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A design strategy is proposed for the active vibration control of fully anisotropic plates
in which the active elements are laminated, spatially distributed, piezoelectric layers. The
control methodology results from stability criteria established through the second method
of Lyapunov, and is based on the consideration of the total system energy. The results show
that for a fully anisotropic plate it is sufficient to ensure asymptotic stability provided that
three criteria are met: (1) for each piezoelectric actuator laminate above the composite
structure mid-plane there exists a corresponding identically polarized sensor laminate, also
located above the mid-plane; (2) a linear control law governing each conjugate sensor/
actuator pair is enforced such that the input to a given actuator is always proportional and
opposite in sign to the current induced by the corresponding sensor; (3) for each conjugate
pair above the mid-plane there exists an identical pair below the mid-plane. The analysis
shows that these design prerequisites may be relaxed significantly in the absence of bending—
stretching coupling. When the design criteria are satisfied, the measure of active vibration
suppression becomes directly dependent on the choice of transducer spatial distribution
functions. A weaker sufficient criterion is also identified, which could potentially be utilized
to relax the design constraints further for fully anisotropic media. Previously employed
design strategies for bending vibration control of beams and isotropic plates are shown to
be a subclass of general anisotropic plate control theory, and often destabilizing in the
presence of anisotropy.

1. INTRODUCTION

The component elements used in space systems are generally flexible, lightly damped, and
have a large number of vibrational modes. Mission requirements often preclude the use
of passive damping treatments. Active dampers traditionally have been based on the
implementation of a finite number of discrete transducers [1, 2]. Because the component
members are continuous and in theory possess an infinite number of degrees of freedom,
these control schemes truncate the system model into a finite number of discrete modes.
Such methodologies necessarily lead to the spillover of unmodelled high frequency modes,
which tends to reduce controller effectiveness and robustness and may lead to instability [2].

Within the past decade vibration control techniques which utilize distributed actuators
and sensors have been developed. Spatially distributed actuators were shown to provide
successfully active damping to beams without requiring discretization of the system model
[3-7]. These studies indicate that active vibration control of Bernoulli-Euler beams with
nearly arbitrary boundary constraints may be accomplished by using distributed actuators
with strain fields which vary spatially. The distributed actuators were designed by using
polyvinylidine fluoride (PVF2), a polymeric material made piezoelectrically active through
a polarization process which is applied during its manufacture [8]. Burke and Hubbard
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showed that spatial variation of the actuator polarization profile allows for the
simultaneous control of all modes or the selective control of desired modal subsets [4]. A
reciprocal sensor model was developed by Miller and Hubbard [9] and then incorporated
into a component system in which distributed sensor and actuator transducers were
integrated into a component beam member, yielding smart structural members that could
be used to form complex structures [10, 11]. In their analysis, stability criteria were
established which govern both the design of piezoelectrically laminated Bernoulli-type
beam components and their integration into larger complex superstructures.

Since many aerospace structures contain flexible components which are characteristi-
cally two-dimensional, much effort has been recently focused on extending these
one-dimensional beam formulations to the control of plates. Burke and Hubbard [12]
developed a formulation for the control of thin elastic (Kirchhoff-Love) isotropic plates
subject to nearly general boundary conditions, in which the active elements were spatially
varying biaxially polarized piezoelectric transducer layers. Stability criteria were
established and the effects of spatial weighting were discussed. Lee [13, 14] generalized the
classical laminate theory developed by Ashton ez al. [15] to include the effect of laminated
piezoelectric layers. The theory exploits the piezoelectric phenomenon to provide for the
distributed actuation and sensing of bending, torsion, shearing, shrinking and stretching
in flexible anisotropic plates.

The asymmetric behavior of anisotropic laminated piezoelectric plates forces one to
ascertain what criteria must be established in order to guarantee the active dissipation of
vibrational energy in the distributed control problem involving such a structure.
Applications of the direct velocity feedback laws typified in the control of isotropic beams
[5, 10] and plates [12] are not necessarily extensible to anisotropic structures. Therefore,
in this paper, stability criteria and an active vibration suppression control design
methodology for anisotropic laminated piezoelectric plates are derived. The criteria that
are established are sufficient for asymptotic stability based on the second (direct) method
of Lyapunov. The general equations of motion as developed by Lee [13] are incorporated
into a Lyapunov functional which is representative of the total system mechanical energy.
The boundary conditions as developed in Reference [13] are then generalized to include
dissipative loss mechanisms and applied to the functional, leading to the following three
easily realizable design constraints which are sufficient to guarantee the asymptotic stability
of a piezoelectrically active laminated anisotropic rectangular plate: (1) for each
piezoelectric actuator laminate above the composite structure mid-plane there must exist
a corresponding identically polarized sensor laminate, located above the mid-plane; (2) a
linear control law governing each conjugate sensor/actuator pair is enforced such that the
input to a given actuator is always proportional and opposite in sign to the current induced
by the corresponding sensor; (3) for each conjugate pair above the mid-plane there exists
an identical pair below the mid-plane. The analysis shows that these design criteria may be
significantly relaxed in the absence of coupling between stretching and bending. When
these constraints are satisfied, then active vibration suppression becomes directly dependent
on the choice of transducer spatial distribution functions. Weaker criteria, sufficient to
ensure asymptotic stability, are also established which may be exploited in certain instances
to further relax the design constraints. Previously employed design strategies for bending
vibration control of beams [10, 11] and isotropic plates [12] are shown to be potentially
destabilizing in the presence of anisotropy.

