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Abstract: The mission performance of future advanced aerospace structures can be synthetically
improved via active shape control utilizing piezoelectric materials. Multiple work modes are required.
Bending/twisting mode control receives special attention for many classic aerospace structures,
such as active reflector systems, active blades, and compliant morphing wings. Piezoelectric fiber
composite (Piezocomposite) material features in-plane anisotropic actuation, which is very suitable
for multiple work modes. In this study, two identical macro-fiber composite (MFC) actuators of the F1
type were bonded to the base plate structure in an “antisymmetric angle-ply bimorph configuration”
in order to achieve independent bending/twisting shape control. In terms of the finite element model
and homogenization strategy, the locations of bimorph MFCs were determined by considering the
effect of trade-off control capabilities on the bending and twisting shapes. The modal characteristics
were investigated via both experimental and theoretical approaches. The experimental tests implied
that the shape control accuracy was heavily reduced due to various uncertainties and nonlinearities,
including hysteresis and the creep effect of the actuators, model errors, and external disturbances. A
multi-mode feedback control law was designed and the experimental tests indicated that synthetic
(independent and coupled) bending/twisting deformations were achieved with improved shape
accuracy. This study provides a feasible multi-mode shape control approach with high surface
accuracy, especially by employing piezocomposite materials.

Keywords: shape control; macro-fiber composites; bending; twisting; experimental validation;
control system

1. Introduction

Owing to the increasingly stringent requirements for industrial equipment, particularly
for the aerospace fields, smart devices and structures are receiving increasing attention to
improve the synthetic or specific performances of systems [1-3]. Amongst these devices and
structures, piezoelectric materials are the most widely used actuators or sensors for various
applications, including shape control, vibration suppression, and health monitoring [4,5].
Active structures integrated with piezoelectric materials can change their shape or profile
to enhance the accuracy and adaptability of the system via an active control approach.
Some classic instances are active reflector systems, active blades, and compliant morphing
wings [6-8].

Structural shape control utilizing piezoelectric materials is mainly implemented for
two purposes: (1) To correct the shape error of the structure due to manufacturing error
or external disturbance; and (2) to provide active shape control for morphing applications
with a specific purpose, such as mechanically reconfigurable reflectors (MRRs) and com-
pliant morphing wings. For reflector systems, particularly the large deployable antennas
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that will be used in the future, high surface precision is required to maintain position
accuracy; however, surface errors are induced by many factors, including assembly error,
deployment accuracy, environmental loads, or mechanical creep [9]. Active shape control
has been proven as a feasible approach to correct reflector surface errors and ensure high
shape accuracy. Bradford [6] investigated active reflector systems actuated by macro-fiber
composite (MFC) arrays to correct thermally induced deformations and manufacturing
errors. Hill [10] investigated the feasibility of using distributed polyvinylidene fluoride
actuators in the active control of a large-scale reflector under thermal load. Wang [11]
used PZT actuators to adjust the surfaces of flexible cable net antennas using quadratic
criteria. Song [12] presented an experimental validation of a PZT-actuated CFRP reflec-
tor using a closed-loop iterative shape control method based on the influence coefficient
matrix. In addition to modifying the shape error, piezoelectric actuators can also be used
for mechanically reconfigurable reflectors that can actively reshape its surface according
to the purpose, such as modifying the service coverage. Tanaka and Hiraku [13,14] de-
veloped MRR prototypes with six spherical piezoelectric actuators. Shao [7] designed
a mechanically reconfigurable reflector using 30 piezoelectric inchworm actuators and
presented a distributed time-sharing control strategy to minimize the size and power of
the MRR system. In the aviation field, piezoelectric materials are often used for the active
shape control of both fixed and rotating wings. Monner [15,16] developed “active twist
blades” and used MFCs for twist actuation. Li [17] presented an experimental validation
of the feasibility of using piezoelectric actuators to improve rolling power at all dynamic
pressures via elastic wing twist. In the last decade, the use of piezocomposite materials,
especially MFCs, in compliant morphing wing designs has been broadly investigated.
Bilgen [8,18,19] devoted many studies towards the design, optimization, and wind-tunnel
testing of MFC-actuated compliant morphing wings, and implemented the flight con-
trol of micro-air-vehicles (MAVs). LaCroix [20] used MFCs to deform the surface of the
forward-swept thin, compliant composite wings of MAVs. Molinari [21] designed a three-
dimensional adaptive compliant wing with embedded MFCs and presented aero-structural
optimization. These prior works demonstrated that MFCs produce a large actuation effect
to deform compliant structures. Compared with conventional hinged, discrete-control
surfaces, MFC-actuated morphing wings perform with lower drag and offer more efficient
production of control forces and moments.

