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Abstract

This work presents the active control of nonlinear vibrations of a piezoelec-
tric-elastic-piezoelectric sandwich beam, subjected to transverse excitation
while neglecting axial displacement effects. By using a structure with piezoe-
lectric actuators and sensors, and taking into account geometric nonlineari-
ties, a nonlinear vibration control model was obtained through a feedback
control law, which is a proportional-derivative controller. The dynamic equa-
tion of the structure is derived by applying the variational principle and Ham-
ilton’s principle. This equation is solved under primary and secondary reso-
nance by adopting the method of averaging as a perturbation scheme and Ga-
lerkin’s approximation. The simulation results of amplitude-frequency re-
sponses are presented and discussed for different values of control gains and
for three boundary conditions. Our results are in good agreement with those
obtained by other methods.

Keywords
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1. Introduction

Structural vibrations are highly undesirable, as they can lead to issues such as
structural fatigue, transmission of vibrations to other systems, and external or in-
ternal noise due to acoustic radiation, among others [1]-[3]. In many industrial
and defense applications, noise and vibrations represent a major challenge. Con-

ventional vibration attenuation methods based on passive devices, such as tuned
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mass dampers or viscoelastic treatments, exhibit limited efficiency at low frequen-
cies. At such frequencies, the kinetic energy involved is relatively small, which
requires very large auxiliary masses to achieve noticeable effects, often making the
solution impractical. In addition, the intrinsic dissipation of damping materials
decreases when the strain rate is low, thereby reducing their ability to absorb vi-
bratory energy. Finally, passive devices have a narrow bandwidth and are highly
sensitive to mistuning: even slight shifts in the natural frequency of the structure,
caused, for instance, by temperature or load variations, can significantly degrade
their performance. These limitations explain why passive control strategies are
generally ineffective at low frequencies and highlight the relevance of active con-
trol methods [4]-[9]. The principle of these so-called active techniques is to gen-
erate a field that interferes with the disturbance field. The superimposed field must
therefore match the disturbance in amplitude but be opposite in phase for each
relevant frequency. While the principle is straightforward, its implementation is
much more complex, as the disturbance is often unpredictable and composed of
multiple frequencies. Moreover, disturbance minimization is often required over
a wide spatial domain, further complicating the problem [10].

Although active control was conceived in the 1930s, it only truly advanced with
the emergence of digital signal processors in the 1980s. While some applications
of this technology have already been developed, many are still under research,
particularly in the aerospace, avionics, and automotive sectors. Focusing specifi-
cally on active vibration control, advancements remain relatively recent. In fact,
the additional size and mass introduced by the sensors and actuators required for
active vibration control have long hindered the development of many applica-
tions. Only in the last few decades has the use of piezoelectric material-based trans-
ducers enabled significant progress. Due to their compactness, low weight, and
electromechanical conversion capabilities, piezoelectric materials exhibit all the
necessary qualities for use in active vibration control systems. Moreover, they can
serve both as electromechanical actuators and vibration sensors in the system [11]
[12].

To reduce stresses in materials, extend their service life, enhance structural
safety (e.g., in transportation), and improve user comfort, the control and damp-
ing of mechanical vibrations have been the subject of extensive scientific research
over many decades. Furthermore, the recent proliferation of so-called “smart ma-
terials”, which couple multiple physical fields such as mechanics and electricity,
has led to the development of reliable, robust, and efficient vibration control tech-
niques that are also highly integrable. These techniques are therefore well-suited
for embedded systems or structures with strict space constraints [11]. In this re-
gard, Rechdaoui et al [12]-[14] developed an active control method for nonlinear
vibrations of a piezoelectric-elastic sandwich beam based on the method of mul-
tiple scales. Similarly, Belouettar et al [15] proposed an active control approach
for the same structure based on the harmonic balance method. Despite such con-

tributions, vibration-related damage remains a persistent problem in our socie-
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ties, and many avenues still remain to be explored; hence the ongoing need for
research efforts.
This work aims to contribute to the active control of nonlinear vibrations of a

sandwich beam using the method of averaging [16]-[20].

2. Mathematical Modeling

2.1. Theoretical Formulation

The beam under investigation consists of an elastic core sandwiched between two
piezoelectric face sheets polarized through their thickness, as shown in Figure 1.
Euler-Bernoulli beam theory is applied to the face sheets, which are assumed to
resist membrane and bending stresses. Timoshenko beam theory is adopted for
the core, which is assumed to also resist transverse shear stress. The piezoelectric
layers are fully covered on their top and bottom surfaces with electrodes. The elastic
and piezoelectric materials are considered orthotropic, with their orthotropy axes
aligned with those of the sandwich beam. All layers are assumed to be perfectly
bonded. The transverse normal stress is considered negligible compared to the other
stress components [21]-[24]. The length, width, and thickness of the beam are de-
noted by L, H, and A, respectively. The subscripts a, s, and crefer to the quantities

associated with the bottom and top face sheets and the core, respectively.

V4
/ S =hH,S =hH,S,=hH, h=h, z,=—z, /
— Piezoelectric _h 0
z, . I
Elastic h, | x >p=0
Za 0
— Piezoelectric T h, «— 9,

Figure 1. Piezoelectric-elastic-piezoelectric sandwich beam [14].