2. DEVELOPMENT OF STABILITY CRITERIA

The geometry of the general system under consideration is described in Figure 1. For
simplicity, and without loss of generality, a rectangular anisotropic plate with n piezoelec-
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Figure 1. The geometry of the general piezoelectric laminate system.

trically active laminate layers stacked upon each face is to be considered. As shown in the
figure, the length dimensions of the system in the x and y directions are denoted as L, and
L,, respectively. Exactly n layers function as actuators and n corresponding layers function
as sensors. Actuator and sensor layers may be located both above and below the neutral
mid-plane. Each piezoelectric layer may be independently anisotropic, although typically
the active layers are either transversely isotropic, or else their mechanical stiffness relative
to the substrate allows their anisotropy to be neglected. The polarization of each laminate
electric field may be spatially varied through varying the surface electrode pattern of each
layer. The thickness of each layer is assumed to be constant throughout the dominant plane
of the plate. The poling direction of each layer is assumed to be outwardly normal with
respect to the mid-plane of the system. The strain—displacement relationships for each
laminate are assumed to be governed by the Kirchhoff-Love approximation, in which
displacements of the laminae are related to each other linearly through the thickness
direction. Finally, the dominant poling axis, x{, of each piezoelectric laminate may be
rotated from the principal x-axis through a skew angle, 0, defined in a positive right-hand
sense about the z-axis as illustrated in Figure 1. Lee [13] has shown that the introduction
of such rotations induces a torsional effect in piezoelectric actuators which possess
transverse isotropy in the x—y plane (and correspondingly leads to the detection of shear
strain in compatible sensors).

The development of general stability criteria and subsequently a control design strategy
for general rectangular anisotropic piezoelectric laminate systems typified in Figure 1
emerge through choosing a Lyapunov functional which is representative of the total kinetic
and strain energy inherent in the system. If the time derivative of a Lyapunov functional
is negative definite, then the system is asymptotically stable. Before introducing the
energy-based functional, the equations of motion as set forth by Lee [13] are first
established in a form most suitable to the forthcoming analysis. The boundary conditions
as developed by Lee are then generalized to include piezoelectric effects and lumped
dissipative elements. The energy-based Lyapunov functional is then introduced and the
system energy flux is established. The equations of motion and boundary conditions are
then folded into the energy flux expression, yielding criteria sufficient to ensure asymptotic
stability and, subsequently, a control design methodology.
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2.1. EQUATIONS OF MOTION

Given that #° and ¢v° are the displacements of the system mid-plane in the x and y
directions respectively, the equations of motion as developed in reference [13] for the
general system described in Figure 1 may be written as

phuly =Ly — Lo — Y VE— Y &S VE, (1

k=1 k=1
n

PhU?z: Lo—Lo— z €2£V’;— Z E%V{(, (2)

k=1 k=1

phwi= —Ly+ Lo+ La— Y zbVE =2 Y ez Vi, — Y ehzb Vi, 3)

k=1 k=1 k=1

where the expressions 1, Lo, Lo, Lo, Ls, Lo and £, are defined as
La=Anul, + 24161l + Agsttl, + A1V + (A2 + Aes)vl, + Ast),, 4)
PLo= A, + (A1 + Aso)utdy + Asttly, + AVl + 242603 + Anvy,, ®)
Lo = BiuWew + 3BigWey + (Biz + 2Bss) Wy + BagWyyy, (6)
Lo = BigWur + (Biz 4 2Bss) Wy + 3BosWayy + Baawyyy, 7
P = Biudy + 3Bisul, + (Biz + 2Bes)uly, + Bosity)y,, ®)
L = Bis0y + (Biz + 2Bss)0%, + 3Bst?,, + But),, 9)
Ly = DiWeex + 4D16Wrry + 2(D12 + 2Ds6)Weryy + 4D2sWyyy + DasWyyyy . (10)

In these expressions, 4,,,, B., and D,,, (m,n = 1,2, 6) are the laminated plate constitutive
constants and the subscripts indicate partial differentiation. The piezoelectric stress-charge
constants of each lamina with respect to the laminate axes, e, %, and €%, are direct
functions of the skew angle, 6, as defined in Figure 1. The subscript notation is consistent
with IEEE compact matrix notation [16], and thus the presence of the e term infers the
induction and detection of shear forces, whereas e, and %, infer the induction and
detection of transverse bending moments and angular deflections. The plate constitutive
constants are equivalent moduli which are representative of the conglomerate laminated
structure in which the mechanical properties of the sensor, actuator and substrate layers
are implicitly recognized. The summations in equations (1)—(3) pertain uniquely to the n
actuator laminae to which the control voltages V*(x, y, t) are applied. The control voltages
vary both spatially and temporally. The equivalent density, p, is defined as

n h
p= Yy BE, (11

k=—n

where p; represents the density of the kth lamina, / is the thickness of the kth lamina,
and £ is the thickness of the composite structure. In the preceding equation, k < 0 refers
to the sensor layers, k = 0 refers to the anisotropic plate substrate, and k£ > 0 refers to the
actuator layers. The z co-ordinate of the mid-plane of the kth layer, z{, is defined as

2o = 3(zx + zi—1). (12)
Note that the expressions %, and Z,, contain only those terms relative to membrane
stretching, the %, expression contains terms unique to transverse bending and twisting,

and the remaining expressions %, through . are related to the coupling between
stretching, bending and twisting. The full anisotropic case therefore degenerates into
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orthotropy (general mid-plane symmetric laminates) if £ through ¥ are identically
zero. The specially orthotropic and isotropic cases are derived by setting certain
constitutive constants to zero while establishing others in accord with the well-known
moduli, as put forward in the literature [15, 17, 18].

2.2. BOUNDARY CONDITIONS

The boundary conditions identified in reference [13], which directly pertain to the
anisotropic piezo-laminated plate system the equations of motion of which are described
by equations (1)—(3), fail to include dissipative loss mechanisms which arise due to
non-ideal constraints. Inclusion of these loss mechanisms, while leading to a more accurate
mathematical description of the real system, will ultimately lead to a control methodology
which will be more generally applicable. For the sake of simplicity, instead of applying
Hamilton’s principle directly to the anisotropic plate problem in order to derive a more
general expression for the boundary constraints, the identical result is obtained through
the direct consideration of an equivalent isotropic system. Whereas Hamilton’s principle
will lead to both equations of motion and boundary conditions for the isotropic composite
plate, only the boundary conditions will be of direct interest. By rewriting the boundary
conditions for the isotropic system in terms of force and moment resultants rather than
displacements, the identical boundary conditions as determined in reference [13] for
anisotropic laminated plates are acquired, with the exception that they include dissipative
loss mechanisms as well.

