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This work intends to compare two viscoelastic models, namely ADF and GHM, which
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Systems Laboratory, GHM and MSE ones for comparison. The resulting reduced systems are then used to
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Arts et Metiers, eters variations, using a constrained input optimal control algorithm. The open loop

75008 Paris, France modal damping factors for all models match well. However, due to differences between
the modal basis used for each model, the closed loop ones were found to be different.

[S0739-371{©00)01102-9
1 Introduction duced models are then applied to evaluate optimal segmented

In the middle of the 80’s, a hybrid active-passive dampin'é\s(?rl;é3 ;ﬁesftfmnﬁf itg?gg\:ellf](ggdaldg?rﬁﬁtrlr(nm and control voltage,

mechanism, ponsisting .Of replacing_the elastic constraining Iayerln the following, a brief introduction of ADF and GHM models
of a conventional Passive Constrained Layer DamgiRGLD) s presented, as well as their parameters curve fitting. In addition,
treatment by a piezoelectric actuator, was proposed to increase fR8terative version of the MSE method is proposed for compari-
shear deformation in the viscoelastic material and, thus, the ey Then, the passage from the augmented systems to reduced
ergy dissipation. This mechanism, named Active Constraingéntrol ones is detailed. Finally, the reduced models are used to
Layer Damping(ACLD), has received much attention during theanalyze the performance of segmented hybrid active-passive
current decade. Literature review$,5,8 indicate that hybrid damping of a cantilever beam as compared to passive one for
active-passive damping treatments allow both high performanseme parameters variations, such as viscoelastic layer thickness
and reliable control systems. However, their performance #@nd treatment length.
highly dependent on the viscoelastic material properties, which
depend strongly on the excitation frequency and operating tem-
perature. Therefore, a correct modeling of the viscoelastic behay- . . . .
ior is required for the analysis of such treatments. k4 Modeling of Viscoelastic Materials

Motivated by the need of finite element modes capable of pre-Consider a sandwich beam with elastic or piezoelectric faces
dicting frequency and time-domain responses of structures céd a frequency-dependent, homogeneous, linear and isotropic
taining viscoelastic components, Hughes and his co-wor@rs viscoelastic core. Supposing that its Poisson’s ratio is frequency
and Lesieutre and his co-workef2,8] developed the so-called independent, so that its shear and Young's modulii are propor-
Golla-Hughes-McTavish(GHM) and Anelastic Displacement tlona}l, the discretized equations of motion can be writterifais
Fields (ADF) models, respectively. These are based on the intrgsetalls on FE model, s¢@])
duction of internal variables to account for viscoelastic damping _ -
behavior. Both models are superior to the MSE metf&jcsince M@ +Dg+([Kp+G* (w,0)K]g=Fnt Fpepp )
they allow higher damping analysis. However, they lead to large- _
dimension systems. Therefore, a model reduction should be aereM, D, K, andG* (w, §)K are the mass, viscous damping
plied to the augmented ADF and GHM models. and, faces and core stiffness matricés.andF,.¢, are the me-

Although, several works concerning viscoelastic modeling fathanical and piezoelectric forces.is the nodal degrees of free-
ACLD treatments have been presented in the literafiGy@, the dom(dofs) vector, resulting from the finite element discretization.
passage from a frequency-dependent model to a reduced st&&{w,6) is the complex frequency- and temperature-dependent
space control system was mainly presented for Ni§Eand GHM  shear modulus of the core. However, since temperature changes
[10] models. Therefore, to the authors’ knowledge, the reductigie generally slow compared to the system dynamics, it is sup-
of ADF augmented system was not yet presented in the ope@sed constant in this work. The temperature-dependence effect
literature. Hence, this work aims to detail the model reduction ¥fas studied elsewhefa1]. . '
the ADF augmented system. The same model reduction is alsol 0 represent the frequency dependence of the viscoelastic core,

applied to the GHM model for comparison purposes. Both r&HM and ADF viscoelastic models, allowing both frequency and

time-domain analyses are retained and presented in the subsequent
Contributed by the Technical Committee on Vibration and Sound for puincatio%Ub-S.eCtlons’. terther with their pe_lrameters curve ﬂttl.ng' Also, an
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2.1 Golla-Hughes-McTavish Model. The viscoelastic tation on a finite element model consists of replacing the dofs
shear modulus is represented, in the GHM model, by a seriesveltorq by g°=q—=;g? in the core strain energi8]. g° andq?

functions in the Laplace domain such thef represent the nodal dofs vectors associated with the elastic and
n b - anelastic strains, respectively. This leads to the following equa-
~ . STt2fws tion, describing the evolution of elastic dofs
sG(9)=Go| 1+, &————— @) ?
=1 242708+ @F