2.2. Kinematic Description of the Beam

According to the classical laminate theory based on the aforementioned assump-
tions, the displacement fields are described in [1] [11] [13] [24].

u(x, z,t) = u(x,t)—zwx (x,t)
v(x,z,t)=0 (1)
w(x,z,t) =w(x,1)

In the theory of beams undergoing large deformations, the Green-Lagrange
strain tensor is considered without linearization and is simplified according to the
Von Karman assumptions.

u : longitudinal displacement;

w : transverse displacement;

z : coordinate along the beam thickness (thickness direction).

Thus, the strain in the x-direction is given by:
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2.3. Electromechanical Coupling

It is well known that in piezoelectric materials, the electric field and strain mutu-

ally influence each other. This property enables the use of piezoelectric materials

as sensors and actuators for vibration control. More specifically, this relationship

can be described by constitutive equations that characterize the coupling effects

between mechanical and electrical properties [1] [24].
{0' =ce-e'E

3
D=ec+cE 3)

o : Stress tensor;

& : Strain tensor;

D : Electric displacement vector;

E : Electric field vector;

c: Elasticity matrix;

e: Piezoelectric matrix;

¢ : Dielectric permittivity.

The constitutive equations of piezoelectric materials can be written in the fol-

lowing expanded form:

o, _Cn ¢y 63 0 0 O 11 0 0 _313_ &
o, €y € G 0 0 O 0 0 4 &
o, Gi G G353 0 0 O 0 0 G &
o, 0 0 ¢ 0 O 0 4 0 &,
os|+=|| 0 0 0 0 S5 0 —€3 0 0 & (4)
o, L 0 0 0 %] LO 0 0 1|]|&
D, 0O 0 0 0 &a 0 & 0 0 E,
D, 0O 0 0 e 0 O 0 &% 0 E,
D, & & &3 0 0 0 0 0 6 E,

Displacements are considered independent of y and zero along the y-direction;
the stress tensor is uniaxial, and the directions of the vectors D and FE are parallel

to the z-axis. Thus, the reduced constitutive relations are given by:

& =0 1
{ -0 = &= _(633E3 _5135) (5)
03 = 33
It follows that:
of c]*l _63*1 ¢
o s 5]
3 € &3 3
2 2
* e * C, % C.
With: € =6+ ey =€y —— 50, =6 ——
33 Cy3 C33
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2.4. Feedback Control Law

Let us now consider an arbitrary piezoelectric layer, actuator, or sensor, placed
between z ,z, (z_<z,),withcenter z, = (Z?+ z, ) / 2 and thickness 4. The elec-

- 4y

trostatic equilibrium equation, assuming no volume charge density, is given by:

oD
a_; =0 7)
Using the boundary conditions, D(z_) =0 or D(z+ ) =0, we have:
Dy(z)=0 (8)
Thus, the electric field in the sensor, as a function of displacement, is given by:
Es(z)=—ei;8=—i;(u,x+lw,i—zw,ﬂj )
€, €

Since the electric field is derived from a potential, we have:

P

’ 0z (10)

Consequently, the potential difference is given by:

Ap=9(z )¢l )= (e [+ =z, ] )

€33

1

h,
With: z_ =z, —— and z, =z +—
2 2

i=a,s

From Equations (9) and (11), we have:

E, (Z)=—i—¢+§%(z—z,-)w,w (12)
7 33

The core of the beam is assumed to be conductive with a uniform potential set

to zero. The sensor potential, denoted ¢, (x) , is then given by:
e 1,
@ =Ag, =—=h, (uqx +EM{X _st,xx) (13)

&3

The actuator potential ¢, (x) depends on the sensor output potential ¢, (x)
through a proportional-derivative control law described as follows:

¢a = Gp¢s + Gdév (14)

In this formulation, G, represents the proportional gain, which acts directly on
the sensor displacement and thus modifies the effective stiffness perceived by the
structure. By adjusting G, the stiffening or softening behavior of the system can
be influenced, and the effective natural frequency can be shifted. G on the other
hand, is the derivative (or velocity) gain, which acts on the sensor velocity and
contributes to the effective damping of the system, reducing vibration amplitudes
and the hysteresis associated with nonlinear responses.

Using Equations (12) and (13), the electric fields in the sensor and actuator are,
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respectively, given by:

E§(Z):—ﬁ+e—il(z—zs)wm (15)

B (2) = S oz (16)

h

a 633

The potentials ¢, and ¢, areindependentof zand z, =(h, +h,) / 2 et

~(h +h)/2.

The direct and inverse piezoelectric coefficients were taken into account in
these formulations and will be involved in the dynamic behavior of the beam [1]
[12] [25] [26].

2.5. Dynamic Equation

To determine the dynamic equation of the beam, we use the variational formula-
tion, Hamilton’s principle, and Equations (5), (14), and (15). The beam is sub-
jected to axial and transverse excitations Fyand F, [1] [24] [27] [28].

For the variational principle, we have:

Ialégdv = I o,0edv, + I o,0edv, + J o,0edv,
14 Vg Ve Va

:J‘OL(N&:O +M5M{m)dx (17)
= ["(Fyou+ F,ow)dx—(pS), [} (iiu +isw)dx
S).=pS +p.S. +p,S
Wlth (p )* ps s pL c pa a
Ogy =0u, +w ow,

According to Hamilton’s principle, we have:

N, jods ES{X (Z—g}

62

ox?