The expanded derivation of boundary conditions in which loss mechanisms due to
non-ideal constraints are considered is based on a laminated plate system the geometry
of which is given in Figure 1, but where the composite structure is assumed to behave as
a fully isotropic (rather than anisotropic) material. The boundary conditions will be
established without a loss of generalization so as to apply to fully anisotropic plates as
well, and as such will be completely compatible with (but more general than) those given
in reference [13]. The boundary conditions will be presented in a form compatible with
Poisson’s derivation [18]. Kirchhoff proved that the boundary conditions as developed by
Poisson for a homogeneous plate are too numerous [18]. Even though the Kirchhoff
equivalent shear force boundary conditions are equally applicable to piezoelectric
laminates [13], nonetheless the Poisson form will prove the most convenient and
advantageous for determinig stability criteria.

From Hamilton’s principle it is known that a geometrically admissible motion of the
system between prescribed configurations at arbitrary times ¢, and ¢, satifies the dynamic
force requirements if and only if [19]

r[é(T—%)—kéI/I/]dt:O, (13)

1

where the symbol 0 indicates geometric variation. The left side of equation (13) is
commonly referred to as the variational indicator [19]. 7" and % are defined respectively
as the kinetic and potential energies, while W represents the work acting on the system
due to external forces. In the following analysis, the virtual work expression will include
both dissipative and piezoelectric forces.

2.2.1. Virtual work due to piezoelectric forces

The active piezoelectric laminate layers induce moments and forces on the structure and
thus contribute to expressions of virtual work in the description of the total system energy.
These moments and forces are quasistatically equivalent to the stress system depicted in
Figure 2, in which equivalent stress and moment resultants are applied at the mid-plane.
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Figure 2. The equivalent stress state at the mid-plane.

The total moment resultants acting on the structure are quantified as bending moments
per unit length and are defined as
n /2
(Mla M2’ Mé) = Z ((O—.v)ka (O—J.)ka (O—A\‘y)k)z dZa (14)
k=1 Jonp
where (%), (¢*)F and (¢*)* are the normal and in-plane shear stresses of the kth layer. The
total normal force resultants acting on the structure are measured in terms of forces per
unit length and are defined as

n h2

(Ni.Noo No) = ¥, J (09" (") () dz. (15)
k=1 J-n2

The contribution to these moment and force resultants due exclusively to the piezoelectric

effect of the active laminae have been previously determined [13, 20]. The piezoelectrically

induced moment resultants are given by

My n 321
M| =) gV eh |, (16)
M¢ k=1 %

and the piezoelectrically induced force resultants are given as

k

NIP n e:?l
Nl= 3 el | (17)
NS |

The work in the composite structure due to bending arising from both normal and shear
piezoelectrically induced stresses may be expressed as the area integral

thjj (M1, + MK, + Mixe) dA, (18)
where !
K Wix
K= —w, (19)
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are the curvatures. Substituting equations (19) and (16) into equation (18) yields an
expression for the work due to the bending and torsion of the plate induced by the
piezoelectric effect of the laminae:

W,= — J\J‘ |: Z eng()‘ Viw,. + Z €§§z§ V/‘va +2 z eggzé’ kax'].:| dA. (20)
4 L= k=1 k=1

The work expression, W, due to the piezoelectric force resultants N{, N5 and N/ may be
written as

W, = H [N?u® + NZod + NE@® + o0)] dA. 2h
A

Substituting equation (17) into equation (21) yields an expression for the work due to the
piezoelectrically induced stretching of the plate:

W.=Y J J [ VEul + e Vi) + €% Vil + 02)] dA. (22)
k=1 A

The total work acting on the structure due to the combined piezoelectric effect of the
laminae, W,, is

W,=W,+ W,. (23)
Substituting equations (20) and (22) into equation (23), carrying out the variation and
integrating by parts yields an expression for the virtual work due solely to piezoelectrically
induced forces:

oW, = ). {H [— (2 Vi + ehzi Vi, + 2525 VE,)0w + (e Vi + el Vi)ou
A

k=1

Ly/2
Kk k - k ke kI .
+ (eh V) + e Vi)ov] dA + J [e%z6 VESW — 8128 VEow, — eSezt VEow,

—Ly2

L2
ke - k - I )k kg
+ €3, V*ou + eS Vo2, dy + J‘ [e%zE VEdw — eYzs VEdw,

—L,/2

— ehzEVESW, + % VESu + S VESv] = b dx}. 24)

2.2.2. Virtual work due to dissipative elements

In real systems which are physically constrained at the boundaries, dissipative boundary
forces are present which extract energy from the system. Additionally, the absence of
structural damping terms in the system model may be somewhat compensated for through
the introduction of lumped dissipative elements at the boundaries. It is ascertained that
the addition of structural damping in the model would lead to dissipative terms which are
closely analogous to those which arise due to lumped damper elements. If it is assumed
that the lumped damper elements produce forces which are proportional to velocity, then
the virtual work due to the linear dissipative elements may be written as

L,/2
oW, = J [b1ufdu + b0Ydv + bsw,ow + Biw,ow, + Low, W, ] = 11,2 dy

—Ly2

Lo/2

— J [b1u?0u + byv?dv + byw, 0w + Biw,ow, + Paw,dw, - 1,00, dX, (25)
—L,J2

where the parameters by, b, b;, i and f, are positive and normalized per unit length.
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2.2.3. Kinetic and potential energy
The total strain energy, %, of a rectangular isotropic plate experiencing transverse
bending and torsion is given by [17, 18, 21]

Uy, =1iD jf Wi + 2vwaw,, + wi, + 2(1 — v)wy, ] dA, (26)
A

where D is the flexural rigidity of the plate and v is the Poisson ratio. The total strain
energy, %, of an isotropic plate experiencing in-plane membrane stretching is given by
[17, 18, 21]

%mﬂAﬁfKmy+mﬁw+@whwa—wxw+ﬂﬂdm 27)
A

where A, is the equivalent axial rigidity of the plate. The total strain energy %, of an
isotropic plate experiencing both bending and stretching is then a superposition of
equations (26) and (27) (since there is no coupling effect in an isotropic continuum):

U=U,+ U,. (28)

