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Motion Planning for an Adaptive Wing Structure with Macro-fi ber
Composite Actuators

J. Schrock, T. Meurer, and A. Kugi

Automation and Control Institute, Vienna University of Tieology,
GulRhausstr. 27-29, 1040 Vienna, Austria

ABSTRACT

A systematic approach for flatness-based motion planniddesdforward control is presented for the transient stgapin

a piezo—actuated rectangular cantilevered plate modafirsglaptive wing. In the first step the consideration of aalided
infinite-dimensional input allows to determine the statd eput parametrization in terms of a flat or basic output,cluhi

is used for a systematic motion planning approach. Subsglgutne obtained idealized input function is projectedooa
finite number of suitably placed Macro—fiber Composite (Mp&ich actuators. The tracking performance of the proposed
approach is evaluated in a simulation scenario.

Keywords: Trajectory planning, feedforward control, cantilevertpldaracking, flatness

1. INTRODUCTION

Smart structures nowadays can be found in a large varietgplfcations with vibration suppression in lightweightusty
tures representing one of the classical key examples. Dieteast progress in both material as well as actuator dgvelo
ment new application areas evolve such as adaptive optteteiscopes, adaptive wings, or so-called smart skinsesge,
Ref. 1. Here it is desired to suitably affect the shape ofwcsire in order to achieve, e.g., the modulation of opticalev
fronts, the reduction of drag, or the improvement of aesi@aharacteristics. Thereby, piezoelectric elemerigafly
serve as actuators by exploiting the indirect piezoeleeffect, which allows to convert electrical voltage intoahanical
strain.

For flexible structures, in general two problems have to Isérdjuished. In the so—called static or dynamic shape
control, the undeformed or respectively the initial stdta structure is preserved in view of static or dynamic distunces
(see, e.g., Ref. 2 for a comprehensive overview). On ther dided, the transient shaping of a flexible structure, i.e. th
design of a suitable input in order to achieve a transienhgbaf the structural shape, provides new and particularly
promising applications. This is for example outlined in R&for a piezo-actuated simply-supported elastic plateergh
flatness-based methods (see, e.g., Ref. 4-6) for motionipigu.and feedforward control design are combined with tesul
from optimal actuator placement to achieve a desired teanshaping of the plate.

In the following, these results are extended to realizerdesient shaping of a cantilevered Kirchhoff plate by piezo
electric actuation. This configuration for example repnés@ simple model of an adaptive wing with the wing shape
changing transiently according to an appropriately pibsedrdesired wing profile. For this, in a first step an idealize
setting is considered, where the input acts arbitrarilyhenglate, which directly allows a parametrization of theefetfon
and the input in terms of a flat or basic output and its spatidltamporal derivatives. This inverse system represemtati
can be efficiently utilized for motion planning, namely thetefmination of a suitable transient deflection profile,,eag
flapping wing motion. In a second step the idealized set8rmgojected to a realistic one where the input acts via slyitab
located piezo actuators. In this scenario Macro-fiber CaitpdMFC) patch actuators are considered, which provigk hi
flexibility and a larger piezoelectric coupling coefficiegh&an monolithic piezoceramic (PZT) patches. The presegueérh
configuration is determined by maximizing the controlldydramians of the the first two eigenmodes for motion plagni
while minimizing the control spillover.
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The paper is organized as follows: in Section 2, the equstidmmotion for the MFC-actuated plate are determined
using Hamilton’s principle. Based on the correspondingatimal formulation and spectral analysis in Section 3tiaro
planning and feedforward control design for the plate amesiwered in Section 4. Simulation results for the contoblle
bending and torsion motion of an airfoil are presented irtiSe&.

