjter static
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condensation, the equations of motion can be redumed can be expressed in terms of nodal
displacement onty

MU+cU+KuU =F (6)
where

M:MS’LMF’K:Kuu'Kufo;leu’F:Fs'Kufof-lFf @)

The abovereduced equations of motion areupledwith each other. The mesh size rhbe fine to
obtain accurate dynamic responses of the underwgtiemndrical shell structure. However, he
feedback control algorithm requirasmall sizeof the system matrixdue to the limitation of computer
performance. The size of the above systerstrbe reduced for the active feedback control. The most
commonly used method to reduce the size of the system is modal reddtteoabove coupled
equations of motion are first solved for-damped free vibratioriThe mode shapes aegtractedand

assemled as a modal matrig . Then, the modal matrix is used to transform the global displacement
vector U to the modal displacement vector as follows

U=F#h (8)

Substitutingequation(8) into Equation(6) with modal reduction, the decoupled dynamic equation
of motion for the feedback control system is obtained

NEs +Ep +En = E (9)
where
NME=FT(Ms+M,)F, E=FTCF, E=F'KF, E=FTF (10)

The matricesi , € and € are modal mass, modal damping and modal stiffness matrices,
respectively After the modal reduction, the state spaqgeationis derived for the degh ofthe active
feedback control algorithm as follows

X =Ax +Bu, (12)
where

e 0 | g . _ a7
A:g- I\EHE . I\E-lgg’ B:%\E(_)lﬁ?, X—[h /}7 (12)

In thefeedback control algorithpx is thecontrol state vetor, A the control system matrixg the
control input matrixandu,_ the control inpubf the systemlf we consider fundamental modesfor
the modal reductigrthe systemmatrix, control input matrix and state vecéwe expressed as follows

&0 1 g @0
é O é =
é‘”iz 2 w u (f.'l
é 0 1 u  €p
é o €.
A=¢ - 2z w B <£f
¢ : u€ (13)
e u @
é 0 1 U eg
é u e
g g 2z wh §E
x=gn B f he N W



Sensor013 13 2136

wherew and z arethe i-th natural frequency and damping ratio of the underweyéndrical shell
structure and f? iS an actuating force vector at théh mode.

3. Design ofthe Optimal Controller

An optimal control algorithm is designed for active vibration control of the underagiadrical
shell structure. The sensor mseis and system disturbances are also considered for the actual
implementation of thecylindrical shellstructure. The control purpose is to regulate the unwanted
vibrations of thecylindrical shellstructure. Thus, the performance index to be minimizethasen
as follows

J= ﬁ{ x(t)"Qx(t) +u(t)" Ru(t)}dt (14)

In the above=quation Q is the state weighting serpositive matix, and R is the input weighting
positive matrix. Since the systém,B) in Equaton (11) is controllableonecan obtain the following

linear quadratic regulat¢L QR):
u(t) =-KA(t) (15)
Here, K . is the state feedback gain mataxadcan be obtained frome following equation
K. =(R+B"PB)B'PA (16)
where P is the solution of the following algebraic Riccati equation
A'PA- P- A'PB(R +B'PB)'B'PA+Q =0 (17)
Since the states (t) and/ (t) of LQR are not available from direct measuremehthe current
underwatercylindrical shellstructure a KalmanBucy Filter (KBF) is formulated. The KBF is a state

estimator which is considered optimal in the statistical sense. The state space model, considering
observation modes, can be given by

X(t) = AX(t) Bu(t) w
y(t) =C () v, (18)

where w, and w, are uncorrelated white noise characterized by covariance matfjcasd V, ,
as follows
Cov(w,,w;) =V,

Covw,,w}) =V, (19)
Cov(w,,w}) =0

The estimated statdgt) , can be obtaineds follows
£(t) = A%(t) + Bu(t) + L (y(t) - C, D) (20)
where

L =ASCT(CSCT +V,)* (21)
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In the aboveequation L is the observer gain matrix, anfl is the solution of the following
obserer Riccati equation

ASAT - S- ASCT(CSC™ +V,)'CSC™ +V, =0 22

Using the estimated states, the conmpltis obtainedas follows
u(t) =- K K1) (23)

A block diagram othe proposed QG controller is presented Figure 2.