The total kinetic energy, 7, of an isotropic plate experiencing both bending and

stretching is
T=T,+T, (29)

where T, and T, are defined as
7, = Lph J J WA, T.=lph j f [+ )] dA. (30,31)
A A

2.2.4. Equations of motion and boundary conditions

Equations of motion and corresponding boundary conditions emerge through the
substitution of the expressions for kinetic energy, potential energy and virtual work into
the variational indicator (equation (13)). For convenience, force resultants and bending
and twisting moment resultants due to the pure mechanical loading of an isotropic plate,
as defined by Ashton and Whitney [17], are introduced

N'= Ao(ui +ve)), N = Aoy +vid),  Ne' = 340(1 — v) () + oY),
M{w = _D(Wxx + VM},\;V)» Mé‘/[ = _D(M},\’J' + vwﬂ); Méw = _D(l - V)W’,\-J-,
in = —D(W,\»,\:\— + Wx}'y)’ Qéw =-D (WJ',\‘J' + W»\’-\‘)‘)' (32)

Here the transverse shear force resultants are defined as [17]

n h2

(Ql, Qz) = Z J‘ ((O.,\'z)k) (o_"-z)]\’) dz. (33)
k=1 J—n?2

Making use of the above definitions, substituting the energy and work expressions

(equations (24)—(31)) into the variational indicator (equation (13)) and carrying out the

variation yields

5 J ‘ dt{ f J QA(—[phw + DV + ez Ve, + 2ehat VA, + ot VA Jow
A

k=1Jg

+ [Ao(de + 3(1 4+ )by + 51— v)ul)) — phuly — e Ve — el Vi ou
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+ [Ao(@d, + 3(1 + v)ul, + 51 — v)el,) — pholy — €S VE — €8 VE1ov)
Ly/2

+ J dy[(eQ VE — a(biul) — NIYSu + (€5 V* — a(bv?) — N v
— L2

— (U zZEVE + a(Biwy) — MI)Ow, — (e%zt VE + a(fowy) — MI)ow,
(6211{20 -+ eggzé — o(bsw,) — Qlw)(SW]LLfLiz

'La/2
+ J dx[(e% V* — a(bsv?) — N¥Ov + (e%V* — a(biul) — N¥)ou
L2

— (eBZEVE + a(Bawy) — MINSW, — (€%zE VE 4 a(friwy) — MM)ow,

(BAVE+ etV albow,) — QMowE } (34)

where o is defined as

—1 atx =L, 2ory=L,/2
Equation (34) implies that for a rectangular isotropic laminated piezoelectric plate the
following equations of motion must be satisfied:

az{—i—l atx=—L,20ry= —L;,/?_} (35)

Au(ul + 50+ el 51— i) = pludy + Y SV Y (36)
k=1 k=1
AO(U}) 2(] + v)un + 2(1 - V)U\\') - phvll + Z E Vk + Z % Vl\\'a (37)
k=1 k=1
DV4M) + ,thn = - Z egI]Zé V/\(Y - 2 z eggz(’; V":\ Z e?ZZO Vf(\a (38)
k=1 k=1 k=1

subject to the boundary conditions given in Table 1. The boundary conditions as described
in the table are identical to those given in reference [13] for the special case of by, b,, bs,
Bi, B> =0 (no dissipative losses at the boundaries). Note that of course the mechanical
force and moment resultants (equations (32)) must be generalized. The exact interpretation

TABLE 1

Boundary conditions for an anisotropic rectangular plate

At x= —L,/2 and x = L,/2 Aty= —L,/2 and y = L;/2
— i N Vs + a(bu?) or u° M _ i e Vs + a(by?) or v°
k=1 k=1
NY — i % V* + a(byt?) or ¢° NY — Zn: % V* + a(byul) or u°
- ¥ ean or - 3 ehans
— Z %z VE + a(bsw,) or w — Z eSzk Vi + a(bsw,) or w
— Z ez — a(Biwy) or w, »— Z ek Vr — a(faw,,) or w,

k=1

Z e%zkVE — a(fawy) or w, Z e%zkVE — a(Biwy) or w,
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of these resultants for the anisotropic system will become evident in the section to follow.
It is worthwhile to note that the equations of motion for the isotropic plate (equations
(36)—(38)) are a special case of the anisotropic plate results equations (1)—(3)). The
boundary conditions and the general (anisotropic) equations of motion (equations (1)—(3))
will be incorporated into an energy flux expression derived in the following section, leading
to the establishment of stability criteria and a control strategy for a general anisotropic
system.

2.3. LYAPUNOV ENERGY FUNCTIONAL

Stability criteria are established based on a Lyapunov functional, J, which is chosen to
be representative of the total system energy. The criteria that emerge ensure that the
functional total time derivative will be negative definite, and consequently guarantee that

the system will be asymptotically stable. The Lyapunov functional to be considered is
defined as

J=1 JJ [ph(W? + (WP + @) + Uy + U + U] dA, (39)
A

where %, is the total strain energy due to pure bending and torsion, %, is the total strain
energy due to pure stretching, and %, consists of the strain energy terms which arise due
to the anisotropic coupling between stretching and bending. The strain energy terms may
be expressed as [17]

%[; = D]]Wﬁx + 2D12W7,\',\'M}ng + DzzW’i. + 4D161/V.\‘xwx,\' + 4D26W')1\'M)x) + 4D66M},‘%)") (40)
Uy = An @) + 2A4nulv) + An (@) + 2416(ulu) + ult?)