2. MODELING OF THE MFC-ACTUATED CANTILEVERED KIRCHHOFF PLA TE

In the following, a cantilevered rectangular isotropicdihoff plate is considered, which is actuated by a finite nemalf
MFC—patches that are symmetrically placed on the upperamelrisurface of the plate. For the derivation of the govern-
ing equations letZ = {e1, e, e3} denote the orthonormal basis of a three-dimensional Eemticpace with coordinates
X1, j =1,2,3. Assuming small displacements of a thin plate, homogesiand isotropic material, neglecting transverse
shear effects, and assuming that linear filaments of the piitally perpendicular to the middle surface remainigtna
and perpendicular to the deformed middle surface withodeugoing tension or contraction (Kirchhoff assumptiohg t
potential energy due to bending reads as

1 ' 2 2 2 2 2
Wp = 5De /Q (%)% +21-v) (( o) — a‘(’xg")’z)]dxldxz. (1)

Here, Q represents the plate domaih= (0,L1) x (0,L,), w(x,t) = w(xt,x2,t) denotes the plate deflection in tké
direction,[0? = 32/9(x')? + 92/9(x?)?, andDg = EH3/(12(1 — v?)) yields the flexural rigidity with Young's modulus
E, Poisson’s rativ, and the plate heiglii. Neglecting the rotational inertia of the plate, its kieethergy due to bending
follows as

M:%/L;ZpH(%—‘t”)zdxldxz )

with p the mass density of the plate.

g-th MFC—patch pair
(Xg. %3, 2)/

L2

- + -

Figure 1. Schematics of the considered MFC—actuated eaetéd plate with details on the structure of an MFC—patch.

MFC-patch actuators are composed of rectangular piezogefibers embedded in an epoxy matrix which are covered
by interdigitated electrodes on both sides (cf. Fig. 1). fadeling purposes this complex structure is replaced by a
homogenized orthotropic material with appropriate matgrarameters provided by the distributor, see Ref. 7. Whie
kinetic energy of the actuators is neglected the potemietgy of an MFC—patch at tintds given in the form

t o, .
Wpa=/0/v(0”%8ij+5i%D'> dxtdx?dx3dr, 3)

with the mechanical stress, the straing, the electric fieldE, the electric flux densitpp andV as the volume of the
MFC—-patch. By consideration of the general constitutiVatiens of piezoelectric material, see, e.g., Ref. 8

ol =cd¥g, —hiD™

4
En = —hﬁlgkl + BamD™, )
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with the integrability conditions
Clkl — gkl — ik — ki Kk g g (5)
the potential energy (3) evaluates to
1 . .
Wp, = = /V (€™M 88— 2D™s;) + BurD"D™) b, (6)

In the following the electric field between the interdigédtelectrodes in the MFC—patch is approximated by an exdusi
homogeneous field compondt (cf. Fig. 1). Due to the Kirchhoff assumption of zero trawestrainsgss = €13 = €3 =0
the shear stressesif-direction for orthotropic material disappeaf® = 02 = 0. On the additional assumption of a zero
traverse stress component® = 0 and of vanishing electric flux density componebts= D2 = 0 the constitutive relations

(4) simplify to
O-ll Cllll 01122 0 €11 hll
0-22 — 02211 C2222 0 &l — h%Z Dl7
12 1212

o 0 0 C &12 0
; (7)
11

E1 = [—h%l —hiz 0} &2 +[311D1.
€12

Note that the material paramete}® = 0 in this case. Assuming that the self-generated electilit diee to the direct
piezoelectric effect-hfg; with i € {1,2} is insignificant compared to the field componé&hitthe integration alondry
between two neighboring electrodes spaced by the distlecals to

Xet+€
/ Eydx! = B1iD'e=U, (8)
Jxe

whereU denotes the voltage applied to actuator. Hence, if thenstiff of the MFC-patch actuatdi' is neglected and
the voltage sources are considered to be ideal such tharthg,,D"D™ vanishes in the following variation formulation

the potential energy (6) reads as
hil 92 hfz 9% 1
=0 [ (it e a0t ©)

with y? = HP(H 4+ HP)/(2e), H, the patch height an@P the plate area covered by the patch. In order to induce bgndin
of the plate each actuator pair is driven in an asymmetridigoration with the voltage applied to the upper and lower
electrodes given by !(t) = Up+ U (t), andU' (t) = Uy — U (t), respectively, whertly denotes a constant supply voltage
to symmetrically preload the MFC actuators. With this sfleeioltage control the potential energy of an MFC-patch pair
is equal to the energy given in (9) multiplied by a factor 2.