MG +Da+(KZ+K)g—KZ Y, g?=F )
where G, is the relaxedor statio modulus ands is the Laplace ¢ P e

) : oo\
complex variable. One may note that jm.. G* () =G.., G.. whereK?=(1+=;A;)K?. The ADF model proposes then a sys-

=(1+2;&)G, being the unrelaxed real modulusi, & and{i 4o gescribing the evolution of the dofs associated with the ane-
are material parameters determined by curve fitting of the expgg;sﬂc strains
g.

mental master curves of the viscoelastic material. Replacing

(2) in the Laplace transformed motion equatidas leads to Ci via = v a
Echi_chJ’_Cichi:O (8)
2 T A 1
2 0 R S°+2{@;S o~ . .
$?M+sD+K| 1+ a—— | TKp|a=F where material paramete€ and(); are evaluated by curve fit-
b ST 2{iwist @ ting of the measurements @* (w), represented as a series of

(3) functions in the frequency-domain
for vanishing initial conditions, wheré states for the Laplace

-~ n 2, . )
transformed variable$:(s) represents the sum of mechanical and G*(w)=Go| 1+ E Ai%“’ﬂ' (9)
piezoelectric force vectors an(ig: GoK, is the static core stiff- i=1 o+

ness matrix. The GHM model introduces a series dissipative The unrelaxed modulus is her&.=lim,_ .. G* (w)=Gy(1

variablesz (i=1, ... n) defined in the Laplace domain by +2;A;). The material parametens; , representing the relaxation

~2 resistance, are related to the parame@rby
~ I ~
q(s) (4) 1+> i Ai

Z(S)= ——(———
S2+ 27 s+ @? Ci=—x—

The association of Egqs3) and (4) leads to the following ) . ) ' . .
coupled system Note that this expression, valid for multiple ADFs, was not given
in [7]. From (7) and (8), an equation similar t@6) is then ob-
tained, where

(10)

(M +8D+K,+KZ)E(s)— KD, &Z(s)=F(s) (5a)

oy 3 o o
,1 2% o o 0 Daal 0
s~ +s—+1]|Z(s)—T(s)=0 ()
; ; — |KptKE Kea|
. ~ 0 L ~ 1,0 = } q:COKCIx qiqﬁ)
whereK?=(1+Z;a;)K,. Multiplying (5b) by &;K; and retrans- Kae Kaa
forming to the time-domain, leads to the following symmetric
matricial system and
NME LA LW e - cl © Cn © o o
MQ+Dg+Kqg=F (6) Daa:dla%Q_Kc"'Q_Kc% Kea=[— K —KZ]
where 1. : % T
M0 b o . Kaa=diag C1K; - CK?); Kae=Kea
M :[ j; Dz[ J; F:[O] In this form, the number of the system “anelastic” dofs, for
0 M, 0 b, each ADF, must be equal to that of the elastic ones. A reduction
_ [K.+K” K of the stiffness matriX; is proposed later to reduce the matrices
K= pK ¢ qu}; g=col(q, z,---z,) corresponding to the dissipative dofs.
and “ “ 2.3 lterative MSE Method. The complex modulus ap-

proach assume&* (w)=G(w)[1+]7(w)], where G(w) and
n(w) are the storage shear modulus and loss factor, respectively.
) To preserve the simplicity of this approach, an iterative method
has also been considered for evaluating the eigenfrequencies and
dian A k0. A 1Oy A KO A0 corresponding damping factors of the system. This was made here
Ke=diag aiKer - aiKe), Kom[—aaKe K] through the following iterative scheme:

. a1 &n 0
M,,=diag K2 - =K
z7 wi c w2 c

n

b. —dia 200, KO. .. 28Ln Kol ko kT 1 Evaluation of undamped eigenvaluesof [M, ReK)] (K
2z w, ¢ w, ¢ zq taz =K+ G*(w;)K), until convergence of the desired eigen-
value;

Since all matrices of the augmented system are frequency inde2 A : ; : ;
) t convergence, evaluation of the viscoelastic damping ma-
pendent, Eq.(6) allows both a correct representation of the g ping

; —aT T
frequency-dependent viscoelastic material properties and a time- trix by the MSE method, = @7 Im(K) ®; /@ Re|) P

domain analysis. In case of a partial treatment, the stiffness matrixt should be noted that the procedure must be repeated for each
K(C’ may be reduced as presented later in this article. mode of interest.