(18)
M, jzo— ds =—EI

If we integrate over the entire thickness and width, and assume that the piezo-
electric layers are symmetrical (4, = A ), the axial force Vand the bending mo-

ment M are determined from the previous equation as follows:
N=0/S,+0/S,+0/8S, =(6{’+0‘f)SS+ECSC£ (19)
Using Equation (5), we obtain:
o} +0; =2¢,6 ¢y (Ei +E}) (20)

[
h

s

E}+E; = (21)

Using Equations (2), (13)-(16), we obtain:
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N{qus +E,S,+(1-G,)S,

633 &3 o
(22)
() J
-G,S, 2 (u)x + W W, —zxw’n_)
633
We also obtain the moment in the same manner; thus, we have:

N =(ES), & -Byw, ~(ES),,G, (i, +w b, =Wz
(23)

M =B, &, +(El). w, ~(ES)  z,G, (i, +w b, =W z)

(ES), = E,S, +2¢,S, +(ES) ,(1-G,);

(ES)p ( 31) ;

633

With: 1B, =(ES) (1-G,)z;
B, =(ES) ,(1+G, )z;
(£S)

S

s

(EI), = E1,+2¢), (1, +8,22 )+ —2(21, +(1+ G, ) 21, ).

By applying the variational principle to the displacements z and w; and inte-
grating by parts once for the terms in Su, and Jow,, and twice for the terms

in 0 W, we obtain the following partial differential equations [1] [12]-[15].

{_]v,x—i_(ps)*ii:FX

M ~(Nw,) +(pS). = (24)

Assuming that the axial force and the axial displacement inertia are negligible,

_]V"x =0
M —(Nw, ),X +(pS), w=F, (25)

system (24) becomes:

The axial force depends only on time (N(x,t) = N(t)) , so system (25) be-
comes:
1 . .
N = E(ES)* w’.—Byw,. —(ES) .G, (Wb, —v,2,) ”

M:%B Wl +(EI), w,, —(ES) , Gz, (Wb, —,.2,)

En intégrant la premiére équation du systéme (26) entre (O et L), on obtient:

N(t)= 2L(ES ). [ whdx— j - S)‘”Gj(ww .z, )dx (27)

By substituting (27) into the second equation of system (26), the following dy-
namic equation is obtained:

S), v+ (EI =N()w, =By (W +w W,
(pS), W+ (EI), W (t)w, (w +wow ) (28)

LXX T L,XX

—(pS)peGdz (w W P20 W +w W ZSW’W):FZ
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This differential equation describes the transverse dynamic behavior of the pie-
zoelectric-elastic-piezoelectric beam subjected to a transverse excitation and active
control based on the feedback control law when the axial force and axial displace-
ment effects are neglected. The free and forced nonlinear vibrations, as well as the
active control of the beam, can be analyzed by solving Equation (25) or (28) [12].

In this work, the axial effects are neglected; therefore, only Equation (28), which

describes the dynamic behavior of the beam without axial effects, is solved.

3. Solution Methodology

To solve Equation (28), and in order to simplify the calculations, the Galerkin
approximation given by Equation (30) below is applied. The beam is transversely

excited by an external, uniformly distributed harmonic force of the form:

F.(x,t)= f(x)cos(art) (29)
The Galerkin approximation [12] [28] is given as follows:
W(x’f)=zqk (t)(/’k (x) (30)
k=1

o, (x) : are the vibration modes of the beam;

9 (t) : are the associated time-dependent amplitudes.

This mode superposition leads to a reduced-order approximate dynamic sys-
tem model. To perform control in a simple manner, we consider a single mode.
By substituting Equation (30) into Equation (28), integrating over the entire length,

and omitting the indices since only one mode is considered, we obtain:

G(t)+2uq(1)+0;q(1)+ayq® (1) +asq’ (1) +a,q (1) (1) + asq® (1) 4 (1)

= F, cos(r) GD
With:
(ES) _G,2 .,
2u :TJ" Prcee (¥) ()
o} =%IJ¢W(X)¢(X)M;
@, = [} 0. (1)) 0, ()ax -2 [ (0, (1) + 0, (o (9] o)
= (e8] . () @
0= A L, (o o (9352([ (0. () 0. (Do (o))
(59),. G0 o
a; =—— |, 0. (x)o(x)ax[ (0. (x)) dr;
F=]) f () (x)dv:

M =(pS). [, (¢, (x)) dx.
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These coefficients depend on the control parameters G, and G, and conse-
quently, they can be significantly influenced by the control law considered. The
resolution of Equation (31) will be carried out in the following, using the method
of averaging.