With these preparations, the equations of motion of the Mdefi+ated plate can be directly determined using Hamil-
ton’s principle, which yields the strong formulation of tbensidered system f@k,t) € Q x R™ in form of

pHZ 0[2 W DEO*w+u=0, (10)

see also Ref. 9, whefg* =

a(x1)4 +25(Xl>2[3()(2)2 + a( )4 is known as the bi-harmonic operator and

) =2 3 pust) (i 32hena + 1 525ana(o) (1)
. d=1 - By 207 P11 -

represents the effect of the> 1 attached pairs of MFC—patches with spatial charactesid(x). For the cantilevered
plate, the respective boundary conditions (BCs) follow as

w=0, ( iy =0, forx* =0 (12)
92w 9?w

0,
_§Z+V_SZ ey } forx! =L vxe=0vx2=L,, (13)
S+ (2-V)ae =0
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wheren ands denote the normal and the tangent component to the respéctiindary, e.qy = x* ands= x? atx* = L;.

For the sake of simplicity, zero initial conditions (ICseaissumed, which for stationary ICs can be obtained by a
simple state transformation. Furthermore, it should befedi out that gravitational effects can be easily incorfgatay
adding the ternj, pgHwdx!dx? to the potential energy (1) with the gravitational constant

3. VARIATIONAL FORMULATION AND SPECTRAL ANALYSIS

From (11) it follows that any spatial patch characteristigéx) has to be twice continuously differentiable. Hence, for
piezoelectric patches with spatial characteristics ofdhe (cf. Fig. 1)

Aq(x) = [~ X3) = (= X3 =L g) | x [NGE = X2) ~h(E~xZ—LB.)] (14)

whereh(-) denotes the Heaviside function, it is required to consitlenteak or variational form, see, e.g., Ref. 10, of
(10)-(13) for a suitable class of test functiofi).

3.1 Weak and Variational Formulation

Let ¥ = HE (Q) wherelo = {x| x" = 0} and let#’ = L*(Q). Given& (x) € ¥ the weak form of (10)-(13) follows directly
from the determlned energies, i.e.

hll

. h22
/Qpr;thdeldx awE) = 722 VPUq / (ﬁ 7, +Bl 22 )dxldx (15)

with

: 2 2 2 2 2 2
a(\ME):DE/Q[< s +V H)( a7 Ve s) )“L(l_"z)a‘(;xg?o?x?iﬁz(l V) 3585002 d(xiw 2 ]dxldx (16)

such thaWV, = a(w,w)/2. The existence and uniqueness of the solutiprt) € ¥ can be established by considering (15)
in the dual space¢* as shown in Ref. 10. In the following, only the results are swarized, which are essential for the
further analysis.

Note that (16) represents a sesquilinear form fomedl € #* with a(w,w) > 0 anda(w,w) = 0 iff w= 0. In addition,
the spacey” and.7# form a Gelfand tripley” C o7 ~ J¢* C ¥*, wheresZ can be identified with its dual””* by the
Riesz representation theorem. Hence, the duality pa{fing)»+ » = F(&) with F € 7*, £ € ¥ can be considered as the
continuous extension of the inner prodyct)_,» on 7* x . Definingu from (11) asu € ¥* by

_las e hi' oz | hi® s
(U, &)y y = <2qu¥qu(t qa(X), By 0037 1311 >J{7 (17
the weak form (15) can be formulated as
(H.g)  rawe)= <2§va 0 (3 sahat0+ o sahats) s> S a
o2 & a-a B1 20527 Bi1 0x22 q ey

Note that for control design, (18) can be re-written as atraosfirst order differential equation in the product sp#ce
2, see Ref. 10. On the other hand, the variational formulasiparticularly suitable to determine a spectral represent
of the system dynamics by selecting the test funcéigx) from the orthonormal set of eigenfunctions of the bi-harimon
operator 14,
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Xt (m) * (m) x* (m) & (m)

Figure 2. Orthonormalized eigenfunctiopgx) for k € {1,2,3,4}.

