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Motion Planning for Piezo-Actuated Flexible
Structures: Modeling, Design, and Experiment

Johannes Schrock, Thomas Meurer, Member, IEEE, and Andreas Kugi, Member, IEEE

Abstract—Motion planning and feedforward control is consid-
ered for a cantilevered flexible plate-like structure actuated by a
finite number of surface-mounted piezoelectric patches to realize
prescribed highly dynamic trajectories for the deflection profile in
open-loop. For this, a distributed-parameter mathematical model
including damping and localized effects originating from the
spatially distributed patch actuators is derived by means of the
extended Hamilton’s principle. With this, a flatness-based design
methodology is proposed for motion planning and feedforward
control, which directly exploits the distributed-parameter system
description. In particular, differential state, input, and output
parametrizations are systematically constructed in terms of a
basic output to achieve a one-to-one correspondence between
system trajectories. Finite element methods are incorporated into
the design to account for structures with non-trivial domain and
non-isotropic material behavior. In addition, the convergence of
the system parametrization is analyzed analytically and by means
of numerical results. Finally, measurement results demonstrate
the applicability of this approach for the realization of highly
dynamic rest-to-rest transitions of the deflection profile of an
orthotropic plate structure with macro-fiber composite patch
actuators.

Index Terms—Motion planning, feedforward control, flatness,
smart structure, flexible structure, piezoelectric actuation, Kirch-
hoff plate, experimental validation, in-domain control.

I. INTRODUCTION

HE control of flexible structures is a key task in many

fields of applications since the trend to increase perfor-
mance and efficiency by means of lightweight constructions
requires to systematically account for the resulting limited
structural stiffness. For this reason, vibration control of flexible
structures is a widely studied discipline, especially in the fields
of aeronautics, robotics, and precision engineering. In this
context, so-called smart structures with embedded distributed
actuators and sensors have received significant attention. Se-
lected applications in particular comprise adaptive optics, flow
control as well as adaptive wing structures [1], [2], [3], [4],
[5]. Moreover, the vast progress in material and actuator
development allows very promising new fields of research,
e.g., in view of dynamic shape control or profile adaption of
smart structures.

In order to address these issues, the present contribu-
tion considers the motion planning and feedforward control
problem for a piezo-actuated flexible plate-like structure to
achieve high-speed rest-to-rest transitions between different
deflection profiles. The proposed approach directly utilizes the
distributed-parameter description of the flexible structure in
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tute (ACIN), Vienna University of Technology, Gusshausstrasse 27-29/E376,
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terms of partial differential equations. In strong contrast to
the results on the stabilization problem, see, e.g., [6], only
few analytical approaches exist to systematically solve the
motion planning problem for distributed-parameter systems.
In the case of finite-dimensional flexible structures, different
approaches are available utilizing, e.g., input shaping or causal
and non-causal model inversion (see for instance [7], [8], [9]
and the references therein). Moreover, differential flatness has
proven to be a powerful tool for finite-dimensional systems
[10]. Roughly speaking, differential flatness denotes the abil-
ity to parametrize system states and inputs by a so-called
flat output and its time-derivatives up to a certain problem-
dependent order. In recent years, this concept has been suc-
cessfully extended to certain classes of infinite-dimensional
systems, see, e.g., [11], [12], [13]. Given flexible structures,
selected examples include Euler-Bernoulli beam models [14],
[15], [16], Timoshenko beam models [17], [18] and Kirch-
hoff plate models [19], [20]. Thereby, two different control
approaches can be distinguished, namely boundary control
and spatially distributed in-domain control. While boundary
control is widely studied only few contributions address in-
domain control.

In the following, a flatness-based approach for motion
planning and feedforward control design is presented for the
example of a flexible cantilevered orthotropic plate structure
with spatially distributed in-domain actuation as schemati-
cally shown in Fig. 1. The structure is built up of glass
fibre composite material and a finite number of embedded
piezoelectric patch actuators. In order to achieve a highly
accurate feedforward tracking control it is necessary to include
the local stiffening and damping effects resulting from the
spatially distributed patches, which results in a distributed-
parameter model with spatially varying parameters. Based on
the spectral representation of the equations of motion, the
state and input parametrizations are systematically constructed
in the operational domain in terms of Weierstrass canonical
products, which correspond to differential operators of infinite
order in the time domain. Their convergence relies on the
system’s eigenvalue distribution and properties of the desired
flat output trajectory. Hence, by suitably assigning a desired
trajectory of the flat output the respective feedforward control
directly follows from the evaluation of the input parametriza-
tion. In addition, an efficient semi-numerical implementation
of the feedforward controller is proposed by making use of
a weighted-residual approach. In this way, a rather general
design systematics is obtained, which allows to cope with non-
trivial spatial domains and non-isotropic material behavior.

Moreover, the contribution is distinguished by the exper-
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imental validation of the design. For this, macro-fiber com-
posite (MFC) patches are utilized as actuators. In contrast
to the very brittle nature of the common monolithic PZT
(lead zirconate titanate) patches, MFCs are composed of
rectangular piezoelectric fibers embedded in an epoxy matrix
and covered by interdigitated electrodes and thus result in
very flexible patches. Additionally, the large input voltage
range [-500,+1500] V together with a larger electromechanical
coupling coefficient compared to conventional PZT patches al-
low for higher actuation forces and larger displacements [21].
Similar to PZT patches MFC actuators intrinsically exhibit
hysteresis and creep effects. However, as shown in [22], the
application of an appropriate hysteresis and creep compensator
allows to cancel out these nonlinearities. In this contribution,
this operator-based compensator involving Prandtl-Ishlinskii
theory is used such that linear piezoelectric material behavior
can be assumed (for details, see [22]). As is illustrated in
experimental results conducted with the MFC-actuated plate
structure, the proposed approach enables the realization of
highly dynamic output trajectories for the deflection profile
without exciting spurious oscillations. With this, we also
demonstrate the possibility to realize smart structures, which
enable dynamic shape adaption and hence show the potential
to improve accuracy, performance, and efficiency, e.g., in the
field of flow control or adaptive optics.