2.2 Anelastic Displacement Fields Model. The ADF 2.4 Curve Fitting of Material Parameters. To represent
model is based on a separation of the viscoelastic material strameperly the frequency dependence of viscoelastic material prop-
in an elastic part, instantaneously proportional to the stress, andeaties, ADF and GHM models parameters need to be evaluated
anelastic part, representing material relaxafioh Its implemen- through curve fitting of the viscoelastic materi@l(w, ) and
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Table 1 Curve-fitted ADF /GHM parameters for 3M ISD112

ADF GHM
i Gp(MPa) A; Q; (rad/s) Gy (MPa) &, ®; (rad/s) G
1 050 0.746 468.7 0.50 0.742 65029  6.97
2 3.265 47424 3.237 506188 5.38
3 43284 715325 41.654 352782.0 2.56

In Eq. (6), the use of a model decompositinr= Tdid , such that
A=T'KZT, leads to positive definite GHM mass and stiffness
matrices with eventually smaller dimensiomsis a diagonal ma-
trix composed of the nonvanishing eigenvaluesK@f andT the
corresponding eigenvectors matrix. The matribes, D,,, K,,,

Kqz and K, corresponding to the dissipative dofs and the dofs
vectorq are written as

—
o—.

c

Storage modulus (MPa), Loss factor
(=)

(1 1 — Ad. . ad

Mz=diag 77 A~ 25 A | d=col(a.&3- )
27 27

DZZ=dia4$A---ﬁA); K,,=diag A---A)
g wWn

3 4

10 ?

10 Koz=[ = &KeT- - = kST KGq=[ KT+ KT}

) o It is worthwhile to notice that, multiplyingv,,, D,,, K,, and

Fig. 1 Curve fitting of ADF parameters for 3M 1SD112 Kq by [diag@, Go . . . &,Go)], the symmetry of the augmented
system is maintainedK(zq:ng). This is not done here, since
only the state-space form of the equations will be used and so,
metry of the second order form is not useful for control

gn.

10
Frequency (rad/s)

n(w, ) master curves. A nonlinear least squares method was u
to optimize computed valueS, and 7. as compared to measuredjog;
data G, 7m) of the 3M viscoelastic material ISD112 at 27°C" Aq tor the GHM model, we propose a modal decomposition

[7]. The greater the numbaerof parameters series, the better is thta_a:.rqg such thatA = TTK*T to reduce the svstem dimension
quality of the curve fitting. However, the larger is also the corre? ¢ Id'a onalize the ma?r'ces associated '¥h the ADF dissina-
sponding augmented system dimension. It should be noticed tﬁgg o?fl % nailz di | Ices lated wi h . Ih' b
the parameters of ADF and GHM models, presented in Table 5}’,6 oIS. A IS a diagona matrix contammg the nonvanishing
are only valid for the frequency range used in the optimizatioffidenvalues of the high frequency core stiffness matffxand T
since errors grow very quickly out of this range. Hence, the fréS the corresponding eigenvectors matrix. The dofs vegtds
quency range used for the parameters optimization should €N reduced as for GHM. The matricBga,, Kaa, Kea andKge
larger than that of interest. corresponding to the dissipative dofs can be written as

For this material, three series of parameters were found to rep- C, C,
resent quite well the frequency range 20-5000 Hz with errors Daa:diai—/\--- —A
smaller than 5 percen(fig. 1). Although ADF and GHM have 0 Qy
different parameters, GHM equivalent master curves were found KT LT T T i
almost the same as in Fig. 1. This can be explained by the quasi- Kea=[=KcT KTl Kae=[=KcT KeT]
equivalence betwee(®) and(9) to represent the 3M ISD112 vis-  Multiplying matrices D,,, Ko, and K,e by G.., leads to a
coelastic material considered here. In fact, sificel (Table 3, symmetric augmented syster {.=K /). Again, for the same

. Kaa=diag C;A---C,A)

Eq. (2) of the GHM model can be written as reason as above, this is not done here.
n . In order to use the augmented equations in the control design,
G* () =Gy 1+2 & Iw(w+JZi)_ ) (11) they must be transformed into state-space form. Therefore, the
= (otjo)(o+jo) loading vector is split into perturbation and piezoelectric control

RS o A ~_vectorsp andBu. Thus, Eq(6), with the above reduced matrices,
where wj,0j;= —@;{=®;({{—1)"" and z=—2a;{;. Simi-  can be written in the form
larly, (9) of the ADF model can be transformed to