3.2 Eigenproblem for the Cantilevered Plate
Consider the bi-harmonic operator

Ap =
defined on the domain
2 2 3 3
7(R) = {@eH Q)| 58 +vEE =058+ (2-v) 28 —0atx = L1 V)¢ = 0Vx¥ = L }. (19)

In particularA: 2(A) C ¥ — ¥ is a linear self-adjoint operator with domain dense/inFurthermore, the eigenproblem
Ap=2Xrop, @cP(A) (20)
admits a sequence of real eigenval{igs}ycn of finite multiplicity satisfying
0<AM <A< ... <A <... 00,

The respective eigenfunctiofgi(x) tken (cf. Fig. 2) form an orthonormal basis fdf such thatA can be represented as
AW = 3 en Ak(W, @) 2 G for anyw € 2(A) with 2(A) = {WE ¥ | Syen | Akl (W, @) |? < o}, see, e.g., Ref. 11. Note
that exact solutions to the eigenproblem (20) are not aailr the considered clamped-free case. In order to déterm
approximate solutions, typically a Rayleigh-Ritz apptoé applied with ansatz functions constructed from the $et o
eigenfunctions for a cantilevered beam (in #fadirection) and a beam with both ends free (in falirection), see, e.g.,
Ref. 12. This allows to obtain a rather high accuracy in theragmation of the eigenvalues. However, the determined
ansatz functions do not satisfy the natural BCs (13), whésluits in a rather poor convergence of the ansatz functmns t
the eigenfunctions of the plate. Since the proposed apprimaanotion planning relies on both the eigenvalues and the
eigenfunctions, for the results presented in the follovdriggh-order finite-difference discretization is applieatalculate

an approximate solution to the eigenproblem (20), whicisBas the clamped-free BCs at the respective grid pointse No
that this approach also allows to incorporate additiorfalbt$ such as the local stiffening of the structure due tattaehed
MFC—patches, which are neglected in this contribution.
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3.3 Spectral Representation

With the results of the previous section, the spectral orahoebresentation of the MFC—-actuated plate equation can be
determined by considering the series expansion

- 21
w kg\!wk% (21)

with thek-th modal statev(t) and the eigenfunctiog(x). Substitution of (21) into the weak or the variational fotation
(15) or (18), respectively, and choosing the test funcfidr) = ¢ (x) for fixed but arbitraryk € N yields the modal

representation
p 11 22
Pw 20 e Y hi™ hi® 52 14,2
G =~ WWk 2qZIUq(t)pH o <Bnm¢k+ Bllm@ dx-dx=, (22)

wherew? = DeAy/(pH) denotes thé-th eigenfrequency. This result follows in a straightfordiananner by applying
Green's theorem together with (20) and the fact thdk) € Z(A) C ¥ with (@, @).» = & for all k,| € N with the
Kronecker symbogy .

In the following, both the strong (10)-(13) and the modakesentation (22) for the MFC—actuated Kirchhoff plate are
utilized for motion planning and feedforward tracking cmhtesign.

4. MOTION PLANNING FOR THE PIEZO-ACTUATED CANTILEVERED PLA  TE

In order to determine the input voltageg(t), g = 1,...,mto the attached pairs of MFC—patches, which are required to
realize a prescribed transient shaping of the plate, in tsfiep an idealized scenario is considered under the asgumpt
of an infinite-dimensional inpui(x,t) acting arbitrarily on the domaif2. This enables to introduce a flat or basic output,
which provides an easily applicable approach for motiommpiag. For the realization of the determined motion, in a
second step, the determine(k,t) is projected onto a finite number of suitably placed MFC-pasdy using results from
optimal actuator placement.