The paper is organized as follows. In Section II, the gov-
erning equations of motion are derived for the MFC-actuated
flexible plate structure by means of an energy-based modeling
approach using the extended Hamilton’s principle. Based on
the corresponding variational formulation the existence and
uniqueness of the solution is verified and a spectral repre-
sentation of the equations of motion is introduced in Section
III. Section IV presents the derivation of the flatness-based
motion planning and feedforward control design, which is
finally validated by means of simulation and experimental
results in Section V.

II. ENERGY-BASED MODELING

The setup of the piezo-actuated flexible structure under
consideration consists of an orthotropic carrier layer (index
¢) in form of a rectangular cantilevered plate with domain
Q. and a finite number IV, of surface mounted rectangular
MEC patch pairs (index p), as shown in Fig. 1. Each patch
pair consists of two symmetrically placed actuators, one on
the front side and one on the back side of the carrier layer,
respectively. The placement of the k-th patch pair is specified
by the spatial actuator characteristics

Ak(xl,arz):(h(w,lc)—h(x,lg—Lll,)) (h(xi)—h(wi—Lf,)) (1)

where h(-) represents the Heaviside function, (x,2%) is the
position of the lower left corner of the k-th patch pair and
L, L? denote the patch dimensions, cf. Fig. 1. Subsequently,
the deflection of the structure w(z!, 22, t) is restricted to pure
bending motion in the 23-direction by applying an asymmetric
voltage supply to each actuator pair. Hence, the voltages T/* (t)
and "% (t) applied to a patch on the front and back side of
the carrier layer, respectively, are given by

Tl (1) = uo + up(t), W) = ug — ug(t). )
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Fig. 1: Schematics of the MFC-actuated plate structure

The constant supply voltage uyg = (Umax + Umin)/2
is used to enable a balanced voltage supply wug(t) €
[— u"‘a"gu"““‘,+u’““"+2|u“““|], where wy;,, = —500 V and
Umax = 1500 V are the MFC actuator specific minimal and

maximal supply voltages.

A. Equations of motion

The governing equations of motion are derived by applying
the extended Hamilton’s principle, i.e.
te
/ [WE — WP + sWwNdt =0, (3)
to
where ¢ denotes the variational operator. The terms
W () = WE @) + T2 WS (1) and WP (1) = WE(t) +
ZkNil W;f . (t) represent the kinetic and the potential energy
stored in the carrier layer and the MFC patch pairs, re-
spectively, while the virtual work of non-conservative forces
due to damping is summarized in the term WNC(t)
WNC(t) + Zgil WkaC (t). The derivation of the respective
energy contributions is based on the following assumptions:
Al) rotational inertia is neglected,
A2) the Kirchhoff hypothesis holds,
A3) the constitutive equations of linear elasticity are valid,
A4) all MFC patches are identical, perfectly bonded to the
carrier layer, and the adhesive layers are negligible,
the active area of each MFC patch can be character-
ized by homogenized material parameters reflecting an
orthotropic behavior,
the MFC patches show linear piezoelectric material be-
havior,

AS)

A6)
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A7) due to the special arrangement of the interdigitated
electrodes the electric field can be approximated by an
exclusive homogeneous field strength component & with
simultaneously vanishing electric flux density compo-
nents D% =D3 =0 (cf. Fig. 1), and

A8) the voltage sources are considered to be ideal.

While linear elasticity A3) is a well satisfied property for
many materials in case of small strains, it is a matter of
common knowledge that piezoelectric materials show intrinsic
hysteretic behavior and creep effects [2], [5]. However, the
application of an appropriate hysteresis and creep compensator
allows to cancel out the nonlinear actuator behavior, see, e.g.,
[23]. For MFC patch actuators, this is in particular shown by
detailed experimental investigations in [22] and hence justifies
the validity of assumption A6).

In view of assumption A1) the kinetic energies of the carrier
layer and the k-th MFC patch pair are given by

1
WCK = §pchc/ (Oyw)?dzt da®
e @)
wWh, = pphp/ A (Opw)?datda?,
Q

c

where p., p, denote the respective mass densities and h,
h, represent the thickness of the carrier layer and of the
patches. In case of pure bending motion the so-called Kirch-
hoff strain components ¢;; depend on the bending deflection
w(z!, 2%, t) in the form €17 = —230%,w, €0 = —1°0%w,
€120 = —230,10,2w. For linear elastic orthotropic material
behavior the stress-strain relation is given by the constitutive
equations

0.11 01111 01122 0

€11
022 | = | 2211 2222 0 €5 .5
ol? 0 0 cl212 2€19

see, e.g., [24], with the stress components denoted by ¢*/ and

the components of the elasticity tensor specified by ¢! =

Br/(1 = viavay), €222 = By /(1 — v1avey), 1122 = 2211
v12Es/(1 — viav1), and ¢'?'2 = Giy, where E;, G;; and
v;; with 4,7 € {1,2} are Young’s moduli, shear moduli, and
Poisson’s ratio, respectively. Thus, evaluation of the potential
energy of the carrier layer yields

t
P:/ /aijaTeU drdv
Ve JO
:EIC/ {Ci (83110)2—&-03 (82211))2 ©)
2 Ja,

+c3 (V2w)2+c§ (Op1 8xzw)2}d'£1dx2,

where V. denotes the volume of the carrier layer, I. = h3 5/12,
and ¢! = M1 (1122 (2 (2222 _ 112203 01122
ct = 4c}:212.