3.1. Primary Resonance

According to the principle of the method of averaging, Equation (30) can be re-

written by introducing the perturbation parameter; thus, we have:
j+ajq=-¢ [qu +a,q" +o,q’ +a,qq+a.q’§—F cos (a)t)J (32)
If ¢=0, the general solution of Equation (31) is given by:
g =acos(w,t+f) (33)
Since a and B are constants, the derivative of Equation (32) is:
¢ =—-aw, sin(w,t+f) (34)

If &+#0, the solution of Equation (32) takes the form of Equation (34), but
with @ and S now varying with time. Differentiating Equation (33) then yields:

g =-aw, sin(w,t+B)+acos(w,t+ B)-apsin(w,t+ ) (35)
By comparing Equations (34) and (35), we obtain:
acos(w,t+ B)-apsin(wt+p)=0 (36)
Let us differentiate Equation (33) with respect to time:
G =—aw, sin(w,t +ﬁ)—aa)f cos(a)Lt-I—ﬂ)—a,Ba)L cos(w,t+ ) (37)
By substituting (34), (35), and (37) into (32), we obtain:
aw, sin(w,t+ B)+apa, cos(w,t+ )
= —2ue(aw, sin a)Lt+ﬂ))+a2£(a2 cos® (@, + ﬁ))
ta,e (a3 cos a)Lt+ﬂ)) 5(a2a)L cos(th+ﬂ)sin(th+ﬂ))

—ase(d’ o, cos® (ot +ﬂ)sin(a)Lt+ﬂ))—.91'71 cos(ar)

(38)

By using (36) and (38), we have:

a= i{—,uaa)L + paw, cos(2w,t+2)+a, (%az sin(a)Lt+ﬁ)+%a2 sin(3th+3ﬁ)j
a)L

+a, (%cf sin (2w, + 2[)’)+%a3 sin (4w, +4ﬂ)j—%F sin((@, —o)t+ )
-a, (%aza}L cos(w,t +ﬁ)—%aza)£ cos (3w, +3ﬂ))—%Fl sin((w, + @)1+ )

1 1
—ay [gfwa —§a3wL cos (4w, + 4,6)]}
(39)

By substituting (39) into (36), we obtain:
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L

2 2
af = i{—yawL sin(2w,1+28)+a, [%cos(@t +ﬂ)+%cos(3th +3,B)J
3 3 3
+a, 3%+a?cos(2a)Lt+ 2,B)+%cos(4a)£t+4ﬂ)j

) 2
-a, %wL sin(le+ﬂ)+%wL sin(3wg+3ﬁ)j—%l COS((wL —a))t+ﬁ)

3 3

—a %a)L sin (26, ¢+ 2ﬁ)+%a)L sin(4a)Lt+4ﬂ)j—§cos((a)L + a))t+ﬁ)}

(40)

In primary resonance, @~ ®, and the expressions in sin((a)L -o)t+ ﬂ)
and COS((a)L - a))t +p ) vary slowly with respect to time in Equations (39) and
(40), respectively. We then have:

3
a=-pac—a.e - 2560; sin((w, —w)t+ B)

(41)

3
aff = ae ;Z)L —%cos((a& ~)t+f)

By setting y = (a)L - a))t +f and ®=wm, +¢0, the system (41) becomes:

. a  eF .
a:—,uag—asg——gsm(y)

' (42)
3a°  ¢F,

ay +&ac = a,¢ cos(7)

8w, 2w,
Initially, @ and ) oscillate, and as time increases, they become constants.
Thus, for ¢d=0 and 7 =0, we have:
p asa’ _ —F

o, 8w, - 2aw; s1n(7)

) s (43)
o352 _ -cos(7)
8w, 2aw;,

From system (43), the following equation is obtained:

a,a’ ’ aga’ ’ K ’
@ 1+33_¢12 T A L — (44)
W, 8w; o, 8w, 2aw;

3.2. Secondary Resonance

In the case of secondary resonance, Equation (31) can be rewritten by introducing
the perturbation parameter in the following form:
j+olq=—¢ [qu +a,q" +a,q’ +a,qq+ a5q2c]J +F, cos(or) (45)
If £¢=0 and using the principle of superposition, the general solution of Equa-
tion (45) is given by:
g =acos(w,t+ f)+2Acos(wr) (46)
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F,
2A =——— (47)
w;, —®
The derivative of (46) is given as follows:
4 =—aw, sin(w,t+ f)-2Awsin(wr) (48)

If £#0, as in primary resonance, the derivative of (47), using the variation of

constants, is given by:
¢ =—-aw, sin(w,t+ B)+acos(w,t+ B)—apsin(w,t+ B)-2Awsin(wt) (49)
By comparing (48) and (49), we obtain:
dcos(a)Lt+,8)—aﬁsin(a)Lt+,b’):0 (50)
The derivative of (47) is given by:
G =—aw; cos(w,t+ B)—aw, sin(w,t+ B)—aPw, cos(w,t+ B)—2Ae" cos(awt)
(51)
By substituting (46), (48), and (30) into (45), we obtain:
aw, sin(w,t + B)+apcos(w,t + B) = -2ue[ aw, sin (ot + B)+2Awsin(wt)]
+ aye| acos(w,t + B)+2A cos (ot ] +a,¢[ acos(w,t+ B)+2A cos( t)]3
+ a4£[(a cos (@, + B)+2A cos(at))(—am, sin(w,t + B)—2Awsin a)t))]
+ase [(a cos(@,t+ f8)+2Acos (a)t))2 (—aw, sin(w,t+ B)—2Awsin( wt))}
(52)

Using (50) and (52), we obtain:

L _
a_a)L{ ,uaa)L(l cos(Zth+2ﬂ))+2,uAa)cos((a)L+a))t+ﬂ) 2,uAcocos(( )t+ﬁ)}

2 2
+%{(2A2 +%]Sin(a)Lt+ﬁ)+aTsin(3a)Lt+3ﬂ)+A2 sin((a)L +2a))t+ﬂ)
wL

+A?sin((o, —20)1+ B)+aAsin((20, + )1 +2)+alsin((20, -o)t + 2,8)}

3 3
+ 55 {[361/\2 +%jsin(2a)Lt+2ﬁ)+%sin(4a)Lt+4ﬁ)
a)L

+[3A3 +%]sin((ah +a))t+ﬁ)+£3/\3

2

228 (0, - o))

2

A sin((20, +20)t+2p)+ A sin((20, —20)t+28)+ A’ sin((o, +30)t+ )

3a
+

2 2

3a Asin((3a)L +o)t+3p)+

+

Asin((3COL ~)t+3f)+ N sin((o, —3a))t+ﬁ)}

P 2
O oo )+ 38) - A, s o)
@y

+%(wL +)cos((2m, +a))t+2ﬁ)+%(wL —)cos((2m, —w)1+2p)
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+ @A cos((2m, + @)1 +28) - oA’ cos((20, — o)t + 2/5’)}

3

3
i {—[aa)LAz +4 g)L J—aa)LA2 (cos(2at)+cos(2w,t+2))+ ¢ g)L cos(4w,t+4p)

@

2 2 2 2
+| oA’ —%+MJCOS((QJL +a))t+,8)—[(oA3 +M+M]cos((q ~o)t+p)
‘o, A d’oA ‘o, A d’oA 9
do, N do ado, N do
+ 2L + Jcos((?aa)L +w)t+3ﬂ)+( 2L 2 jcos((SwL -)t+3p)
2 2
+| awA? +%Jcos((2a& +2w)t+2ﬁ)+(—aa)A2 +%Jcos((2a& —2w)t+2ﬁ)
+ oA’ cos((m, +3w)t+ ) - oA’ cos((a, —3a))t+ﬁ)}
By substituting (53) into (50), we obtain:
af = i{—,uaa)L (1-sin(2,t+2B)) - 2puAosin((, + @)t + B)+2ulosin (o, —a))t+ﬂ)}
a)L
a,E , 3d? a’ )
+ 2A tae cos(a)Lt+ﬂ)+2aAcos(a)t)+Tcos(3th+3ﬂ)+A cos((@, +20)1+ )
a)L
+ A cos((@, —2w)t+ B) +aA cos((2w, +w)t+28)+aA cos((2a, —a))t+2ﬂ)}
3 3 3
4 & {[?mAz +3%] +(3aA2 +%Jcos(2a)Lt+ 2) +%cos(4a)Lt+4ﬂ)+3aA2 cos(2ar)
a)L
2 2
-i—[?aA3 + 9a4A]cos((a)L +a))t-|-ﬁ)+(3A3 + 9a4A]cos((a)L —a))t+,3)
3a°A 3a°A 3
+ cos((2, +2w)t+2p8)+ cos((2m, —20)1+2p)+ A’ cos((w, +3w)1+ )
2 2
NECEL cos((3w, + @)t +3p)+ Sa A cos((3e, —@)t+3B)+ A’ cos((a, —3a))t+ﬁ)}
2 2
+ %4 {—ﬂsin(ay +f)- 49 sin (3w, +3 ) — Aaw, sin(ot)
o, 4 4
—%(a& +o)sin (20, +a))t+2ﬂ)—%(wL -o)sin((20, - o)1 +2p)
- oA’ sin((20, + @)1 +2)+ oA sin((20, —a))t+2ﬁ)}
3 3
il {—[aa)LAz +4 :)L ]sin(Za)Lt+2ﬂ)—2aa)A2 sin (2wt ) - a goL sin(4aw,1+4p)
a)L
2 2 2 2
-| oA’ +%+M]sin((@ +a))t+ﬂ)+(a)A3 —%+%Jsin((q - )1+ f)
54
3 azwLA+a2wA 59

]sin((Sa)L +a))t+3ﬁ)—[a2wLA - anA]sin((_%a)L ~o)t+3p)

2 2

2 2
—| awA* + aa)gA ]sin (209, +2a))t+2ﬁ)—[—aa)1\2 +%]sin((2a& —20)t+2p)

- oA’ sin((a)L +3a))t+ﬂ)+wA3 sin((a)L —3a))t+ﬂ)}
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In secondary resonance, there are two cases: superharmonic resonance and sub-

harmonic resonance.

3.2.1. Superharmonic Resonance
1 1
In this case, we have @ = Ea)L et o= EwL .

9F,

1
First case: w~—w,,A=—
3

wy,
The expressions for sin((w, —3w)t+ ) and cos((w, —3w)t+ B) vary slowly
with time. Equations (53) and (54) then become:

3 3 3
i+ pag + 224 +aseal’ = ;¢ sin((e, —30)1+ ) - aseh cos((@, —3w)t+ )
W, 3w,
3 2 3 3
aﬂ-,_3a3ga _dasal’ _ apeh cos((a)L—3a))t+,B)+a5€A sin((w, —3w)1+ )

8w, o8 W, 3w,

(55)
By setting y =(w, —3w)t+f and 3w =w, + &0 , the system (55) becomes:

asea’ aeN’

+a,eal’ =

a+ pas+

. _agen’
o, sin() o, cos(7)