+ 2Ax(uv) + v20)) + Aes(u) + V1), 41
U = —2Bnulwe — 2Bp(09W. + ulw,y) — 2Bnv)wy, — 2Bis(t) W + 03We + 210w,,)
- 4366(14;?”7.\1\' + U.(\?VV.\(V) (42)

Asymptotic stability is guaranteed when the time derivative of equation (39) is negative
definite: i.e., when

/= ” [oh(Waw, + uuf + vivl) + 5(%, + 9, + 9.)] d4 < 0. (43)
A

2.3.1. Bending strain energy rate

In order to simplify equation (43), each of the strain energy terms will be considered
separately. The %, term due to the pure bending strain energy may be expanded, in
consideration of equation (40), as

% J‘J‘ %b dA = J‘J [DIIMJ.\‘.\'W.\'.\‘[ + D12(W.\'.\“V\’y! + Wyymj.\'xz) + DZZVV}')'WY};\'/
A A

+ 2D16(Wx.\' M).\')"I + "V,\’y n'yxxt) + 2D26(M/))'W,\1\'I + W.\')" W}‘)"I)
+ 4D66 w/',‘(_\ n)\’)'t] dA B (44)

For a regular orthotropic plate in bending, the bending moment and shear force
resultants are defined as [17]

Mf? = —(DnW.\-x + D12W)-y + 2D1<>W.vy), Mf = —(Dzzwyy + Dipwy + 2D26W.\;\)),
ME = —(Q2DsWy, + DigWyr + Dawy,),
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Qfg = _[Dllwxxx + (D12 + 2D66)W,\1\*y + 3D|6M2xxy + DZO‘V\L\’)'];
0% = —[Duw,,, + (D12 + 2Des)Wexy + 3D2sWeyy + DigWiri]. (45)

Integrating equation (44) by parts and applying the definitions found in equations (10) and
(45) yields

Ly2
;fj U,dA = JJ Low, dA + J NOPw, — MPw,, — Mw, Ji=" 7, dy
A A

—Ly2
L2
+ J (02w, — MBw,, — MEw, ] 2"2, dx. (46)
L2

2.3.2. Longitudinal strain energy rate

The %, term due to pure longitudinal and in-plane shear strain in equation (43) may
be similarly reduced. Taking the time derivative of equation (41) and integrating over the
area yields

;JYJ\ OZZS d4 = J'Jv [A“l/lgug, + A]z(l/l_evv?[ + UEU?,) + AZZU?U?-,
A A

+ Avs(uin), + wul, + il + vRul
+ Ans(Vuy, + W), + 0Ny, + vl
+ Aso(u) + v7) (uy, + v7,)] d4. (47)

For a regular orthotropic plate experiencing pure longitudinal and in-plane shear strain,
the force resultants acting on the body are defined as [17]

le = Alll/l_e + Algvv? + A](,(HV? + Ug), st = A]zug + AzzU? + Azﬁ(ug + Uf\)-),
N§ = Ajoul + Azsv? + Aﬁé(u? + Ug) (48)

Integrating equation (47) by parts and substituting equations (4), (5) and (48) into the
result allows the strain rate integral § | |, U, dA to be expressed as

L2
” dhodd = — f f (Lol + Lort]dd + J Vil 4 NEE = dy
A A

—Ly/2

L,/2
+ f [NSv) + Nou/ =", dx. (49)
2

7Lu"
2.3.3. Coupled strain energy rate

The coupling strain rate integral § HA . dA found in equation (43) is significantly more
difficult to simplify, since all of its terms are products of transverse and axial displacement
derivatives. In the light of equation (42), the coupled strain energy rate may be written
as

;JJ U.dA = Jf (01211 F U+ U+ Urs + WU + 02266) d4, (50)
A A
where U\, WUz, U, Ui, U and ¢ are defined as follows:

U, = —BMUSW.\—.Y» U\, = _BIZ(U?W.\‘.\' + u,(\)»Wyy)’ Uy, = —Bzzvfwyy,

0., 0 0. _ 0 0 0
U5 = —Ble(uywxx + Wi + 2uiwy,), U = —Bzo(UJ-W)zv + oW, + 2UV,.ny),

%66 = —B(,(,(Z/I?ny + UBW’,\T). (51)
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Integrating equation (50) by parts and making use of equations (6)—(9) allows the coupled
strain energy rate to be expressed as [22]

% fj QZ( dA = J‘J\ [g(‘]u? + g(-ZU? - (ogfﬂd + 3(4)”}1] dA
A A

Ly)2
+ j [QICWI - Ml(vwxz - M()Cwyz + Nlcu? + N()Cvz ]i*l:L. dy

—Ly2

L2
+ j [O5w, — MSw,, — M{w,, + Nsv) + Neu! 127, dx, (52)

—L,2

where the following definitions have been used:
Nf = —Buwy + 2Bigw,, + Buw,,, N§ = —Buwy + 2Bywy, + Buw,,,
NE = — BigWyx + 2BgW., + Byw,,,
MY = Byul + Biov) + Bis(u) + vY), M5 = Bioul + Boov! + Bas(u) + 072),
MS = Byt + Bogt! + Bo(u + 12,
Of = Buul, + (Bi» + Bs)tY, + Bssit), + 2Bisull, + Bis0), + B0l
05 = Byv), + (Bix + Bes)uyy, + Bsstl + Bisitdy + 2Bty + Basu,.. (53)
2.3.4. General system energy flux
The general system energy flux expression (43) may be greatly simplified through
combining the major expressions given in the preceding sections. For a general anisotropic

plate, the moment and force resultants which arise due to the mechanical loading of a
general anisotropic plate can be written as [17]

NY'= N+ Nf,  NY'=N5+ N5,  N{'=N§+ N,
MY = ME+ MS, MY =ME4+ MS, MY =M+ M,
OV =07+07, O'=07+05 (54)

Making use of these definitions and substituting equations (46), (49) and (52) into equation
(43) yields

J= U [(phwy + Ly — L5 — La)w + (phu)y — Ly + L))
A

Ly/2
+ (phv), — Lo+ L)1 dA + J [OV'w, — M"'w,,

—Ly/2

La/2
— MYw, + N + NPz, dy + f [0,

L2

— MY'wy, — M'w. + NY'o) + NJw) 12", dx. (55)
Incorporating the equations of motion (1)—(3) into the preceding expression gives
Z {JJ g; 20 2220 Vl\\q + eggzo V{\l W, + (eok Vi+ 322 Vk) U,
Ly/2

+ (€% VE+ B Vi!] dA} J (01w, — M'w,, — M{'w,, + N'u!