Based on assumptions A5)-A7) the hysteresis and creep
compensated MFC patch actuators can be characterized by

the constitutive equations of linear piezoelectricity, i.e.

o1l 1111 1122 1 all
o2 | = C%zu C§222 0 e | — | a? | D',
0_12 0 0 1212 2612 0
€11
& = —[af' af> 0] | e | +BuD,
2612
(N
see, e.g., [25], with homogenized quantities for the compo-

nents of the elasticity tensor c;'j fl and the material parameters
a'’, B, with 4,7, f,1 € {1,2}. With these constitutive
equations the potential energy of an MFC patch pair evaluates
to

t
Wf:/ / (60,6 + £10.D") drdV
V, J0

1

@®)
:7/ (C;‘)jfleijéfl - QCLZiiDlGZ‘i + Bll(D1)2) d‘/,
V;

2

P

where V), represents the sum of the active volumes of the patch
located on the front side and the patch located on the back side
of the carrier layer. With assumption A8) the third summand
in (8) vanishes in the subsequent variational formulation and
is hence directly omitted. Furthermore, assuming that the self-
generated electric field strength due to the direct piezoelectric
effect —aile;;, cf. (7), is insignificant compared to the applied
electric field strength &; the electric flux density D' can be
given in terms of the supply voltage w, i.e.

Tetep
/ Sld.%'l =u= 511Dlep, )
with e, denoting the distance between neighboring electrodes,
see Fig. 1. Hence, by consideration of the asymmetric voltage
supply (2) the potential energy of the k-th patch pair can be
rewritten in the form

Wy =1 / Ak{ e ( 621w ) +ep (aﬂwf
c (VQU)) +cp (Op1 8I2w)2}dx1dz2

+ Ty puk / Ak{ailail w + a%2332w}dxldx2,
e (10)
with I, = ((he/2 + hy)* = (he/2))/3 and Ty = hy(hy +
he)/(Briep).

In order to include damping into the mathematical model the
variational derivatives of the virtual works WNC and WN ¢
of the non-conservative damping forces are considered in the
form

SWNC = ’yﬁ/ dawdw dz'dz?
e (11)

5W1£Ylg :_27;/ Apdywdw dztda?,
Qe

with the parameters ¢ and -y, referring to viscous (external)
damping originating from the carrier layer and the MFC patch
pairs, respectively.
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Finally, evaluation of (3) yields the equations of motion for
the MFC-actuated plate structure in the form

pOFw + 0w + 9% (103 w) + 0% ([282210)

Z I‘kuk

)
for (z!,22,t) € Q. xRT with V2 = 92, +92,. The boundary
conditions along the clamped edges 8QC and the free edges
O0L are given by

+V? (I3V2w) + 04102 (14051 0,2w) =

w=0, dpw =0, V(zt,2?) € 99F (13a)

1,02 w+ I3V?w =0

On (In(?%nw) V(xl’ T
+0pn (I3V2w + 1,02, w) = 0

2y e 00F (13b)

with V2 = 02, + 92., where the indexes n and 7 refer to the
normal and the tangential component of the respective bound-
ary. Here, p(2!,22), v¢(2!, 2%), I;(2',22), 1 =1,..., 4, rep-
resent spatially varying mass per unit area, viscous damping,
and flexural rigidity defined by

Np
p = pche+2 Z Arpphy
k=1
Np
V=42 A (14a)
k=1
=16 +2Y Ahc), j=1,...4
k=1
With (‘ _ C1111 _ C11)122, C% — 6127222 _ C11)122, C?) — 611)122,
cp = 401212 and
T =Ty [a1' 02 Ag + a3?02: A ] - (14b)

For the sake of simplicity, zero initial conditions (ICs) are
assumed, i.e.

w=0w=0, t=0, (15)
which, for non-zero stationary ICs, can be obtained by a simple

state transformation.
; 2

Moreover, a set of reference points {(z, ;,x, ;) € Q},
j=1,...,N,, is defined. Hence, let the output of the model
be given by y(t) = [y1(¢),...,yn, ()] with
y]_w|(x ta?)=(z, ;@2 ;) j=1,...,No, (16)
then the desired motion of the deflection profile w?(x!, x2,t)
can be specified by prescribing admissible desired trajectories
t— y;-i(t) for the individual outputs y;(¢). For the systematic
solution of the motion planning problem a spectral approach
is subsequently proposed, which utilizes the weak formulation

of the equations of motion.

III. WEAK FORMULATION AND SPECTRAL
REPRESENTATION

The spatially varying parameters (14) depend on the spatial
actuator characteristics (1) such that the strong form of the
equations of motion of the MFC-actuated plate structure (12),
(13) involves derivatives of the Heaviside function. In order
to overcome the necessity to consider distributional solutions
the weak or variational form is introduced below.

A. Weak form

Let V = C(Q = {w S HQ(QC) | w‘(zl,ZQ)ng =
(Op1w)|(21 22)ee = 0} and H = L*(Q.) with the inner
product on H given by

(€6, = [ pe'Eartar? a7
Qe

for £ (!, 2?),€%(z",2%) € H and £2 denoting the conjugate
complex of £2. Multiplying the mathematical model (12) with
a suitable test function &(zt,22) € HZ(Q.) and integrating!

over the domain (2. taking into account the boundary condi-
tions (13) yields the weak formulation

<8t2w7 §>H + 01 (w7 §) + o2 (atwv 6)

N,
1 P
= (== urlypph, af' 05 € + ai?02%¢
Pi=
with the symmetric sesquilinear forms
(€)= [ (MO ETE + Lo Tl
Q.
+ V2V 1465,,1agczglaxlaﬂg?)dxldm?

oa(€h,€2) = / 2 EOE datda?.
Qe

(18)

H

19)

The sesquilinear forms exhibit the following properties, which
are crucial for the analysis.