For future smart structures, multiple work modes, such as bending, twisting, and
expansion, will need to be controlled in many circumstances. Concerning some common
structures, such as beams or plates, bending deformations are mostly considered due to
their larger deformation magnitude and lower inherent frequencies. Twisting deformation
and corresponding control issues receive specific attention in many fields, particularly for
flexile wing structures. Twist morphing is one of the most popular categories of morphing
wings and has resulted in a large number of wind-tunnel and flight tests in aircraft [1].
Some other instances are rotating blades, solar panels, and robot arms, whose behaviors
also consist of both bending and twisting modes.

In a piezo-actuation context, in-plane polarized, anisotropic piezocomposite materials
are the natural choices for multiple work modes including bending/twisting shape control.
Conventional piezoceramics, such as lead zirconium titanate (PZT), are typically capable
of large actuation forces; however, they have some limitations, such as small strains and
low flexibility [22]. In addition, traditional actuators with through-the-thickness poling
possess transverse isotropy in the plane and cannot supply sufficient twisting actuation
moment [23]. Piezocomposite materials have emerged as the new class of hybrid materials;
they consist of piezoelectric fiber reinforcements embedded in the epoxy matrix and inter-
digitated electrodes, so they can provide a wide range of effective material properties, good
conformability, and strength integrity [24,25]. Piezocomposite materials can utilize the d33
piezoelectric effect in the direction of PZT fibers, which is larger than the d3; piezoelectric
effect of conventional piezoelectric actuators [26]. In particular, piezocomposite actuator
patches feature anisotropic actuation effects, which makes it possible to expand their work
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modes by designing specific PZF fiber orientations [15,23,27-29]. For the MFCs used in this
study, three work modes (expansion, bending, and torsion), were realized and, of course,
the appropriate actuator types and configurations were chosen for specific modes. Smart
Material Corporation [30] provides two types of standard MFC actuator patch that utilize
the d33 effect: P1 types with 0° fiber orientation and F1 types with 45° fiber orientation. The
P1-type actuators are mainly used for the bending control of structures and the F1-type
actuators are used for twisting control. In addition to unimorph-configuration actuators,
piezocomposite actuators in bimorph configuration are commonly adopted to enhance con-
trol authority [21,31-34]. Bilgen [31] designed a lightweight high-voltage electronic circuit
for MFC bimorphs and remedied the situations in which the MFCs had an asymmetry range
in the positive and negative voltage directions. In the authors’ previous studies, piezocom-
posite materials in “antisymmetric angle-ply bimorph configuration” were presented for the
bending/twisting shape control of plate-like flexible wing structures [35,36]. The actuator
optimizations (in unimorph or bimorph configuration) [37,38] and structure/actuator-
integrated designs [39] for such piezocomposite-actuated structures were also presented.
In addition to theoretical investigations, experimental validations are also presented in this
paper to demonstrate the feasibility of bimorph MFCs for bending/twisting mode control
and real-time control systems.

The primary aim of this paper is to present both theoretical and experimental inves-
tigations of the control performance of anisotropic piezocomposite actuators in synthetic
(independent and coupled) bending/twisting shape control. In this study, two MFCs of the
F1 type in bimorph configuration were used for the shape control of a cantilever aluminum
plate. The two identical actuators were orientated at £45° from the front and backside
surfaces, respectively. Thus, in ideal situations, the same potential would induce pure
twisting, whereas the opposite potential would cause pure bending. The finite element
method was applied to model the system and optimize the actuators’ locations. An ex-
perimental setup was built for the MFC-actuated flexible plate, whose deformation was
measured using two laser displacement sensors. A feedback closed-loop control law was
designed to improve the shape control accuracy when it was subjected to uncertainties and
nonlinearities. Finally, the multi-mode control scheme was experimentally verified using
pure bending, twisting, and coupled bending/twisting shape control.