4.1 Idealized Flatness-based Parametrization

Let the number of MFC—patch pairs — c while simultaneously eacﬁg —0,g=1,...,m. In this caseu(x,t) as
defined in (11) represents a distributed input acting abiyron the domai2. Under this assumption, lgtx,t) = w(x,t),
which in view of (10), (11) directly provides the inverse s representation in terms wfx,t) and its spatial and time-
derivatives, i.e.

w=y (23)
- (pHZY 4 D 24
u o] 2 +Deglly). ( )

Hence, prescribing suitable trajectorigst) — yd(x,t) for the basic output satisfying the BCs (12), (13), iéd(x,t) €
C2(=; 2(A)) for = C R, the evaluation of (24) directly yields the feedforward wohud(x,t), which is required to track
the deflection profilev (x,t) = y?(x,t) in open-loop. Obviously, for the considered idealized scierwith an input acting
arbitrarily on the plate domai, an inversion-based solution to the tracking control peabfollows naturally from the
governing PDE. Prior to discussing the implications of tbasidered idealization in view of the realizationLﬁf(>_<7t) by
a finite number of MFC—patches, the problem of motion plagnire. the choice of suitabl# (x,t) € C?(Z; Z2(A)), is
considered.

4.2 Motion Planning
Since the eigenfunctiong(x), k € N satisfyg(x) € Z(A), it follows directly that the choice

Y=Y a (25)

kel
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with time-varying coefficientsy(t) € C?(Z) for ann-dimensional index sdt, C N ensures thayd(x,t) € C3(=Z; 2(A)).
Hence, re-planning(t), k € I, yields different deflection profiles® (x,t) = y¥(x,t). As an example, in Ref. 3 the deter-
mination of a desired profile is considered in order to achigtransient deflection of a simply-supported plate reajizi
the formation of a bulge whose global minimum moves alongeagibed path in théd, x?)-plane.

In the following, the bending and torsional motion of anailris considered by a prescribed time-varying superpasiti
of the first two eigenfunctiong(x), k € I, = {1, 2}, which are depicted in Fig. 2 (a),(b). Note that more gerteag@ctories
can be treated similarly. In particular, the coefficiem@), k € 1, in (25) are chosen as

a(t) = A (G 10t 1) —~ Gy 1t —10)) (26)
where
0 t<0
Jo,7(t) = 1f6h oar t=T (27)
horar 1€0T)
with
0 t¢ (0T
ho:r(t) = {exp(W) te(0,T

The parameter§/, j = 0,1 andt? < t, k € I, are chosen such that the desired profiléx,t) as defined in (25) realizes
the transition from the initial profilg®(x,0) = 0 to the first profiley®(x,t0 + T?) = aign(x) (cf. Fig. 2 (a)) followed by
the transition to the final profilg* (X, 194+ T2) = ax@(x) (cf. Fig. 2 (b)). Obviously, the question arises whetherdbere-
sponding idealized infinite-dimensional inplﬁ’t()_(,t) resulting from the substitution (;F(>_<,t) into (24) can be projected
onto a finite number of inputs in order to accurately realime desired motiom® (x,t) = y4(x,t). As is illustrated in the
following, this results in an approximate feedforward kiag control, which utilizes the spectral system represton
(22) in combination with a suitable optimization-basedrapgh for the distribution of a certain number of MFC—pagche

4.3 Approximate Flatness-based Parametrization

For the realization of the determined idealized feedfoda@ontrol, recall that from (24) and the ansatz for the desire
trajectory (25)u%(x,t) evaluates to

2
uw=— > [PHERY D)
keln
sincel* @i (x) = Acgk(X) by (20). Hence, the coefficients (t) of u?(x,t) with respect to the basiga(x)}» read as

u (28)

2
e (pHd—;g@ n DE)\kak(t)> . keln
4=
0, ke N\ Ip.
As expected from the motion planning approach of the prey/grction, in the modal representation only thenodal
statesw(t), k € I, are excited by the feedforward control. In view of the modgiresentation (22), this directly implies
thatm > n pairs of MFC—patches are required for the realization otib&ired profile. Moreover, the conditions

m . hll N h22 5 Ud kel
25 Uqglt p/ L0+ s )dxldxzz ko " 29
qzl % of (!311‘9“”2({)K B1 2077 % 0, keN\Iy (29)

have to be satisfied, which relate the spectral represensatif the idealized inpuuﬂ(t) given by (28) and the actuation of
them pairs of MFC—patches as introduced in (22).
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Figure 3. Actuator configuration fan= 6 MFC—patches for the realization of the desired trajec{d®y with coefficients (26).