Figure 2. Block diagram of LQG antrol algorithm
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4. Evaluation of Control Performance

This study investigates active vibration control of the underwatiémdrical shellstructure. The
geometries of the proposeglindrical shellstructure and MFC actuatoese given in Figre 3. The
length, radius and thickness of the host structure are 500 mm, 125 mm and 2 mm, respectively.
The radius and thickness of the ezap are 140 mm and 10 mm, respectively. The length, width and
thickness of the MFC actuator are &m, 57 mm and 0.3 mm, respectively. The thickness of
the bonding layer is neglected. Aluminum is used forcylader, andthe material properties of the
aluminum, MFC and water are listed in Table 1.

Figure 3. Geometry of the endappedcylindrical shdél structure with surface bonded
MFC actuators

500 mm

280 mm 250 mm 57 mm l

/ "
A 4

MFC Actuator MFC Exciter
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Table 1. Material properties of the aluminum, MFC and water

Aluminum
Youngds (Bpdul 68 [GPa] Density( /) 2,698[kg/m’]
Poisson rati¢n ) 0.32

MFEC (poling direction: 1)
Youngos lumicedionl®y)s| 30.34[Gpa] | YO ungos 2micedionlEy)g 1586[GP4

Sheamodulus(G,,) 5.52[GPg Density( /) 7,750 [kg/m']
Poisson ratig/,,) 0.31 Poisson ratid/7,,) 0.16
Piezoelectric Constantl(,) 400[pC/N] Piezoelectric Constantk, ) 1 170[pCIN]
Permittivity (€,/ &) 830[C/n?] Permittivity (€,,/ €,) 916[C/n7]

Water (H,0)
Density( 7 ) 1,000[kg/m’] Speed of Sound 1,500[m/<]

4.1. Modal Characteristicof theUnderwaterCylindrical ShellStructure

Modal characteristics of the gosed underwateaylindrical shellstructure were first investigated
by using the commercial finite element analysis package ANSYIhe finite element mesh
configuration is presented in kigg4. An eight-node structural solid brick element (SOLID45) sed
for the cylindrical shellstructure,an eightnode coupled field solid brick element (SOLID5) for the
MFC actuatoraneightnode fluid brick element (FLUID30) for the wat@ndan eightnode coupled
field fluid brick element (FLUID80) for the fluidtructure interface, respectively.

Figure 4. Finite element mesh configuration
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An experimendl test was also conductealvalidate the finite elememodeling The manufactured
endcapped luminum cylindrical shellstructure isshownin Figure 5. Each @d-capwas attached to
the host cylingr by bolt A hole for electric wiresvas made at the center of one erap. The
experimentalapparatugor the modal tesis shown in Figire 6. In order to submergthe cylindrical
shell structure in the water tankwo weightswere installed and connected to the cylindrical shell
structure by ropess shown in the figure. The top of the cylindrical shell structure was submerged 1 m
belowthe surface of the wateAn FFT analyze(PULSE 3560BBriel & Kjaer ), accelermeter, MFC
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actuators and MFC sensovgere used for the modal tesThe d/namic characteristicsof the
underwater aluminuneylindrical shellstructurewith MFC actuatorswere measuredThree MFCs
were used as actuators and sensors. One MFC was used astemTdéxee MFCswere attached to
the inside surface of thteylindrical shellstructure at the center tife longitudinaldirection with equal
spadng (120 degreesaboutthe circumferentialdirection as shown irFigure 5(b). The eciting MFC

was attackd betweenthe 1st and 2ndMFCs. The underwater cylindrical shell was excited by sine
sweeping up to 700 Hand structural vibration wasimultaneouslymeasured byhe three MFCs
and accelerometer

Figure 5. Photographs of the manufacturegindrical stell structure (a) Outside view
(b) Inside view (c) Front view and(d) Rear View

(c) (d)

Figure 6. Experimental apparatus for the modal tegshefunderwatecylindrical shellstructure
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The fundamentaimode shapes of the underwatgylindrical shell structure are presented in
Figure 7. The mode shapes were not changethpared to thse of cylindrical shellstructures in the
air. However, natural frequencies of tleglindrical shell structure under wat decreased a lot
compared to those of tleylindrical shellstructure in the air. The comparisons of natural frequencies
of thecylindrical shellstructure in air and in water are presented in Table 2. Natural frequencies were
obtained by finite elemerdnalysis. The decreasing rates of fundamental natural frequenoigs
from 44 to 67 percent. This is because of an added fluid m&spiation(4).