Lemma 3.1: The sesquilinear form o (-,
symmetric and V-elliptic, i.e.

(l) V¢>1/J eV: 01(¢a¢) = O-j(1/}7 ¢) (Symmetf}’)

() 31 =2 0st.Vh, 9 € V 1 |o1(d,9)] < alldllvlvlly
(continuity)

3) Fk; > 0st. Vo € V : R(o1(h,0)) = o1(p,9) >

kyllgII5

Moreover, o3(-,-) : H X H — R is symmetric and #-elliptic.
The proof of Lemma 3.1 is provided in Appendix A-A.
Since V < H = H' — V' forms a Gelfand triple with
the pivot space H, which can be identified with its dual
H' by the Riesz representation theorem, and V' the dual
of V the duality pairing (-,),,,,, can be considered as the
continuous extension of (-,-),, on V' x V [2]. The ellipticity
of the sesquilinear forms implies the existence of bounded
invertible linear operators A; by the Lax-Milgram theorem,
ie. o;(¢4,€%) = <Aj§1,§2>H, j = 1,2 such that the weak

):VxV —=>Ris

IThis requires special attention due to the orientation of the domain to
avoid corner conditions.
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form (18) can be interpreted as an abstract differential equation
in V'’ according to
Np
a?w + A1w + .Ag@tw = Z bkuk

k=1

with byug(t) € L2 _([0,00); V') defined by

(20)

1
(Okur, &)y y = <—;Uk:rp,kAk:,a%182 £+ a0 §>
H

Hence, the application of [2, Thm. 4.1] implies the exis-
tence and uniqueness of a solution w(:,-,¢) of (18) with the
regularity properties w(-,-,t) € L2(0,T;V), w(-,-,t) €
L2(0,T;H), and O?w(-,-,t) € L2(0,T; V'), see, e.g., [26],
[2]. Additionally, it can be shown [2, Sec. 4.3] that (20)
can be interpreted as an abstract differential equation in

V, =V, xV, with V, equal to V but with o(-,-) as the
inner product, in the form
NP
Ow = —Aw + Y bru (21)
k=1

with w(t) = [w(-,-,t),0w(-,-,t)]T, by, = [0,b;]T and the
system operator —A € L(V,V]) given by
0 A

Ay —Ay } v

representing the infinitesimal generator of an analytic Cop-
semigroup on H, =V, x H as wellason H =V x H
[2, Thm. 4.8]. Here, Z is the identity operator.

—Aw = { (22)

B. Spectral representation

The weak form introduced above can be directly utilized
to determine the spectral system representation. For this, it
is necessary to analyze the eigenproblem —A¢p(z!, z?) =
A¢(zt, 2%). Contrary to cantilevered Euler-Bernoulli beam
models with spatially varying coefficients, see, e.g., [27], no
analytic or asymptotic solutions to the eigenproblem are avail-
able for the considered plate structure’. Hence, the following
assumption is imposed.

Assumption 3.1: Let —A be as above. Then

(A1) —Ais a Riesz-spectral operator in the sense of [30] with
isolated point spectrum (\,,)nen and A, # 0, Vn € N.

(A2) The algebraic and geometric multiplicity 7, and r], of
Ans 1 € N coincide with r,, < oo and sup R(A,) < oo.

(A3) The generalized eigenvectors ((¢,, )i=1,...,r, Jnen and
((¥,,,)i=1,....rn Jnen of —A and its adjoint (—.A)* form
a biorthogonal Riesz basis for H.

With this, any w(t) € # can be represented in terms of the
Fourier series

w=3"S" (wapy ), b

neN =1

(23)

2Solutions do exist only for plates with special domains (e.g. circular or
rectangular) or special boundary conditions, see, e.g., [28], [29].

Moreover, for any A € o(—A) with o(—.A) denoting the
resolvent set of —A the resolvent operator R(\,—A) =
(AZ — (=A))~! can be represented as

Zsf/\ P

Since —.A is the infinitesimal generator of a Cy—semigroup
taking the Laplace transform of (21) yields the spectral repre-
sentation

R(s,—A) = (24)

Tn

Z bk7¢n, >’H n;*
Remark 3.1: The case 1/,

, < rp can be treated in a way
similar to the presentation above with additional terms arising
from the resulting Jordan-like structure. However, this case is
outside the scope of this contribution.

(25)

wZZA

neN k=1

IV. MOTION PLANNING AND FEEDFORWARD CONTROL

Henceforth it is shown that the spectral representation
enables the systematic determination of a flat or basic output,
which differentially parametrizes the system state, the input,
and the output. With this, a very intuitive solution of the
motion planning and feedforward control problem is obtained.

A. Flatness-based parametrization

The spectral system representation (25) can be equivalently
formulated as

(>\n ’g)'Dw n,
==3 Z ik Z ", (6)
neN k=1
where
leN
l#n 27
b= [ (1 2) 7

leN

denote so-called Weierstrass canonical products of genus’® g
of its sequence of zeros (\;);en [31]. Herein, F(s,g) = 0
if g =0 or F(s,g) = Zg,lsj/y if ¢ > 1. This is a
direct extension of the parametrization derived in [32] for an
Euler-Bernoulli beam, which is recovered for ¢ = 0. This
formulation becomes apparent by considering the relationship
between Weierstrass canonical products and entire functions.
For any sequence (\;);eny with genus g > 0 the products
D¥(s) and D*(s) converge and define entire functions whose
zeros are exactly (A;)ien,izn and (A\;)ien, respectively. Ap-
pendix B provides an analytically treatable example based on
the eigenvalue distribution of an isotropic simply supported
rectangular plate with g > 0, which further endorses the
introduced general formulation.