N Xx=Ax+Bu+p; y=Cx (13)
G*(w)=Gy 1+2 Ai#) (12) C establishes, in terms of the statethe variabley to be mea-
O KO sured.A and B are the system dynamics and input distribution

matrices, respectively. Due to space limitation, they are not given

Evaluating the polesv;;,w;, and zerosz; of the GHM model
d ; ~ here. It should be noted that the state vectalepends on the
(Table 3 and comparing Eqsi11) and (12), it appears that, viscoelastic model used. Hence, it is defined, for GHM, ADF and

~w;; andw;,~— ;. Since alsax;~A;, it is then guessed that . ) del vel
some similar results could be obtained by ADF and GHM modeld€rative models, respectively, as
3 Models Reductions and Control X= q

q ﬂ _
a *lg
In this section, two types of model reduction are presented. The

A X= (24)
d . . . .
first one aims to reduce and diagonalize the matrices correspohfit N° @ndn;’ be the dimensions of the elastic airth ADF/GHM

al

ing to the dissipative dofs if6) to reduce computational cost. Theseries dissipative dofs vectogsandg', respectively. Ifn is the
second one intends to reduce the resulting augmented state-spazeber of ADF/GHM series considered,n® will be the total
systems to allow their use in the control design. number of dissipative dofs. Consequently, the ADF model leads
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to a state-space system of dimensiof2n n{, whereas the di- _0t
mension is A%+ 2n n? for the GHM model. For a full treatment,
n=n®. Hence, the system dimension is €&)n® for ADF,
whereas, for the GHM model, the same analysis leads to (2 —60r
+2n)n®. In particular, forn=3, the ADF model savesr dofs,
compared to the GHM one, reducing by much the calculation cost.
Also, one may notice that ADF is superior as a material model
since two material parameters are added to the elastic model by
each ADF forn? added dofs, while each GHM adds three param-
eters for Zhid dofs, leading to less material parameters per dof. _110t

The system matrices in E¢L3), for both ADF and GHM mod-
els, are still too large for the control design. Hence, they are
reduced further using=T,X, where the complex eigenvector ma- ~130'5 ) "
trix T, of the system matriA, and its corresponding left coun- 10 F}Squency (radls) 10
terpartT,, are the solution of

AT,=AT,; ATT,=AT, (15)

normalized byT|TT,= I. The reduction is done through the elimi-
nation of the overdamped modes, corresponding to the dissipatage. A transversal force of perturbation applied to the free end of
dofs, and through retaining few first elastic modes representedting beam is considered, which magnitude leads to a maximum
the reduced state vectdr It is worthwhile to notice that care beam deflection of 3 mm to respect the model assumptions. In
should be taken with the reduction of highly damped systenasldition, the control voltage is limited to 250 V, corresponding to
since, in this case, dissipative overdamped modes are stronglynaximum applied electric field of 500 V/mm on the piezoelec-
coupled with elastic modes. This may require retaining some aic actuators. The number of finite elements used in cutout re-
ditional anelastic modes to obtain a creep correction. The modgdns (10 mm interspaces each actuator and rest of the beam
reduction allows a better comparison between ADF, GHM anwlere two, ten and six, respectively, leading to a total of 30 ele-
iterative models. Thus, the reduced state-space system canmsnts of 4 dof/nodé€54 elastic and 105 anelastic dofs, that is, 35
written, using the following new reduced matrices eigenvectors oK. are retainefl For the cases studied in this
P A T N . work, all eigenmodes oA are damped by the viscoelastic treat-
A=T/AT,; B=T/B; p=T/p; C=CT, (16) ment, as expecteFig. 3); even those out of the frequency range
as used in the curve fitting, since both ADF and GHM representa-
tions of the master curves present good asymptotic properties.
$=AX+Bu+p; y=Cx (17) Thus, none of them introduces instabilities in the system. Analysis
of the impulse response of the beam, shown in Fig. 4, confirms
YReir stability.
To check that a five modes model reduction represents well the
dynamic behavior of the system, a comparison between the fre-
quency and time-domain responses of the full and reduced models

« =« Full order model
— Reduced model

Tip deflection (dB)

Fig. 3 Beam FRF using ADF reduced /full order models

This reduced system may now be used for the control desi
An optimal control algorithm LQR with full state feedback=
—KgX is considered. Replacing in Eq. (17), the following con-
trol system is obtained

S=(A—BK. )X+ B — A 1 was made(Figs. 3 and ;1 Results showed_that the influence of
X=( X +P; y=CX (18) truncated modes is negligible for the considered problem. Conse-
4 Hybrid Damping Performance quently, the reduced models are now used for the hybrid active-

) ) ) ) passive damping analysis. Since the tip deflection is to be mini-

The above viscoelastic models are applied to the analysis of @fized, a larger performance weight is considered for the first

aluminum cantilever beam partially treated with segmented PCLARode in the optimal control design. In addition, the second and

or ACLD treatments, made of ISD112 viscoelastic patches coflird modes are also minimized, but with weights ten times lower
strained with PZT5H piezoelectric layers. The geometric configéhan that for the first mode, leading to a weight matfx

ration of the treated beam, which width is 20 mm, is shown in Fig= ,, diag(10101 1 1 1 0 0 0 0). Mtice that ADF and GHM mod-
2. The material properties of aluminum and PZT5H are those gfs |ead to the same results.