(56)
aseN’

3w,

3aea’ 3agah’  agelN’
_ - c

sin(y)

os(y)+

ay +¢&ao —

8w, w, W,

If the system tends toward a steady state, ¢ =0 and y =0, we have:

3 3
oA asA

3aw,

2
,u+aSTa+a5A2 = sin(y)- cos(y)

aw,

o 3asa’ 3a A’ o’ cos(7)+ a A’
8w,

, aw,

From system (57), we obtain:

o (1 ad an )] aa® aN | (an) (aAt
——| o+ N =| 2|+ =2 (58)
w, \3 8w, o 3w, 240, 3o, 3aw; 9aw,
2F
Second case: wzla)L,Az >
2 3w;

The expressions for sin((w, —2w)t+ ) and cos((@, —2w)t+ B) vary slow-
ly with time. Equations (53) and (54) then become:

3 2 2
asea o,eN° . oA

— taeal’ =2 —sin((o, —20)t + ) -——
o, 20,

cos((a, —2m)1+ )

a+ pac+

3 2 2 2
_dayea” 3aneah” el cos((a)L —2a))t+ﬂ)+ asgl\

@y @y

af cos((a)L —2a))t+ﬂ)

8w, W,

(59)

By setting y =(w, —2w)t+f et 20 =, + &0, the system (59) becomes:
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3 2 2
AT A
a+ pas+ dsed +ageal’ = ek sm(}/)—a“g cos(y)
@, 2w, (60)
, 3ayea’ 3ayeah’  ayEN’ aeN .
ay +&ac — - = os(y)+ sin(y)
w, w, o, 20,
If the system tends toward a steady state, ¢ =0 and y =0, we have:
2 2 2
A A
,u+a5a +a A = % sin(;/)—a4 cos(7)
; 20, (61)
3aya> 3o\’ A A
P e cos(;/)+0{4 sin ()
8w, o8 w; 20,

From system (61), we obtain:

2 2\ P 2 2 7 2\? 2\?
o l+3a3a2 +3a3/} T +a5A _ a, A N a,A
w, (2 16w, 2o, 20, lb6w, 2w, 2a0, 4aw,

(62)

3.2.2. Subharmonic Resonance
K
160}

First case: w~3w,, A=

The expressions for sin((3w, —@)t+ ) and cos((3w, —@)t+B) vary slow-
ly with time. Equations (53) and (54) then become:

3 2
a.ga 3a,ea’A
3 +0¢55aA2 =777

a+ pag+ sin((3a)L—a))t+3ﬂ)

4o,

aea’A

cos((3w, —w)t+3p)
3a.ea’ Baeal®  3a.ea’A (6
5 d0GEa SQ, _ 2%

ap

cos((3w, —w)t+3p)

8w, w, 4o,

asea’ A
+—

sin((3w, —w)t+3p)

By setting y =(w, —@)t+3f et w=3w, +&oc , the system (63) becomes:

3 2 2
3 A A
i+ pas+ 254 aseal’ = 2084 B in (7)- dsed cos ()
4o, (64)
. Yo,ea’ 9a,ealh’®  9a,ea’A 3aea’A
ay +eaoc — - = cos(y)+—"—sin(y)
8w, , 4o,
If the system tends toward a steady state, ¢ =0 and y =0, we have:
2
3azaA . A
,u+aS—a+a5A2 = 2% sm(y)—asa cos(7)
8 4o, (65)
a,a> 9a,A° YaaA 3asal .
- - = cos(y)+ sin ()
8w, W, 4o,
From system (65), we obtain:
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2 2\ 2 272 2 2
{2_(3+9a3c21 +%]:‘ +{3_,u+3055a Jr30:5A } :[90:3(12A) +(3a5aAj
, 8w; ;] o, 8w, @, 4o; 4o,
(66)
—h
60;
The expressions for sin((Za)L —a))t+2,3) and Cos((Za)L —a))t+2,3) vary
slowly with time. Equations (53) and (54) then become:

Second case: w=~2w,, A=

3
A .
i+ pas + 554 +aseal’ =ﬂsm((2wl —o)t+2)
@
A
—ﬂcos((ZmL—a))tJJﬂ)
3asea’  3azeal’ A ©7)
af} - %Ea 2oEaR _ %hed cos((2m, — @)1 +2p)
8w, @, @,
A
4+ 2atd sin((20, —)1+2p)
By setting y = (2w, —w)t+28, ®=2w, +&c , the system (67) gives:
3
A A
i+ pas + 2554 +aseal’ =ﬂsin(7)—%cos(y)
o
3aea’  bayeal’ Lz A (©)
ay +eao — %Ea D0EAR 204 cos(y)+a,Asin(y)
) @y @,
In a steady state, we obtain:
2 A A
,u+aSTa+055A2:a2 sin(;/)—a“2 cos(7)
o
' (69)

Bagd’® 6a, A 2a,A
4o, o, w,

cos(y)+a,Asin(y)

From system (69), we obtain:

2 T 2 2P 2 2
o 2+3a3a +6a3A N 2_,u+a5a +2a5A _[2eA N a,A
o, by w; w, 40, o w; o,

(70)

Briefly, the structural modeling allowed us to represent the nonlinear dynamic
behavior of the beam in the form of a differential equation. Then, the application
of the method of averaging to the dynamic equation enabled the calculation of the
different resonances. In the following section, we present the results of the numer-

ical simulations and their discussion.