2. Model Formulation
2.1. MFC-Actuated Plate Structures

The active structure in this study is characterized by means of a cantilever aluminum
plate, as shown in Figure 1. Two identical MFC patches of M8557-F1 type, which were
produced by Smart Material Corp., Sarasota, FL, US, were symmetrically glued to the
front and backside surfaces of the base plate, respectively. This type of F1 MFC actuator
features a 45° fiber orientation with respect to its length direction. Practically, due to the
opposite surfaces, the actual fiber orientations for the two actuators were —45° and 45°
with respect to the global x-axis, respectively. Note that the electrodes of the actuator
always remained perpendicular to the fiber orientation. That is to say, the actuators
were in the so-called “antisymmetric angle-ply bimorph configuration”, which offers
several unique advantages for active shape control. First and foremost, independent
bending or twisting deformations could be produced using the opposite or the same
potential, respectively; the detailed descriptions are given in the subsequent subsections.
Compared with unimorph configuration, larger actuation ability and control authority
could be produced. Furthermore, the elastic axis of the base plate is unchanged under
bimorph configuration, which may be beneficial for flexible wings [35,36]. Table 1 lists the
geometric and material properties (theoretical value) of the base plate and MFC actuators.
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Figure 1. Schematics of the MFC-actuated compliant plate structure.
Table 1. The geometric and material properties (theoretical value) of plant.
Values
Parameters
Base Plate MEFC Actuator [30]
Length (mm) 500 85 (active area)
Width (mm) 64.5 57 (active area)
Thickness (mm) 1 0.3
Modulus of elasticity (GPa) 70.3 30.34,15.86
Poisson’s ratio 0.345 0.31,0.16

Density (kg/m?) 2700 5400
Actuator location 100 mm from the root

Measurement point locations 105 mm from the tip

Piezoelectric constants (m/V) 400 x 10712, —170 x 1012

Fiber orientations (deg) +45°

Electrode spacing 0.5 mm

Because the laser displacement sensors were used to measure the elastic deformation,
two measurement points, which were symmetrical relative to the midline, as shown in the
figure, were chosen to represent the bending and twisting deformations. The optimization
of the locations of the MFC actuators is described in the following sections.

2.2. Finite Element Model

A mathematical model is commonly needed to predict the behaviors of systems
and can also be used for model-based control system design. The finite element method
was used in this study to model the piezocomposite-actuated plate. Figure 2 depicts
the finite element model. Quadrilateral plate elements were adopted to discretize the
structure. The key issue was to model the MFC actuator, which is a hybrid, layered material
that consists of a rectangular cross-section, unidirectional piezoceramic fibers, the epoxy
matrix, Kapton, and interdigitated electrodes [40]. Due to the complexity of MFCs, a
homogenization strategy was adopted; thus, the actuator could be modeled in the form
of homogenized orthotropic materials with arbitrary PZT fiber orientations, as well as
composite materials [41,42]. Moreover, the local mass and stiffness change induced by the
bonded patch was determined through composite laminate theory. Detailed descriptions
of the FEM approach have been presented in [38,39]. For the sake of simplicity, the final
governing equations are obtained and written as

M¥ + Kx = B,u 1)

where x is the vector of the nodal displacements. The matrices M and K denote the mass
matrix and stiffness matrix, which are assembled as M = My, + My and K = K, + Ky,
respectively, where subscripts b and p denote the contribution of the base plate layer and

. . . T, .
piezocomposite layers, respectively. u = [ 11 u;3 | is the vector of the applied voltages.
By, is the coefficient matrix, which depends on the actuator locations.
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Figure 2. Finite element model of the piezo-actuated plate: (a) Quadrilateral plate element; (b) cross-
sections of the elements; (¢) meshes of the structure.

The deflections of the two measurement points P; and P, are given by

wp, = Cplx (2)

wp, = szx
where Cp, and Cp, are the output matrices, which depend on the measurement locations of
the laser sensors.

2.3. Actuator Position Optimization

It is an important issue to determine how to efficiently use piezoelectric capabilities to
their fullest extent in active shape control. Accordingly, the locations of the actuators must
be optimized before performing experiments. Extensive research on the optimal placement
of piezoelectric actuators for structural control has also been carried out. Some detailed
literature reviews on this topic can be found in [43-45]. The authors have also presented
the optimization approach for the anisotropic piezocomposite actuators by considering the
PZT fiber orientations as well as the distributed positions [37-39]. However, due to the
fixed size and fiber orientation of M8557-F1-type MFC actuators, only the position of the
actuators in the length direction can be designed. Thus, the best position can be chosen
via traversal simulations, which is not time-consuming. Moreover, the influence of the
actuator’s position on shape control ability can also be reflected in this way. Therefore, only
one design variable is concerned and given as

lbelo, L—1I 3)

where [, is the distance from the plate root to the left edge of the active area of the MFC,
as shown in Figure 1. Note that, to facilitate the theoretical simulation, only the active
area of MFC is considered. The values L and ! denote the length of the base plate and
actuator, respectively.