3The smallest positive integer g’ for which 3>, < |an|*9/ < oo with
an # 0, limp—s o0 |an| — oo is denoted as g + 1 and g is the genus of the
sequence (an)nen [31].
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This Weierstrass factorized representation enables the in-
troduction of a flat output in the operational domain by
substituting &k (s) = ux(s)/D"(s), which with (26) yields

N
’LU:—ZZ@ An? D"(S)gsz n; (28)
neN k=1 i=1

t, = D*(5)&x.
Moreover, note that any entire function can be expanded into
a MacLaurin series, i.e.

/DZ;( ) ]:( v aJ)Dw ch
leN
. (29)
DU(s) = Zc}‘sl7
leN

with ¢f = c¢§ = 1, which converge for all s € C. Hence,
by taking into account that s is the operational equivalent to
time differentiation the state and input parametrizations (28)
are equivalent to

NP
=SS (D@, 0

neN k=1
D*(0) o &,

These computations are so far only formal and rely on the
convergence of (30). As is outlined below, the convergence
analysis can in principle be reduced to a problem of trajectory
planning for the flat output taking into account the eigenvalue
distribution, which determines the series coefficients in (29).

o bk> n;

; An
Jj=1
k=1,..,N,.

(30a)

J

up = (30b)

B. Convergence analysis

Similar to the treatise in [32] for an Euler-Bernoulli
beam and [33] for a diffusion-reaction system with higher-
dimensional spatial domain the convergence of w(t) and
u(t), k = 1,..., N parametrized according to (30) relies on
the order and type* of "D¥(s) and D“(s). In addition, it is
obvious from (30) that necessarily &;(t) € C*°(R). We have
the following convergence result, whose proof can be found
in Appendix A-B.

Theorem 4.1: Let (\,)nen be of convergence exponent’ v
and genus g, then D%(s) is an entire function of order ¢ =
v and genus g. If D¥(s) is of finite type 7, then uy(t) =
D¥(8;) o &k (t) converges uniformly for any &k (t) € Gp,o(R),
the Gevrey class® of order a < 1/s.

As is shown in [32], [33] a rather similar argument al-
lows to deduce the convergence of ‘DY () o &(t) for
any n € N. The convergence of the parametrized Fourier
series (30a) can be in addition deduced provided that
S en i | SR (D (8r) 0 &k (1)) (b, 4, Y3 /An? < 00
holds. The latter obviously depends on the actuator type and
location. The explicit proof of these claims is subsequently

“4For a definition of these notions for entire functions consult [34], [31].

5The infimum v of positive numbers v/ such that 3, o lan| =" < oo
with an # 0 and limp o0 |an| — oo is called the convergence exponent
of the sequence (an)nen [31].

The function f(t) € C®°(R) is in Gp,q(R) if there exist D, & > 0
such that sup,cp [0 f(t)| < D" F1(n!)® for any n € N. f(t) is entire if
«a < 1, analytic if & = 1, and non-analytic if o > 1.

omitted but makes use of the following assumption, which
implies the approximate controllability of (21) according to
[35, Thm. 4.2.1].

Assumption 4.1: For all n € N the (r,, x N,,)-matrix defined
by [(b1,%,, )3¢,-- -, (bn, . ¥y, )3elj=1.....r, is of rank ry,.
The verification of the convergence conditions on the one
hand relies on appropriate trajectory assignment for the flat
output addressing the Gevrey condition with o < 1/¢ and
the considered motion planning problem. On the other hand,
order and type depend on the zero set of "D¥(s) and D%(s),
which corresponds to the eigenvalue distribution. Both tasks
are addressed below.

C. Trajectory assignment

Based on the parametrizations (30), prescribing a suitable
desired trajectory ¢ — &(t) for the flat output & (t) directly
yields the feedforward control uf (t), which is required to track
the respective profile we(t) = [w(,-,t), dw(,-,)]T and
hence the outputs (16). For this, note that the evaluation of
(16) with (30) results in

2 o (b2,
w DTNl H
=YD (D@ o&r) Y engs B
neN k=1 i=1 "
where ¢y, j = ¢n, (@ Ty s T ) Obviously, formally prescribing

different & (¢) results in different output trajectories y;(t).
Hence, the motion planning problem can be solved indirectly
by assigning a suitable desired trajectory ¢ +— £%(¢), which
realizes the desired motion y?(t). Once £Z(¢) is available the
necessary feedforward control directly follows from (30b).
In particular, (31) can be used to realize rest-to-rest motion
from y% = y(0) to yI = y(T) with prescribed transition
time 7'. The corresponding values of the flat output £ = £(0)
and £7 = £(T) can be directly determined from the output
parametrization under steady state conditions, i.e.

ZZE“’ "

neN k=1

for j = ., N,, which directly follows from (31) by
making use of the final value theorem of Laplace transform.
Assumption 4.1 thereby implies that dim & = NN,, independent
output trajectories can be assigned. Thus, let N, = N, and
let the conditions of Theorem 4.1 hold, then (32) represents a
linear system of equations for SEO’T}. Moreover, it is obvious
that the connection of £2 and &7 requires £(t) to be locally
non-analytic at t € {0,7}, i.e. £(0) = &%, &(T) = &7 with
07€(t) =0 at t = {0,T} for all n > 1. In view of Theorem
4.1, it is in addition required that o > 1 or ¢ < 1. A trajectory
that can be used to fulfill these requirements is given by

n <bk7 111’711 >’H

OT
g = I

(32

i=1

Ve t<0
_ AEs k 2(%_1)
Ght) = &0+ =5 {Htanh(wﬂ, t€[0,7]
T, t>T
7 (33)

with A&, = fgk
transition function.