4. Results and Discussion

4.1. Boundary Conditions and Beam Properties

In this study, three boundary conditions were used:

- S-8: simply supported beam;
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- C-S: clamped-simply supported beam;
- C-C: clamped-clamped beam.
The geometric and material properties are presented in Table 1. The numerical

values corresponding to the different boundary conditions are given in Table 2.

Table 1. Geometric and material properties of the beam [12].

Elastic layer Piezoelectric layer
L:Length (m) 1 1
H:Width (m) H =5h H =5h
h:Total thickness (4= 0.01) h =5h+6 h,=h,=H+12
Young’s modulus (Pa) E =69x10" ---
Density (Kg-m™) p. =2766 p, =7500
¢, (Pa) 6.98 x 10'0
e, (Cm3) -23.2
¢, (F-m™) 1.73 x 10°®

Table 2. Coefficient values corresponding to the three boundary conditions [12].

S-S c-S c-C
4, 1.4924 x 10° 3.6420 x 10° 7.6689 x 10°
i, ~3.4548 x 10° ~2.9565 x 10° 0
A, ~1.7760 x 107 ~2.3151 x 107 ~2.1882 x 107
Hy ~4.8367 x 10° ~4.3922 x 10° 0
s ~3.5520 x 107 ~4.6302 x 107 ~4.3765 x 107
C 1.7333 x 10* 4.2300 x 10° 8.9070 x 10*
C, 1.5075 x 107 0.18569 x 107 0
C, 4.9133 x 10° 6.4047 x 10° 6.0537 x 10°

Using the feedback control parameters, the 4 and C, coefficients in Table

2 are given by:

2p =Gy a, =C, +11,Gp s o, =G+ 1,6
o, =C+uGp;  a,=uG,; as = psG,.
1 : (ES),.
C'l =H Ec](f+2cll(ls +Sszf)+ Ssp (2[A+SAZ.32) J.Ome (-x)(ﬂ(x)dx,
(ES) e Zs 1,2 L L 2
C, =Tp(2fo 2. ()P (x)&xf, 0, (x)dx [ {(0 (x)) + 0, (x)0n ()} o, (X)dXJ;
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EI +2c,S, +(ES)

€= [0 (o ()& (o, (x)) d:

PR e

o= B (Lt (Woe)ae] o (s [ flo. () 0. (o (O] (e |
w1, ()o(e)as] o0 e

o= B (Lt (oe)ae] o (ar2, flo. (0 0. (9 (O] (e |
o= e (2)oa)a] (o, ()

F=— [ f(5)o(x)des M =(pS). [} (o(x)) dxi (ES), =S,

4.2. Primary Resonance

In all the presented figures, the frequency is normalized with respect to the natural
frequency of the studied beam, and the beam is uniformly excited.

Figure 2 compares three analytical methods: the method of averaging (MA),
used in this work, the harmonic balance method (HBM) [16]-[20] [29], and the
multiple scales method (MSM) [12] [30], which have been used in the literature.
The curves obtained using the method of averaging and the multiple scales
method overlap, as shown in the figure, whereas a slight deviation is observed with
those obtained by the harmonic balance method. This is likely due to the lower
accuracy of the latter method. The method of averaging can thus be considered a
reliable technique for vibration control in structures with good accuracy.

Figure 3 and Figure 4 illustrate typical nonlinear phenomena. When G, = 20,
the stiffness increases, and the system is said to be hardening, which results in a
frequency response curve leaning toward higher frequencies. When G, = 35, the
stiffness decreases, and the system is said to be softening, leading to a frequency
response curve inclined toward lower frequencies. In both cases, multiple solu-
tions may exist for the same excitation frequency. This gives rise to jump phe-
nomena, depending on the direction of the frequency sweep.

Figure 5 presents the effects of boundary conditions on the amplitude-fre-
quency response of the structure. The S-S beam is highly sensitive to changes in
the G, parameter compared to the C-S beam, and more sensitive than the C-C
beam. The effects of geometric nonlinearities are significantly reduced when the
value of this parameter is increased.

Figure 6 shows the free responses, i.e., when the external force is zero. However,
depending on the initial shape of the structure at rest, some behaviors can be sof-
tening, while others are hardening. This behavior may depend on the static stiffness

of the structure around its equilibrium point and the presence of nonlinearities.
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In Figure 7, the proportional control gain G, is fixed at 20 while the velocity
control gain G is varied. As Gyincreases, the vibration amplitudes decrease, and
the system remains in the hardening regime. To observe the opposite effect, i.e.,
the softening behavior, one simply needs to increase the value of G, as shown in
Figure 8. The hardening-softening transition is independent of G since increas-

ing or decreasing its value always results in a hardening behavior.

Gd =0.005; F1 = 100N

0.03 | | |

T T T T T s
-

0.025

0.02

-~ 0.015

Amplitude

o
o
=

0.005

Frequency

Figure 2. Comparison of the three analytical methods on the amplitude-frequency responses of the S-S beam.

Gd =0.005; F1 = 100N
T T T T T T
Softening .- Hardening .