The conditions (29) constitute a linear system of equationthe input voltagetly(t), g=1,...,m>n. Itis obvious
that onlym equations can be solved while the remaining (infinite) hoemegus equations not necessarily evaluate to zero.
This corresponds to the well-known control spillover, thee excitation of modes not considered for control designiciv
might decrease the achievable tracking performance. Henbean approximate realization of the idealized flatnessed
feedforward tracking control is possible. However, it candirectly deduced from the left hand side of (29) that the,siz
shape, and location of the MFC—patches serves as degrdeseddbm, which can be efficiently utilized twofold. At first
a suitable shaping and placement allows to decrease thetefiort, i.e. the necessary amplitudes of the input \geta
Uq(t), g=1,...,m, which are required to excite the modeg(t), k € I, considered for motion planning. Secondly, it is
possible to significantly reduce the control spillover.

4.4 Realization by Optimal Actuator Placement

In general, the available results for the optimal placenoémictuators and sensors for flexible structures are based on
modal system representation according to (22). Therebyskeof controllability gramians, see, e.g., Ref. 13 or spati
H2-norms Ref. 14 is proposed in order to improve a certain ofiability measure while minimizing the effect of residual
modes. However, besides the fact that in particular therlattiterion performs best if each MFC—patch is placed inde-
pendently by neglecting the interactions of multiple atius the focus of these approaches is rather related tatiobr
suppression than to tracking control with the desire tosiemtly shape a given structure. Additionally possibleiatdr
limitations have to be taken into account, i.e. in the caggexfoelectric patches that the applicable input voltagjmised.
Hence, the appropriate location and shape of the patchésiis@al importance in view of applications.

For the realization of the combined bending and torsiondianas introduced in (26), at least 2 pairs of patches are
required. In order to deal with the voltage limitations adhas control spillover, in the following, six quadratic ght
pairs are distributed on the plate according to Fig. 3. Thetpkocation was thereby determined by maximizing the
controllability gramians of the first two modeg(t), k= 1,2 considered for motion planning while minimizing the cahtr
spillover. Once the patch distribution is determined, theesponding voltagdsy(t), g=1,...,6 are directly obtained by
solving (29). However, the combinatorial complexity argifrom the available degrees-of-freedom, i.e. shapetitmta
and orientation of the patches, requires the incorporati@m appropriate optimization approach in view of the dedsan
of motion planning, which is a topic of current research.

5. SIMULATION RESULTS

For the numerical simulation, a rectangular plate of dif@ns; = 0.6 m,L, = 0.3 m, andH = 1 x 10-3 m is considered
with the material properties = 1800 kg/m®, E = 20 GPa, and = 0.33 corresponding to a fiber re-enforced composite.
The actuator configuration is depicted in Fig. 3, which idesm = 6 pairs of MFC—patches. The dimensions of the
patches correspond ch_q =0.085 m,Lgq = 0.057 m,H, = 3 x 104 m and the material parameters according to Ref. 7
are given byyd = 2.55x 10~* m, hi/B1; = 1361 N/m/V, h??/Bi; = —1.12 N/m/V with q = 1,...,6. Note that
anisotropic material behavior as well as the local stifigrof the structure by the attached MFC—patches are subsiygue
neglected. However, as already pointed out above, thesetefnly influence the considered eigenproblem and can be
easily incorporated into the analysis. The prescribed ingrehd torsional motion as defined in (25), (26) is pararnetti
bya; =6.4x103m,a,=24x10°m, 1) =05s,t} =2s,t2=3s,t1 =55 T2=T!=05s, andsy = 1.3fork=1,2
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Figure 4. Plate deflection at different instances of ttrae{0,1,3,4} s.

in order to realize a bending motion with a maximal deflecatithe free corners 0f.03 m and a torsional motion with
0.015 m.