Because both bending and twisting are concerned, two corresponding criteria are used
to evaluate the shape control capabilities and given by

Ji = |wp,|, u = [500, ~500]" )
Jo = |a|, u = [500,500]" (5)
x = arcsian1 I RO 3 Bl (6)

[PiPy| [Py

where |P1P,| denotes the distance between two measurement points.

The variations of J; and J, with I; are shown in Figure 3a, respectively. It was found
that the bending deformation decreased monotonically with the length position of the
actuator, i.e., the best position was the root area, as depicted in Figure 3(b.1). However, it
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was preferable to place the actuator in the area of 0.1 m~0.35 m so as to obtain enhanced
twisting control capability, while the largest twisting deformation occurred in /,= 0.22 m, as
depicted in Figure 3(b.2). Hence, the area of the shaded part in Figure 3a is a kind of Pareto
optimal area, in which any point could be viewed as an acceptable location. Therefore, after
considering the trade-off in control authority between the bending and torsional modes,
we chose a final position of ;= 0.1 m. The above discussions explain why we placed the
MEC actuators in this position.

4

A \ Optimal for bending control %
! _e_J1 (Bending) XN
7 —-J, (Twisting)| | (b.1)
E ’ &%
Q@ Chosen position
5 ? é‘\ <
fa l b2
1 {/— \ | ’
Optimal for twisting control S
0 %
0 100 200 300 400 500 (b.3)
Actuator position (mm)
(a) (b)

Figure 3. Variations in the bending and twisting deformations with the position of the actuator:
(a) The variations in the bending and twisting deformations with actuator position; (b.1) the best
position for bending control; (b.2) the best position for twisting control; (b.3) the chosen position for
multi-mode shape control.

2.4. Theoretical Bending/Twisting Shape Control

As previously mentioned, the primary aim of this study was to achieve synthetic (in-
dependent and coupled) bending and twisting shape control. To theoretically demonstrate
the bending /twisting control principle, the deformation configuration of the plate under
the actuation of a single MFC is presented in Figure 4. The results demonstrate that both
bending and twisting deformations were produced under the actuation of a single F1-type
MFC. For the MFC1 that was bonded on the front side of the plate, the deflection amplitude
of the lower measurement point was larger than the upper measurement wp,, Mmrc1- By
contrast, the deformation trend produced by the MFC2 alone was opposite in not only the
direction but also in the relations between wp, and wp,, i.e.,

wpl,MFC1| < |Wp, MFC1 @)
wpl,MFC2| > |Wp, MFC2

In ideal situations, the following relation exists:

Wp; MFC1| = |WP, MFC2 8)
WP, MFC2| = |WP,.MFC1

Consequently, employing this bimorph configuration, the two actuators could be po-
larized in the same direction for twisting deformation and polarized in opposite directions
for bending deformation. The voltage input applied for the front and backside actuators
are defined as u; and uy, respectively. By applying the same voltages (i.e., u; = uy), pure
moments of torque are generated, while the bending moments are canceled out. On the
other hand, pure bending deformation can be achieved by using the opposite voltages
(u1 = —up). Of course, a combination of bending and twisting deformations can be per-
formed by designing the two voltages. In a practical context, for any two voltages, the
decomposition is given as

U = Us + Up
Uy = Us — Up

©)
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uy+uyp Uy —up
2 2

where u; = , Uy = are the voltage components for twisting and bending
deformation, respectively. The subscripts “s” and “0” correspond to the same and the
opposite components. Figure 5 visualizes the voltage distribution for the two MFC actuators
and Figure 6 shows the bending and twisting deformation obtained from the simulation by

applying different voltages.

(a) MFC1

(b) MFC2

Figure 4. Deformation configuration of the substrate plate actuated by the single MFC. (a) Deforma-
tion configuration of the substrate plate actuated by the MFC1; (b) deformation configuration of the
substrate plate actuated by the MFC2.

u, — R The front side MFC

U, — — 1

The back side MFC

Figure 5. Voltage distributions for the two MFC actuators.