- fST , and o determines the slope of the
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D. Finite-dimensional realization and implementation

In order to address the computation of the eigenvalue
distribution, the weak formulation (18) can be utilized to
determine a finite-dimensional approximation of the equations
of motion in the sense of weighted residuals [29]. For this,
consider the truncated Fourier series (23), i.e.

nek i=1 nek i=1
with gy, (t) = (w(t), 4, )2, basis functions ¢,, (z',2?), and

the ordered index set K = {0,1,...,m}. Evaluation of the
weak formulation (18) by means of the truncated Fourier series
with test functions chosen equal to the set of basis functions
directly results in a finite-dimensional model representation of
the MFC-actuated structure according to

Md%q + Dd,q+ Kq = Bu

35
N_oq (35)
Here’ Q(t) = [qol (t)7 e 7q0r0 (t)7 ctt le (t) e 7qmrm (t)}T’
w(t) = [ur(t),...,un,(t T, and y;(t) = w(;vyj, y],t) j=
1,..., N,. The elements of the symmetric (N x N )-matrices
M Mc Np Mp,k
Dp={Dcp+> Dy
K K. k=1 \ Kp i

with N =3 7, and the elements of the input and output
matrices B € RV*Ne and C € RN XN are summarized
in (36). Note that the explicit computation of the matrix
elements relies on the proper selection of the basis functions
¢, (x', 2?) since the formulation (35), (36) is only valid for
basis functions satisfying the natural boundary conditions (13).
Hence, basis functions are subsequently chosen equal to the
eigenfunctions of the undamped uniform orthotropic carrier
structure, which are numerically determined by making use
of finite element methods. For this choice the corresponding
eigenvalue problem is given by MM2¢ + K¢ = 0, which
directly yields the relation

L / (cL02, 6,02 61 + 0% 6,0%0 3

c

+EEV2 9,V + 2041042 $10,1 042 ¢5) dar' da®
- —)\?pchc/g p;prdatda’.

(37

In addition, the eigenfunctions can be numerically orthogo-
nalized, ie. [, ¢;(z" 2%)¢i(z",2*)dz"dz® = & with the
Kronecker delta ¢;;, which allows to significantly reduce the
effort to calculate the matrix elements (36). Spatial derivatives
of the eigenfunctions are computed using high-order finite-
difference schemes.

Based on (35), the state and input parametrizations can be
explicitly evaluated by replacing N with K and making use of
the solution of the algebraic eigenproblem

(MX+ K)8 =0, (38)

Fig. 2: Picture of the MFC-actuated plate structure.

where M = (D 4) and K = (% _§,) are symmetric
2N x 2N matrices. Since the presented computational proce-
dure can be directly extended to structures with more general
geometry, material characteristics, and boundary conditions
a very efficient semi—analytical procedure is obtained for
the solution of the motion planning and feedforward control

problem as is illustrated below for the flexible plate structure.

V. EXPERIMENTAL RESULTS

The experimental validation of the proposed feedforward
control is performed by means of the flexible plate structure
depicted in Fig. 2. The structure is built up of glass fibre
composite material with dimensions L! = 0.427m, L2 =
0.304 m, and h,. = 0.001 m. The MFC patches are of the type
M8557P1 with an active area of dimension L, = 85x107% m
L2 =57x10"% m, h;, =3 x10~* m, and electrode spacmg
ep =95 X 1074 m [36] For each MFC patch pair a separate
hysteresis and creep compensator was implemented. In the
following, for actuation we solely focus on the patch pairs
near the clamped end located at (z1,2%) = (0.023,0.021) m
and (z3,23) = (0.023,0.283) m. For the verification of the
resulting tracking behavior three laser sensors are placed at the
positions (z,, 1,22, 1) = (0.422,0.012) m, (x}, 5,22, ,) =
(0.422,0.152) m, and (z}, 3,3:3”73) (0. 422 0. 292) m. The
deflection profile of the plate structure is specified by the
deflection at the positions (z,;,22,;) = (z,,; zp,,) for
i = 1, 3. The measurements and the implementation of the
feedforward tracking control concept are realized using the
real-time control board DS1103 of dSPACE with a sampling
time of T, = 0.2ms. The power supply is provided by high-
voltage power amplifiers PA05039 of Trek Inc. [36].

A. Parameter identification and model validation

The correct determination of the physical parameters of
the plate structure is important for the feedforward tracking
performance. Since only few parameters are available from
data sheets, a parameter identification is performed at the test
bench. Due to the incorporation of an appropriate hysteresis
and creep compensation the parameters of the resulting linear
system can be determined by means of standard identification
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[Mc]]',l = pche fQC ¢j¢ld3’31d732 [Mp,k:]j,l = 2pphyp fQC Ak¢j¢ldl‘1d$2
[Deljy = [o 160i1datda? [Dpiljp = 2 [q, Mvpdipide’ dz?
s c c P
[Kc]j,l = L fQﬁ (céail d’jail é+ cga§2¢jai2¢l [Kp,k]j,l = 2Ip fgc A (011;851 ¢jag2c1 o1+ C§8§2¢j8§2¢1 (36)
+e3V2¢; V2, + c20,10,2¢10,10,2 d)J) datda? +C?,V2<;/>j V3¢ + C§3m1 0,2¢10,10,2 ¢]) dz!da?
[Cla; = dilere)=(al .32 1) Blix = Tpxfo, Ar(a1'd2, i + 7?82, 4;)da’ da®
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Fig. 3: Comparison of measured y;(¢) and simulated step response y

(w'}n,17

techniques. In particular parameters are identified by minimiz-
ing the mean square error between measured and simulated
step responses corresponding to bending and twisting motion.
The simulation model corresponds to the finite-dimensional
approximation (35) with N 15 basis functions, which
are calculated by means of the finite element tool ANSYS.
However, due to the anisotropy of the carrier structure, which
is also reflected in the matrix elements of M, D, and K, the
calculation of the eigenfunctions relies on material parameters
c7f!. Hence, an iterative procedure has to be considered with
a recalculation of the eigenfunctions in each identification step
depending on the determined material parameters cijf !, With
this, system parameters are obtained as summarized in Table
I. To evaluate their validity, Fig. 3 provides a comparison of
the simulated and measured step responses, which are in very
good agreement both for bending and twisting motion. The
minor deviations between the simulated and measured signals
depicted in Fig. 3 d) result from an inherent deflection due to
the manufacturing process of the plate structure, which causes
coupling between the twisting and bending motion not covered
by the mathematical model.

sim

2 (t), i € {1,2}, at the measurement positions

x%, 1) = (0.422,0.012) m and at (x}, 5,77, 5) = (0.422,0.152) m. (a), (b) bending motion, (c), (d) twisting motion.