The obtained numerical results for the feedforward coldoMFC—actuated plate are presented in Fig. 4, Fig. 5
and Fig. 6. Thereby, the modal approximation (22) wkth- 1,...,20 is used as a simulation model and is solved
using a Newmark scheme. The resulting transient shapingpefréctangular plate is depicted in Fig. 4, where the
plate deflectionw(x,t) as defined in (21) is shown at different instances of tim®e{0,1,3,4}s. This clearly illus-
trates the desired motion consisting of a bending behawidhé first time-interval and a torsional motion in the sec-
ond time-interval, also depicted in Fig. 5 (a) for three #iiepoints at the free edge opposite the clampirl x?) €
(0.6,0),(0.6,0.15), (0.6,0.30). The absolute tracking error in the plate domain during tisedind the second time-interval,
given bye; =made_; 41,71 [W(x,t) —yixt)], &= maXg_ 1.7z [W(X,t) —y4(x,t)], respectively, are shown in Fig. 5 (b).
Note that only the open-loop control is considered for thdamped plate model without any feedback part. The total
maximal error given by = maxcq{er, e} =2.1x 10-3m confirms the excellent tracking performance. Furtherribre
should be pointed out that more general trajectories foptate deflection can be realized similarly.

For the further evaluation of the tracking performance, mjgarison of the desired modal states, i.(t) = a(t),
k= 1,2 in view of (21), (23), and (25), and the obtained modal statgt), k = 1,2 is illustrated in Fig. 6 (a). There in
addition the excitation of the residual modegt), k = 3,..., 20 representing the control spillover is shown by the dotted
lines. Obviously, the chosen patch configuration enablaguificantly reduce the excitation of the higher order nsode
while ensuring that the desired trajectorigét), k = 1,2 are tracked in an accurate way.

The corresponding input voltages(t) for theq=1,...,6 pairs of MFC—patches distributed according to Fig. 3, Whic
are obtained from the evaluation of (29), are depicted in &ifp). Note that MFC—patch actuators offer an admissible
input voltage range from-500 V to 1500 V, such that choosing the constant voltage sugpl= 500 V the asymmetric
voltage portiorJg(t) can be varied in the range fL000 V to 1000 V. For the chosen desired trajectdiix,t) according
to (25) with coefficients (26) the two phases of bending moaaod torsional motion can be clearly distinguished. In
particular for the bending motion, the necessary inputag#s evolve in a rather non-trivial way.

6. CONCLUSIONS AND FUTURE WORKS

The presented approach for flathess—based motion plannéhfgadforward control design for a rectangular cantileder
MFC-actuated plate modeling an adaptive airfoil is in a fits{p based on the analysis of an idealized scenario with
infinite-dimensional input. This on the one hand allows tecily determine the state and input parametrization imser
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or disturbances within our future research activities.

Figure 5. (a) Plate deflection at the free corners x?) = (0.6,0), (x},x?) = (0.6,0.3) and at the middle of the free edge be-
tween the free corneréd,x?) = (0.6,0.15). (b) Tracking error in the plate domain during the first and #recond time-interval,
€1 = MaXo_y 72 (WX t) =Y (X )], & = Maxo ;a1 W(x.t) — ¥ (X 1)}, respectively.
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Figure 6. (a) Desired modal stalwg(t) = a(t) for k= 1,2 (indexed withd in the legend) compared to the numerically obtained states
wi(t), k=1,2, and residual statesy(t) for k=3,...,20 (dotted). (b) Input voltagddq(t), q=1,...,6 applied to the MFC—patches.

of the basic output and on the other hand accounts for a sgtitemotion planning approach. The obtained idealizedtinpu
function is in a second step projected onto a finite numbeuitdisly placed MFC—patches. For this, approaches of optima
actuator placement are used, which enable to accuratdiya¢he inputs necessary to achieve the desired motiorewhil
suppressing control spillover. The tracking performanfcne proposed approach is evaluated in a simulation segnari
where the plate is transiently deformed in order to realiz®mbined bending and torsional motion. However, more
general trajectories can be realized similarly. In additihe presented feedforward control will be extended byitalsie
(output) feedback control, e.g., within the two-degret&®edom control concept, see Ref. 15, to deal with modeirsr
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