(2) (b)

Figure 6. Bending (a) and twisting (b) shape control effect using different voltages for the actuators.

3. Experiment Implementation
3.1. Setup

An experimental setup was designed for validation according to the previous theo-
retical investigation, as shown in Figure 7. The base structure was a cantilever aluminum
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plate, whose dimensional and material properties are listed in Table 1. Two identical MFC
patches of type M8557-F1, which were produced by Smart Material Corp., Sarasota, FL,
US [30], were glued to the front and backside surfaces of the base plate, respectively. The
actuators were located 0.1 m from the plate root, as determined previously. A PCI-1721
DAQ card, which was produced by Advantech Co., Ltd., Kunshan, China, was used to
convert the digital signals from the computer to the analog signals. Since the operational
voltage of the MFCs ranged from —500 to 1500 V, a HVA 1500-2 high-voltage amplifier,
which was produced by Physical Instruments Corp., Berlin, Germany, was used to supply
the high voltage for the MFC. The elastic deformation of the plate was measured by two
OPTEX-CDX-30A-type laser displacement sensors, which was produced by Guangzhou
Optex Industrial Automation Control Equipment Co., Ltd. Guangzhou, China; thus, the
twisting angle could be computed using Equation (6). The measured data obtained from
the laser sensors were conducted using an ADAM-USB card, which was produced by
Advantech Co., Ltd., Kunshan, China; thus the signals could be received by the computer.
A computer integrated with MATLAB (which was produced by MathWorks Corp, Natick,
MA, USA) and LabVIEW (which was produced by NI Corp, Austin, TX, USA) code was
used to generate the voltage signals, receive the sensor signals, and implement the feedback
closed-loop control laws.

MFC-actuated plate

Computer

Figure 7. Experiment setup.

3.2. Modal Analysis

Before the active shape control tests, modal analysis was implemented first, for two
purposes: (1) To investigate the dynamic characteristics of the compliant structure; and
(2) to evaluate the influences of the bonded MFC actuators on the system. The modal
frequencies and shapes can be determined by solving an eigenvalue problem of the FE
model as follows:

[K - w2M} ®=0 (10)

where w is the natural frequencies and ® denotes the corresponding modal shapes. Figure 8
shows the structural modal shapes of the first six modes, including four bending modes
and two torsional modes (third and sixth modes). It was observed that the bonded MFCs
had relatively little influence on the modal shapes of the structure.

The frequencies were recognized in terms of the free vibration data of the plate using
fast Fourier transform. Table 2 lists the natural frequencies for the first three bending modes
and the first torsional mode with and without the MFC actuators. In general, the theoretical
values were in good agreement with the experimental results. The results showed that,
after adding MFC actuators, the frequencies of the first bending and first torsional modes
increased, while the frequencies of the second and third bending modes decreased. Note
that the influences of piezoelectric actuators depend on many issues, including the size,
position, and fiber orientation of anisotropic piezocomposite materials.
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Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3
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Mode 4 Mode 5 Mode 6 Mode 4 Mode 5 Mode 6

(a) Without MFC actuator (b) With MFC actuator

Figure 8. Structural modal shapes. (a) Structural modal shapes without MFC actuators; (b) structural
modal shapes with MFC actuators.

Table 2. Natural frequencies of the structure with and without MFCs (Hz).

Without MFC With MFCs
Mode
FEM Experiment  Error FEM Experiment  Error
1st (bending) 3.34 3.27 2.14% 3.50 3.54 -1.13%
2nd (bending) 20.89 20.53 1.75% 19.57 19.51 0.30%
3rd (torsional) 49.90 46.63 5.80% 53.30 52.89 7.80%
4th (bending) 58.59 58.17 0.72% 54.40 57.45 —5.30%

3.3. Control Ability

In this study, the control ability of the MFCs in unimorph and bimorph was tested
experimentally through static deformation analysis. To this end, the experimental steady-
state deflection was obtained by directly applying a certain constant voltage for the MFC
and recorded after a relative long time.