B. Motion planning and feedforward control

The finite-dimensional model of the plate structure with
parameters identified as specified above serves as the basis
for the evaluation of the feedforward controller proposed in
Section IV-C. For this, two different rest-to-rest motions of
the deflection profile are investigated:

i) bending motion corresponding to the first eigenfunction
from y?(0) = [y{(0),55(0)]" = [0,0]" m to y*(T) =
[, 7;)T with 57 € {0.005,0.01} m.

ii) twisting motion corresponding to the second eigenfunc-
tion from y%(0) = [y7(0),55(0)]" = [0,0]"m to
yU(T) = [+¥;7, =¥ )7 with 7;; € {0.0015,0.003} m.

The trajectories are chosen according to (33) with a transition
time 7'=0.2s and 0 = 1.8.

Prior to the experimental validation, the convergence be-
havior of the parametrizations (30), (31) is investigated by
numerical computations. A detailed numerical analysis of the
considered plate structure yields mutually disjoint eigenvalues,
ie. 7, = 1. In view of the results for the Euler-Bernoulli
beam [32] this gives rise to the assumption that also in this
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Fig. 4: Convergence of the flatness-based input and output parametrizations for the bending motion: (a) trajectories for the flat
output £§(t), (b) output trajectories 3¢ (¢), and (c) voltage input u(t).
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Fig. 5: Convergence of flatness-based input and output parametrizations for the twisting motion: (a) trajectories for the flat
output £§(t), (b) output trajectories y¢(¢), and (c) voltage input u(t).

case g = 0. In order to verify this conjecture, the feedforward
control for scenarios i) and ii) is calculated with g = 0 for an
increasing number of basis functions as illustrated in Fig. 4 and
Fig. 5, respectively. Thereby, only the voltage trajectory for the

first patch pair u$(t) is presented since for the bending motion
ud(t) = uf(t) and for the twisting motion ug(t) = —uf(t).

It can be deduced that for ¢ = 0 the parametrizations for
the output 4% (¢) and the input u¢(t) converge with increasing
number N of basis functions. Based on these results, subse-
quently, the feedforward control is determined based on the
finite-dimensional model with N = 15.

C. Experimental results

The experimental validation is performed for both the bend-
ing motion and the twisting motion as defined in the preceding
section by scenario i) and ii). In order to illustrate the effi-
ciency of the proposed flatness-based feedforward control, for
comparison reasons both scenarios are also realized by using
simple transition functions for the voltage signals. Thereby,
the input voltages u$(t) and ug(t) are chosen equal to (33)
with 0 = 1.8 (cf. Fig. 4 (a)) and suitable start and end values.
As it is shown in Fig. 6 (a) and 7 (a) this causes undesirable
oscillatory motions which confirms the high flexibility and
the low damping of the considered plate structure. However,
it can be clearly seen that due to the application of the
hysteresis and creep compensator the structure behaves like
a weakly damped linear system. In contrast, by means of
the proposed flatness-based feedforward control the rest-to-rest
motions can be realized in open-loop nearly without exciting
spurious oscillations, see Fig. 6 (b) and 7 (b). Note that the
transition time of 7" = 0.2s used in all scenarios is faster

than the first eigenfrequency of the structure corresponding to
= T% with 77 = 0.23s. As shown by the corresponding
detail views Figs. 6 (c) and 7 (c) the proposed control design
allows to realize high-speed rest-to-rest transitions with high
tracking accuracy. At this point it should be pointed out that
no feedback control is involved and that the presented results
are obtained solely by feedforward control. The corresponding
voltage signals’ w;(t) = ﬂ{'s(t) = ug,; + ud(t) are presented
in the detail views in Figs. 6 (d) and 7 (d). Here, the nominal
feedforward control signal corresponding to Figs. 4 (c) and 5
(c), respectively, and the corresponding output of the hysteresis
and creep compensator denoted by Ui pe.(t) are shown for
comparison reasons. The difference between the signals u; (¢)
and U1 pec(t) demonstrates the adaption of the voltage signal
by the compensator to cancel out the hysteresis and creep
effects. For further details concerning the hysteresis and creep
compensation the interested reader is referred to [22].