—Ly2
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L,/2
NMU?]:—IZ'Lz dy + J\ [QZ Wy — Méuw}'f - Mg/lwn + NM )

L,/2

al

+ New/ 1,2 p » dx, (56)

where the integral expression now includes only the piezoelectric effect of the n actuator
layers. Integrating equation (56) by parts leads to the expression

j 0k _k 0k i 0k k. 0k 0k .0 0k
J=- Z [€3120Wrw + €526 Wiy + 23620 W — €311y, — €3l — €3
k=1 A
n Ly /2
0 0 (3 M 0" k 17k
X (u)"l +v)]V dA4 + z J [(QV — eSiz Vi — 93620 V w
k=1J-1,/2

— (MY — &k VYW — (MY — 3%z ViYW, + (NY — % VE)u!

n Lo/2
+ (N = Vs ndy + ) j (0 — ez VE — elzi Viw,

k=1J-L,2

— (MY — %z VYW, — (MY — e%zk ViYW + (N — el V!
+ (NY — % VE)u? = b, dx. (57)

If the plate displacements and velocities are unconstrained at the boundaries and boundary
lumped damper terms are retained, than applying the boundary conditions (see Table 1)
to equation (57) yields

ok _k ok ok .0 ok
JJY enzowm + eszzowm + 2e3625 Wiy — esul, — €3V — €3
k=1

L2
xw%HMWMA—f (510 + by(0°)? + byw?

—Ly/2

a “"2

L
+ Biwi + ﬁszf]x: —rpedy — J [b1(u? ) + ba (07 ) + bsw?

—Lg2

+ piwi 4 Pawy ]y = —r,0,0 dx. (58)

If the Lyapunov functional time derivative is negative definite, then the system is
asymptotically stable. For virtually any combination of clamped, pinned, free or sliding
boundary conditions, one or more of the dissipative terms in equation (58) will be
non-vanishing. Hence the latter two boundary integrals in equation (58) are both positive
definite when the system is non-static. The negative definiteness of J is thus ensured if the
first integral expression is negative semidefinite. Thus the sufficient condition which
emerges to guarantee asymptotic stability is

J, <0, (59)
where

n

J=-Y U [ 26 Waws + €26 Wy + 26526 W — eSul, — o),
k=1 A

- 636(1’{1[ + U\I)] VA dA (60)

The validity of expression (59) as a sufficient condition for asymptotic stability is

supported through physical insight. Since the Lyapunov functional was originally based
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on the total mechanical energy, equation (58) represents the system energy flux. The
piezoelectric laminate control voltages, V*(x, y, t), appear in equation (58) only through
the single integral expression given in equation (60). If the control voltages are set to zero,
then the system is passive. However, any real laminated plate system is characterized by
dissipative losses (structural damping, interlaminate friction, non-ideal boundary
constraints, etc.) which ensure that the system energy flux of the non-static passive system
is still negative definite. As long as the active piezoelectric elements do not add energy to
the system, then asymptotic stability is ensured. The measure of active vibration
suppression achieved in any given design depends solely on choosing appropriate control
voltage functions which cause J, to be large in magnitude and negative in sign so as to
extract energy rapidly. Physical arguments dictate that a higher fidelity model which
includes non-conservative loss mechanisms such as structural damping should lead to an
energy flux expression similar to equation (58), in which the dissipative terms are always
negative and non-vanishing regardless of boundary conditions.

2.4. STABILITY CRITERIA

Sufficient conditions on the actuator laminae control inputs that ensure asymptotic
stability follow from expressions (59) and (60). The control input voltage of the kth layer,
V¥(x, y, t), is assumed to be separable into spatial and temporal functions: i.e.,

Vk(xa YV, Z‘) = V(,;Ak(xa y)pk(l)’ (61)

where V7§ is the maximum voltage amplitude applied to the film and A*(x, y) and p*(r) are
the non-dimensional spatial distribution and the time-variant control input functions,
respectively, of the kth piezoelectric actuation layer. A*(x, y) may be accomplished in
practice through varying the distribution of the surface electrode or by spatially varying
the layer thickness [3, 4, 11]. Combining equation (61) with equation (60) gives

n
i ok ok k. ok _k ok _k ok 0
Jy= - Z Vop(1) JJ (5120w + €220 Wiy + 2€36Z0Wan — €511
4

k=1

— el — %, + v2)]AK(x, ) dA. (62)

A general and sufficient condition for stability implied by this statement is that the set
of input control functions, p*(¢), must ensure the negative semidefiniteness of J,. However,
it will generally be more practical to express a stronger condition on each particular
actuator layer such that if this condition is satisfied for all n actuator layers then asymptotic
stability is ensured. Specifically, J, must be negative semidefinite if, for all k from 1 to n,

k 0k k. ok _k ok k.. 0k 0
,0 (l) = Sgn J\Jv [63120 M’.\'xt + e}zzo M),ryt + 2e36ZO nyr - e}lux[
A

- 32;179, - e%(u?l + U.‘\)‘I ]Ak(-xa y) dA (63)

Equation (63) is typically the most general condition which will be of practical
consequence in the control design process. If equation (63) is satisfied and all A*(x, y) are
chosen so that the expression is non-zero, then some measure of active vibration
attenuation is necessarily ensured, since energy is actively extracted from the system (i.e.,
J, < 0). If the choices for A*(x, y) cause the integral sum to vanish, then active vibration
suppression is lost, but asymptotic stability is still ensured provided that dissipative forces
act at the boundaries (since J, will be negative definite). Controller effectiveness may be
weighted in favor of individual modes, modal subsets or all modes of a system through
a proper choice of spatial weighting functions, A*(x, y). The viability of spatially weighting
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the control authority has been demonstrated successfully for beams [3] and plates [14], and
represents a broad topic suitable for future analysis.