Figure 7. Fundamental mode shapes of underweyéndrical shellstructure (a) 1st mode
(b) 2nd mode(c) 3rd mode and(d) 4th mode

(a)

(©
Table 2. Comparison of natural frequencies of ttydindrical shellstructure in the ajr
and underwater

Mode In the Air (Hz) Underwater (Hz) Reduction rate (%)
1st 587.4 193.7 67
2nd 617.5 215.9 65
3rd 830.7 351.7 58
4th 1,109.8 617.9 44

Modal analysis of the finite element modeling is evaluated by the modal test. The experimental
frequency response of the underwatstindrical shell structure is presented in kig 8. The
fundamental nafral frequencies obtained by FEA and experiment are presented in Table 3. The
experimental natural frequencies are about 10 percent larger than the numerical ones. This might be
caused bythe rope boundary conditions in wateand the bolting of endaps,which were not
considered in the finite element modeling. Although the experimental natural frequencies are a little bit
larger than the numerical ongbe FEA modelaccuratelypredicts the dynamic characteristicstioé
underwatercylindrical shellstrudure. Therefore, it is concluded that the FEA model can be used as a
system matrix in the active vibration contrdince higherfrequenges of structural responsere
easily decayed by the structural dampisiy, fundamentalnatural frequencieand modeshapesare
used to construct the system matrix for the active vibration control.
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Figure 8. Frequency response thie underwatecylindrical shellstructure
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Table 3. Natural frequencies of the underwateylindrical shell obtained by FEA
and experiment

Mode FEA (Hz) Experiment (Hz)
1st 193.7 208
2nd 215.9 251
3rd 351.7 381
4th 617.9 577

4.2. ActiveVibration Control

Now, active vibration control performance of thmderwatercylindrical shellstructure is studied
The perimentalpparatus fothe activevibration controlis presented in Fige?9.

Figure 9. Experimental setup for active vibration control
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The &citation signal which is generated frora personal computewas sent tothe MFC exciter
througha high vdtage amplifier.Structural vibration was measured by the collocated MFC sensors

and proper control inputs were determined based on the designed LQG control algoritiem in
dSPACE control systenihe weighting matrices in Equation 4L were given asliag(Q) =3 310 and

diag(R) =1, respectivelyThe proportionablamping ratio was assumed as 0.2 percent for each mode.
After applying random excitation to the structutiee frequency responses of tlglindrical shell

structure withand withoutactive controlleiare presented in Fige 10.

Figure 10. Frequency responses of the underwat@mdrical shellstructure with and

without active control

Figure 11. Actuator input voltages and control responseaun3dd mode excitation
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The maximum vibration reductionvas 8 dB at the fourth resonant frequengcynd the minimum
reduction wa 1.5dB atthe second resonant frequenchhe vibration reductions dhe 1st and 2nd
resonant frequencies were smaller than thogbeodrd and 4th resonafitequencies. This is because
of the locations of MFC actuatorBhe 3rd and 4th modes of the cylindrical shell structure can develop
large strains of MFC actuator&hereasthe 1st and 2nd modedo not. This reveals that optimum
placements othe MFC actuators are important to improve the performance of the active vibration
control ofthe underwatercylindrical shellstructure Vibration control performancesnder3rd mode
excitation are presented thetime domain in Figre 11. By applyinga control input witha maximum
limit of 150 V, the structural vibration can be effectively suppressedtter underwater cylindrical
shell structure

Structureborre noise due to activeibration control was also measured by hydrophoHee
cylindrical shellstructurewas located at the center tife water pool and sxteen hydrophonew/ere
radially locatedas shown in Figre12.

Figure 12. Positiors of hydrophones

270

180

The hydrophonevas located with equal spaw (45 degreeabout thecircumferentiadirection and
at 1 m and 2 ndistancesrom the cylindrical shelktructure, respectivelystars represent the positisn
of the MFC actuatorsand an arrow represents thgosition of the MFC exciter in the figure The
radiating sounds measured at hydrophones 2, 6, 10 and 14 3mddand 4th modexcitation are
presented ifrigures13 and 14.
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Figure 13. Measured radiating sound und8&rd mode excitation (a) Hydrophone 2

(b) Hydrophones, (c) Hydrophon€lO, and(d) Hydrophonel4.
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Figure 14. Measured radiating sound undeth 4node excitation(a) Hydrophone 2
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