[11]; those of ISD112 ar@,= 1600 kg m?3, v,=0.5, in addition
to the shear modulus and loss factor of Fig. 1.
To study the performance of the hybrid active-passive damping,

a LQR optimal control algorithm is applied for the first five modes 3 . ,
reduced system. Weight matrices ®e=yQ andR=1, y being i I;‘;gu"c’f;ﬂnmoggfl
evaluated to respect maximum beam deflection and control volt- R
E
Piezoelectric (PZT5H) £ .
> .., —05 2
7270 Rizzezzzzi 0.15 3
. ) | or
Aluminum Viscoelastic (ISD112) Iz i—ef
—1r
Nl e | e |
AN [ !
|10 10 200 , . , ‘
' 0 0.05 0.1 0.15 02
Time (sec)
Fig. 2 Geometrical configuration of the segmented hybrid
treatment of a cantilever beam (dimensions in mm and not in Fig. 4 Transient response using ADF reduced /full order

scale) models
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Fig. 6 Transient response of the damped beam Treatment length (mm)

Fig. 8 Influence of treatment length on the modal damping

The frequency and time-domain impulse responses of the con-
trolled beam, using ADF/GHM models, are presented in Fig. 5
and 6, respectively. These figures show that both models correctlyrrom now on, the reduced ADF model will be retained for
represent the controlled behavior of the cantilever beam. For tAgalysis of hybrid damping performance as compared to that of
first mode, one can also notice that hybrid control outperforms tifee passive one alone. As a first analysis, the viscoelastic layer
passive one. Notice that the time-domain response is the samethdgkness is set to vary in the ranf@01,] mm. Results, shown
both models, as well as the passive frequency response. in Fig. 7, indicate that there is an optimal thickness range near

Table 2 presents the first five eigenfrequencies and their corfe15 nm, meaning that neither too thin nor too thick viscoelastic
sponding modal damping factors for all modédDF, GHM and layers lead to effective hybrid damping. Therefore, for a second
iterative for PCLD and ACLD treatments. It can be seen thaanalysis, a 0.15 mm thick viscoelastic layer is considered to in-
ADF and GHM models lead to the same results for the passivestigate the influence of treatment length on the hybrid damping
case, which also match reasonably with the iterative model reerformance. Hence, this length is set to vary in the rd8§¢90
sults. However, for the active case, the damping factors of ADRM. The results, presented in Fig. 8, show that hybrid damping
and GHM present differences up to 5 percent. This is due to therformance increases for long treatments, although not smoothly.
different eigenvectors used in the model reduction which are niotfact, small variations in the actuator length induce large differ-
exactly the same, leading to different modal control forces. Thences on reduced control vectdsand in the closed-loop tran-
iterative model results show that, although passive damping csient response which limit the control voltage. As showridh
be correctly evaluated, hybrid ones present differences up to &@ear actuators, instead of present ones, may provide control de-
percent. signs less sensitive to actuator length.

Table 2 Eigenfrequencies (damping factors ) for the three models, with ACLD and PCLD control

Mode #1 Mode #2 Mode #3 Mode #4 Mode #5
PCLD/ADF 326 (6.99%) 1551 (5.49%) 4174 (4.09%) 8161 (4.04%) 13560 (4.27%)
PCLD/GHM 326 (6.99%) 1551 (5.49%) 4174 (4.09%) 8161 (4.04%) 13560 (4.27%)

PCLD/Iterative 321 (6.94%) 1542(5.56%) 4146 (4.14%) 8105(4.19%) 13489 (4.28%)
ACLD/ADF 328 (11.47%) 1551(591%) 4177(5.14%) 8161 (4.04%) 13560 (4.27%)
ACLD/GHM 328 (10.90%) 1551 (5.87%) 4176 (4.95%) 8161 (4.04%) 13560 (4.27%)
ACLD/Iterative 321 (10.81%) 1542 (5.56%) 4146 (4.14%) 8105 (4.19%) 13489 (4.28%)
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