3. VIBRATION CONTROL DESIGN STRATEGY
3.1. ANISOTROPIC PLATE CONTROL DESIGN
One may exploit the duality which exists between piezoelectric spatially distributed
sensors and actuators in order to arrive at certain easily implementable constraints which
will be sufficient to ensure both stability and the active dissipation of vibrational energy.
The current accumulated on the surface electrode of the kth lamina due to the mechanical
displacement of the laminates is [13]

-k 0k _k 0k _k 0k _k ok 0 ok .0
i)y = — H [ z6Wan + €Rzbw,y + 2€%z6 Wy — ehul, — e,
A
0k, 0 0 k
— e3(u), + vy)]A(x, y) dA4, (64)

where *(¢) is the current measured through the kth electrode. It will become convenient
to rewrite equations (62) and (64) respectively in the forms

=Y Vip"()[P* — z{B], 1) = P* — z, B, (65, 66)
k=1
where
Pt = H [efhul, + ehod, + e%(ul, + v0)]AM(x, y) dA4, (67)
Bt = f f [0 W + €BWy + 25w, ] A (x, ) dA. (68)
A

P* contains all those terms which are relevant to the pure stretching and shearing of the
structure, while B* is related to structural bending and torsion.
Combining equations (65) and (66) leads to

Jy= 3 Vi), (69)

k=1

from which it becomes obvious that stability would be guaranteed if

p'(t) = —sgn [I*(2)]. (70)
Unfortunately, the enforcement of the above statement is not easily realizable, since it
implies that each laminate must function identically both as a sensor and as an actuator.
An alternative design strategy will therefore be developed which will allow each layer to
assume a single function.

Previous studies involving bending vibration control of isotropic beams [10, 11] and
plates [12] have shown that in such circumstances it is sufficient to ensure stability and
active vibration attenuation provided that (1) each actuator layer is associated with an
identically spatially varying sensor layer which is symmetrically co-located on the opposite
side of the mid-plane, and (2) the actuator control inputs are always identical in sign to
the current induced by the corresponding sensors. This design strategy fails, however,
when the structure possesses asymmetry. Enforcing such a law implies that if the
midplane of the kth actuator layer is located at a distance z¢ above the mid-plane,
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then the kth sensor is located at —z!. For pure bending motions the linear control law
is

pi(t) = z,B', (71)
since the current generated in the corresponding sensor is
i“(t) = zKB~. (72)

Thus, for pure bending J,, (equation (69)) is negative definite and the control strategy
succeeds. However, if the plate undergoes both bending and stretching then this design
strategy leads to the control law

pX(t) = P* + ZXB*. (73)
Inserting equation (73) into equation (65) gives
J, = Z VE(P* + zEBY)(P* — Z£BY), (74)
k=1
which reduces to
Jy= Y ViIP° — (YR (75)
k=1

J, is thus positive if the magnitude of P* is greater than the magnitude of z* B*. Significant
membrane stretching therefore potentially causes this design approach to be destabilizing.

A simple design strategy for an asymmetric structure in which stability is guaranteed
may be developed through the consideration of a structure containing » actuator/sensor
pairs above the mid-plane and n pairs symmetrically co-located below the mid-plane. The
actuator and sensor spatial polarization profiles in any given pair are identical both to each
other and to the profiles corresponding to the co-located pair on the opposite side of the
mid-plane. The kth actuator and sensor layers are located, respectively, at arbitrary heights
z¥ and z¥. The contribution of the 2n piezoelectric actuators to the energy flux is

Jy =3 ViphO[P* = 2B + 3. Vig"(O[P* + z B, (76)
k=1 k=1
where the first summation corresponds to actuator layers above the mid-plane and the
latter to actuator layers below the mid-plane. The control gains of symmetrically
co-located actuators are represented as Vi and V¥ respectively. If the control input to each
actuator layer is proportional and opposite in sign to the current of its paired sensor layer,
then the control laws are

p“(t) = —(P* — zEBY), ¢*(t) = — (P + £ B). (77, 78)
Substituting equation (78) into equation (76) gives
Jy= =3 VAP — 2 BY(P — 5B + Vi(P* + 2B (P + 2 BY]. (79)
k=1
Expanding the expression yields
Jy=— Z [(Vs + VOP" + (Vi = Vi) (= + 25)BP* + (Vi + V)22 BY]. (80)
k=1

If the control gains are established such that Vi = V7§, then equation (80) reduces to

J,=—=2% V{[P*®+ z{zkB"). (81)

k=1
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Since the control gains are always positive and z} and z¥ are identical in sign by definition,
J, must be negative semidefinite. The inclusion of boundary lumped damper terms causes
the total time derivative of the Lyapunov function (equation (58)) to be negative definite:
asymptotic stability is thus guaranteed. Upon recalling that J, is proportional to the
contribution of the piezoelectric layers to the total energy flux, it is then understood that
if the spatial weighting functions, A*(x, y), are chosen such that equation (81) is always
negative then some measure of active vibration suppression is ensured.

The physical basis of this control strategy is understood through considering the action
of a single sensor/actuator pair located above the plate mid-plane at altitudes z* and z£,
respectively. The pair’s resulting (piezoelectrically induced) energy flux contribution, J*,
becomes

JE = —VE[P® — (zF + ) BP + ZFz4BY). (82)

The anisotropic behavior of the plate induces a destablizing energy term which appears
as the second term in the above expansion. The term arises from the coupling between
bending—torsion and stretching—shearing. However, the coupling term is completely
eliminated by an identical sensor and actuator pair collocated on the opposite side of the
neutral mid-plane, as seen in equation (80).

Figure 3 helps to lend further physical insight into the control law. Consider the
sensor/actuator pair located above the mid-plane at altitudes zF and z*, respectively.

23 ¥, 2

Anisotropic material

(a)

()

Figure 3. An anisotropic laminated plate undergoing bending and stretching. (a) Equilibrium state; (b)
bending-stretching excitation state.
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Suppose that at any given time the strain rates ul,, u%,, 0%, Wy, wy,, and w,,, are all positive.
For simplicity, it will be assumed that the laminate skew angles (see Figure 1) are zero,
so that the es terms in equation (67) and (68) are vanishing. If z* is sufficiently small then
the current generated by the sensor layer will be positive. Applying the negative feedback
law causes the control signal into the actuator to be negative. Thus the actuator layer will
contract, causing stretching to be reduced while bending is increased. In contrast, consider
the identical sensor/actuator pair on the opposite side of the mid-plane. The sensor layer
located at —z* also generates a positive current. The resulting negative control input into
its corresponding actuator will thus reduce not only stretching but also bending in the
plate. However, since the control law is linear and proportional to P — zfB*, the
magnitude of the signal into the actuator located at + z} will be smaller than the actuator
located at —z*. The destabilizing effect of the upper pair is thus negated by the lower pair,
leading to a net decrease in the energy flux which is equivalent to the quantity expressed
in equation (81).