0.03

0.025}
Gp=357-..
0.02 )

-~ 0.015

Amplitude

g
o
=

0.005

1 | 1 | 1
82 0.4 0.6 0.8 1 12 14 16 1.8 2
Frequency

Figure 3. Jumps in the increasing direction of frequencies.
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Gd =0.005; F1=100N
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Softening Hardening
0.025F .
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0.02
U
T
=]
= 0.015
—
Q
g
<

g
o
=

0.005]

1 1 1 1 1
82 04 06 08 1 12 14 16 18 2
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Figure 4. Jumps in the decreasing direction of frequencies.
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Figure 5. Amplitude-frequency responses for the three boundary conditions.
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Figure 6. Free nonlinear amplitude-frequency responses for the three boundary con-

ditions.
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Gd= 0.0(|)1; 0.005; 0.01; Gp = 20; F1 = 400N
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Figure 7. Amplitude-frequency responses of the three boundary conditions.
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Figure 8. Amplitude-frequency responses of the three boundary conditions.

4.3. Secondary Resonance

4.3.1. Superharmonic Resonance
Figure 9 and Figure 10 show the effects of nonlinearities on beam S-S.

For ®~1/3w,, on the stiffening side, the amplitudes decrease as G, increases;
however, on the softening side, the amplitudes increase with increasing G,.

For w~1/2w, , the vibration amplitudes decrease on both sides as G, in-
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creases. In this particular case, the transition can be controlled by the parameter
G, and the resonance shifts.

For the C-S beam in Figure 11, nonlinear behaviors occur around the struc-
ture’s natural mode. In Figure 12, the excitation effect is negligible on the C-C

beam. These behaviors result from the presence of clamping in the structure.

Gd =0.001; F1=400N
0.016 T T T T T T

Gp=2|5
n Gp=30 4
0.014 p Gp=26

0.012

o

o o
S o
(%) -

Amplitude

0.004

0.002

= | I
83 0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38
Frequency

Figure 9. Amplitude-frequency superharmonic responses for @ ~1/3w, of beam S-S.
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02 0.3 04 05 06 07 0.8 0.9 1
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Figure 10. Amplitude-frequency superharmonic responses for w~1/2@, of beam S-S.
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Gd =0.001; F1=400N
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Figure 11. Amplitude-frequency superharmonic responses for @ ~1/2®, of beam C-S.
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Figure 12. Super-harmonic amplitude-frequency response for @ ~1/2®, of the C-C beam.

4.3.2. Subharmonic Resonance

In Figure 13, the behavior of beam S-S exhibits hysteresis. This suggests that the
nonlinear relationship between amplitude and frequency is due to mechanical
losses within the structure. These losses, having become a form of energy, dissi-
pate within the structure; therefore, control gains help reduce these losses by de-

creasing the area of the amplitude-frequency hysteresis loop. On the stiffening
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side for fixed G this area can be reduced by increasing the gain G,, whereas on
the softening side, the area is instead reduced by decreasing the gain. The same
phenomenon is observed in Figure 14 and Figure 15, with G, fixed and Gyvaried.
For all values of G, the beam exhibits stiffening behavior, and increasing its value
reduces the hysteresis area. Thus, by minimizing this energy, the operational
range of the beam can be optimized. These behaviors are significant for energy
harvesting. Similarly, in Figure 16 and Figure 17, second-order nonlinear effects
are observed, and one can also control the vibration amplitudes as well as the stift-
ening-softening transition. As for Figure 18, it shows that the influence of excita-

tion is negligible on beam C-C.

Gd =0.001; F1=400N
0.025 T T T T T T

0.02F Gp=30

o

o

=

o
T

Amplitude

0.005 T

1 | 1 | 1
96 27 28 29 3 3.1 32 33 34 35 36
Frequency

Figure 13. Subharmonic amplitude-frequency responses for @ ~3w®, of the S-S beam.
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Figure 14. Subharmonic amplitude-frequency responses for @ ~3w, of S-S beam.
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Figure 15. Subharmonic amplitude-frequency responses for @ ~ 3w, of the C-S beam.
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. Subharmonic amplitude-frequency responses for w~2®, of the S-S beam.

The control of vibrational behavior can significantly influence the performance

of energy harvesting devices. Maintaining the excitation amplitude and frequency

close to the resonance point of a piezoelectric energy harvesting device allows for

an increase in the harvested power. In this context, the proportional-derivative

control applied in this study could optimize energy harvesting by adjusting the

effective stiffness and damping, thereby modulating the vibrational response to

maximize energy conversion efficiency.
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Figure 17. Subharmonic amplitude-frequency responses for @ ~ 2w, of S-S beam.
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Figure 18. Subharmonic amplitude-frequency responses for @~ 2w, of the C-C beam.

5. Conclusion

This study aimed to explore the method of averaging for active control of nonlinear
vibrations in a sandwich beam. Based on the results obtained and supported by

findings in the literature, this method has proven to be highly effective for active
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vibration control and may also be very relevant for energy harvesting. Three
boundary conditions were highlighted: simply supported beam, clamped-simply
supported beam, and clamped-clamped beam. In general, the dynamic behavior
of the beam can be controlled through control gains for all these boundary condi-
tions using a retractable control law. The stiffening-softening transition can be
managed via the control gain G,, while amplitude reduction is achieved through

the parameter G..
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