VI. CONCLUSIONS AND OUTLOOK

In this contribution, a systematic approach to motion plan-
ning and feedforward control design for flexible structures is
presented based on the example of an orthotropic cantilevered
elastic plate structure with distributed pairs of MFC patch
actuators. By means of an appropriate hysteresis and creep

7In order to reduce the inherent deflection resulting from the manufacturing
process of the plate structure the values of ug; = 500V, i = 1,2, of the
supply voltage E{S/bs = ug,; = u;i(t), cf. (2), are adapted to ugsl =500+
100V, uf®; = 500—100V, uf% = 500+250 V, and u$%, = 500—250 V.
Furthermore, since there exist only minor differences in the voltage signals
E{s(t) and ub*(t), in the following only the signals H{S(t) are shown and
the superscript fs is omitted.
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compensator nonlinear effects resulting from the piezoelectric
actuation are canceled out such that the equations of motion
are given in terms of the linear Kirchhoff plate equations
involving viscous damping with spatially discontinuous pa-
rameters due to the distribution of the MFC patches. By the
exploitation of a weak or variational form in combination with
an appropriate spectral system representation a flat output can
be systematically constructed, which allows to differentially
parametrize all system variables. Based on this parametrization
the motion planning and feedforward control problem is solved
by assigning suitable desired trajectories to the flat output. For
the explicit evaluation of the proposed feedforward controller
a weighted-residual approach is applied to determine a finite-
dimensional approximation with basis function computed by
incorporating finite element methods to account for the non-
trivial domain and the orthotropic material behavior of the
plate structure. The convergence of the resulting input and
output trajectories is verified numerically. Finally, experi-
mental results demonstrate the applicability of the proposed
approach to precisely realize highly dynamic trajectories for
the deflection profile of the MFC-actuated plate structure.

Future work is dedicated to the extension of the control
design by a feedback controller to realize a two-degree-
of-freedom control scheme, which allows to achieve robust
trajectory tracking also in case of external disturbances or
model uncertainties, see, e.g., [16].

APPENDIX A
A. Proof of Lemma 3.1

The property of symmetry is obviously satisfied. The V-
ellipticity of (-, -) is shown in the following. Note that

lo (¢, ¥)] = /Q (Ilailwﬂﬂﬁizgzs@

+ V26V + I4azlaz2¢azlazzw) datda?

<c (2 ‘/ aild)aillbdmldxz
Qe

+2 ‘ / 92:00%,pda’ da?
Qe

+ ’ / 92,002, ¢pda’ da?
Qe

+ ‘ / 92:0% ¢da' da?
Qe

)

with ¢1 = max({sup(,1 ,2ycq. [Ix(z!,22)|, k = 1,...,4}).
Furthermore, by means of the Cauchy-Schwarz inequality each

summand is bounded, i.e.
< </ faii(bfzdxldﬁx
Q.

1/2
/ 02,0 dxldx2>
(978

which directly implies

|01 (¢, )| < Ter ||| [l 2 = Tea[[llv [¥]ly -

+ ’ / 0,102 0031 Op2pdxt da?
Qe

’ / 92:00%pda’ da?
Qe

IN

01l 11| a2

Since [|z||g» is equivalent to (35, ;_, 107,07,2]122)1/2, see,

e.g., [37], it can be observed that

o1(p, ) > ky </ |8§1¢|2 dztdz? +/ {8iz¢|2 datda?
Q. Q.

c

+/ |011812¢|2d$1d-’v2> = kallgll%2 = KallglI5

with k = min({inf(ml,IQ)EQC Ik(xl,xQ), k=1,... ,4}) > 0.
This implies the V-ellipticity of o1 (-, -). Similar results can be
obtained for oa(+, ), i.e.

< collpllalllla,

1026, ) —‘ /Q (1°6%) da' da?

with o = SUp(,1 42)e0, 7 (2!, 2%) and o2(h, ¢) > kal9|l3,
with ky = inf( 42)eq. 7¢(2!, %), which verify the H-
ellipticity of oa(-,-).

B. Proof of Theorem 4.1

Since D%(s) is a Weierstrass canonical product it is an
entire function of order equal to the convergence exponent v
of its sequence of zeros (A, )nen [34, Thm. 2.6.5]. The genus
follows from the Hadamard theorem [31, Sec. 4.2]. Moreover,
if D"(s) is of finite type, then there exists a finite m(e) € N
s.t. for any € >0 the coefficients ¢}' of the MacLaurin series
expansion satisfy |c}| < [(esT + ¢€)/1]V/< for all I > mf(e).
Since (30b) is equivalent to ug(t) = >,y €' 0Lk (t) uniform
convergence can be directly deduced from the bound on ¢,
the Gevrey condition, and the Cauchy-Hadamard theorem.

APPENDIX B

The solution of the eigenvalue problem for an undamped
uniform isotropic rectangular plate, simply supported along
all four edges, yields isolated eigenvalues in the form

m\? n\2
)
=i |(31) + () |

with m,n > 0 [29, Sec. 7.13]. If the ratio of the plate
dimensions is rational, i.e. L1/L? € Q, multiple eigenvalues
exist, e.g., if L1/L2 = 1 then A; 2 = Ag,1. Based on (39), it
can be shown that the genus of the set of eigenvalues {\,;, ,, },
i.e. the smallest integer such that

oo 00 2 29 —g—1
%:ZZK%) +(%) } <oo,  (40)

m=1n=1

Iccllll

pche

(39

is given by g = 1, cf. Fig. 8, which motivates the operator
formulation in (27), (28).
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il = 425 x 1019 Pa
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cl?12 = 8.96 x 10° Pa
pe = 1732kg/m3

Pp

1.27 x 1019 Pa
2.86 x 1010 Pa
1.41 x 108 Pa
2.21 x 10'0Pa
5400 kg/m3

e
Y
a%l/ﬁn
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1.75kg/(sm?)
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5.38 As/m?

—2.06 As/m?

TABLE I: Parameters for the MFC-actuated plate structure.
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Fig. 6: Rest-to-rest bending motion of the plate structure according to scenario i). Realization with (a) voltage transition
function, (b) flatness-based feedforward control, (c) and (d) show detail views of output and applied voltage for (b).
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Fig. 7: Rest-to-rest twisting motion of the plate structure according to scenario ii). Realization with (a) voltage transition
function, (b) flatness-based feedforward control, (c) and (d) show detail views of output and applied voltage for (b).
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Fig. 8: Series S, as defined in (40) evaluated for m,n =1,...,j with Li =1 and Lf =2.(@)g=0,(b)g=1.
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