A potential limitation of the proposed design approach is that J, is guaranteed to be
negative semidefinite only if the control gains of both sensor/actuator pairs are identical.
Any mismatch in control gains causes the coupling term in equation (80) to be
non-vanishing, and J, is negative semidefinite only if

Y (Vi = V)@ + 2)PB < Y, (Vi + VDIPY + 2z, B¥]. (83)

k=1 k=1
If, for all n transducer pairs, (V¥ — V¥) and P*B* are different in sign, then the above
condition is automatically met and the system is asymptotically stable. However, if for
any given pair they are of the same sign then condition (83) may or may not be satisfied.
The smaller the difference between the gains, the more easily satisfied is condition (83) and
thus the more robust is the system mismatching of the control gains. In general, small
mismatching errors should not affect the overall design. The robustness of the control
method to the control gain mismatching of conjugate pairs should be more fully addressed
in a future study.

While other design strategies are possible, this particular methodology is easily
implemented in practice. The constraints enforced in this design are sufficient conditions
to guarantee global stability. If spatial transducer polarization functions are chosen so that
J, <0, then the active extraction of vibrational energy is ensured. In summary, three
criteria were established in the design process. First, for each piezoelectric actuator
laminate above the composite structure mid-plane there must exist a corresponding
identically polarized sensor laminate located above the mid-plane. Second, the control law
governing each conjugate sensor/actuator pair is constrained such that the input to a given
actuator is always proportional and opposite in sign to the current induced by the
corresponding sensor. Last, for each conjugate pair above the mid-plane there exists an
identical pair below the mid-plane. These criteria ensure the negative semidefiniteness of
the energy flux expression, while a suitable choice in A*(x, y) will ensure that the system
is actively dissipative.

3.2. RELAXATION OF CONSTRAINTS FOR SPECIAL CASES

If the system is orthotropic (or isotropic) such that bending—stretching coupling is
absent, then these design constraints may be relaxed significantly. If such a system
experiences pure bending and twisting only, then P* vanishes and the piezoelectric energy
flux, J,, reduces to

Jy= =Y Viph)zi B, (84)

k=1
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where all n actuators are assumed to be located above the mid-plane. Unlike the aniso-
tropic plate, vibration suppression may now be accomplished by pairing every actuator
with a corresponding sensor located anywhere on the opposite side of the mid-plane.
From equation (66) it follows that the current generated by the kth corresponding sensor
layer located at a distance —z* (z* is defined as positive in sign) with respect to (below)
the mid-plane may be expressed as

i“(t) = z*B~. (85)
By enforcing the constraint p*(r) = sgn [i*(¢)], the energy flux expression becomes

n
J= = ¥ viz|B

k=1

) (86)

which is negative definite for all choices in A*(x, y) for which the preceding expression is
non-vanishing. Thus for an orthotropic plate in pure bending it is sufficient to guarantee
global stability if the control input to each actuator layer located anywhere above the
neutral mid-plane is any function which is of the same sign as the current generated by
an identical spatially distributed sensor located anywhere below the mid-plane. An
identical sensor located above the plate mid-plane, and a feedback law the sign of which
is always opposite to the sensed current, would be equally valid.

In an entirely analogous manner, if the orthotropic plate experiences pure membrane
stretching in the absence of bending and torsion, the resulting (sufficient) design constraint
may be even further relaxed: an identically polarized sensor laminate may be located
anywhere on the plate and a negative feedback law imposed. If one assumes that the kth
actuator and sensor layers are identically spatially distributed, then

J,=Y Vip"t)P*  and  it)=P (87, 88)

k=1

regardless of where the sensor layer is located in the composite structure. Thus, if the
control law

pi(t) = —sgn [i"(1)] (89)
is imposed, then J, will be guaranteed negative semidefinite. Forcing J, to be always
negative in order to ensure active vibration suppression depends upon suitable choices for
the spatial weighting functions, A*(x, y).

4. CONCLUSIONS

A control design strategy has been developed for the active vibration control of fully
anisotropic plates in which the active elements are laminated piezoelectric layers. The
control strategy is based on the second method of Lyapunov, where a Lyapunov functional
indicative of the total system mechanical energy was chosen. Asymptotic stability of the
composite structure was shown to be ensured as long as three easily realizable sufficient
conditions are met. First, for each piezoelectric actuator laminate above the composite
mid-plane there must exist a corresponding identically polarized sensor laminate, also
located above the mid-plane. Second, a linear control law governing each conjugate
sensor/actuator pair must be enforced such that the input to a given actuator is always
proportional and opposite in sign to the current induced by the corresponding sensor.
Third, for each conjugate pair above the mid-plane there exists an identical pair below the
mid-plane. When these criteria are satisfied, active vibration control becomes uniquely
dependent on the choice of spatial weighting functions, A*(x, y). The analysis indicates
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that previously employed design strategies for the bending vibration control of isotropic
beams and plates can be destablizing in the presence of anisotropy. The study shows that
these strategies succeed as a subclass of the general piezo-laminated anisotropic plate
control theory relevant to orthotropic and isotropic systems, and represent a relaxation
of the three sufficient stability criteria stated in the preceding section.

The viability of spatially weighting the control authority has been demonstrated
successfully for isotropic beams [3] and plates [14], and represents a broad topic suitable
for future analyses. The results of this study suggest that for anisotropic plates, as well,
controller effectiveness may be weighted in favor of individual modes, modal subsets or
all modes of a system through a proper choice of the spatial weighting functions, A*(x, y).
The added complexity of the anisotropic problem prevents the straightforward application
of symmetry arguments employed by Burke and Hubbard [4, 12], and new approaches
must be developed suitable to the general anisotropic plate problem.

Another area for further work may be to expand the plate laminate model to include
other dissipative forces in general, and structural damping in particular. The control design
has been based on locating the actuator and sensor layers such as to ensure the negative
semidefiniteness of J,. As asserted previously, this statement is dictated by intuitive insight:
J, <0 should be a sufficient condition for asymptotic stability regardless of boundary
conditions due to the many dissipative forces existent in real structures. Experimental and
numerical verification of the present control methodology should be undertaken to
enhance the theoretical study put forward in this paper.
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