(a) Using single MFC

The elastic deflections of the two measurement points (i.e., wp,, wp,) under the single
MEC are given in Figure 9. It can be observed that using a single MFC, both bending and
twisting deformation were produced due to the off-line PZT fiber orientation. Moreover,
as previously noted, the deflection amplitude of the lower-point P, produced by the
MEFC1 actuator was larger than the upper point Py, i.e., wpl,MFCl’ < ‘wpz‘MFCl‘ for both
positive and negative voltages. Conversely, the deflections produced by the MFC2 showed
the opposite trend, i.e., |wp, mrc2| > |wp, mrc2|. That is to say, the remaker given by
Equation (7) and Figure 4 was verified by experiments. However, it can be observed that
the actuation abilities of the two actuators were not identical, since the deflection amplitude
generated by the MFC1 is larger than the MFC2. This deviation was induced by a variety
of uncertainties and errors that are discussed in Section 3.4. That is to say, the theoretical
remaker given by Equation (8) was not strictly met in the experiments.

4

Deformation (mm)

: ‘ | :
-500 0 500 1000 1500
Voltage (V)

Figure 9. Deflection of the measurement points using a single MFC actuator.
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(b) Using bimorph MFCs

The deflections of the plate under the actuation of the bimorph MFCs using the same
and opposite voltages are shown in Figure 10, respectively. The x-axis in Figure 10b is
labeled by the voltage of the MFC1, i.e., uj, so the corresponding voltage of the MFC2
is up = —uy. Because of the asymmetrical operation voltages (i.e., —500~1500 V) for
the MFCs, the operation voltage range is —500~1500 V for the same sign; however, it is
—500~500 V for the opposite sign. It can be observed that the deflection amplitudes of the
two points were generally equal; the deflection directions are opposite in Figure 10a (i.e.,
twisting deformation) and the same in Figure 10b (i.e., bending deformation), respectively.
Moreover, the deflection amplitudes ‘wp] | and ‘wp2 , which should be identical in terms of
FE analysis, were still not the same in the two experimental cases. The above experiments
imply that bending and twisting shape control can be qualitatively realized as theoretically
predicted; however, they cannot be implemented with high control accuracy through an
open-loop control approach alone.

Deformation (mm)

|
[39)
T

3

(5]
T

Deformation (mm)
[==]

|
(]

-500

500 1000 1500 --500 0 500

Voltage (V) Voltage of MFC1 (V)
(a) Same voltages (b) Opposite voltages

Figure 10. Deflection of the measurement points using bimorph MFC actuators. (a) Deflection of the
measurement points using bimorph MFC actuators under the same voltages; (b) deflection of the
measurement points using bimorph MFC actuators under the opposite voltages.

3.4. Uncertainty Analysis

The above experimental results demonstrate the independent bending/twisting shape
control resulting from the use of MFCs in an antisymmetric angle-ply bimorph config-
uration. However, the open shape control accuracy is generally low due to a variety of
uncertainties and nonlinearities.

Firstly, the shape control accuracy is also influenced by the non-uniform distribution
of the substrate material of the plate, which is assumed as an isotropic aluminum plate
in FE modeling. This non-uniform distribution induces changes in both the bending and
torsional stiffness properties. Secondly, the MFC layer and the substrate plate are glued by
using epoxy. Thus, the thickness and distribution of the epoxy layer also affect the actuation
effect of the MFCs, especially the synchronization of the two actuators. Furthermore, the
actuation performance is heavily affected by the nonlinearities of the MFCs, including
hysteresis, creep, and varied piezoelectric coefficients [30]. Hysteresis and creep effects
are the intrinsic nonlinear characteristics of piezoelectric actuators and can significantly
affect the control performance [46], as shown in Figure 11. The hysteresis exhibited at a
given time depends on the present input and the operational history of the system. Creep
is related to the drift effect of output displacement with a constant applied voltage over
extended periods. Furthermore, the piezoelectric coefficients of MFCs are also varied,
depending on the situation; an example of this is the ds3 and d3; piezoelectric constants in
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high electric field intensity compared with low field intensity [30]. Furthermore, the shape
control accuracy is also affected by the placement of wires, external disturbance, and so on.

Voltage/200
Displacement

2

Deflection (mm)

IIU——
1 1 —
0.5 0.5
0 . .
0 200 100 600 800 1000 0 1000 2000 3000 4000
Voltage (V) t(s)
(a) Hysteresis (b) Creep

Figure 11. Hysteresis and creep effects of the MFC actuator. (a) Hysteresis effect of the MFC actuator;
(b) creep effect of the MFC actuator.

Because of the above uncertainties and nonlinearities, accurate bending/twisting
shape control cannot be ensured in experiments by using the voltage values estimated by
the linear FE simulation. Some feedforward control schemes can be implemented to reduce
or cancel out unwanted issues. For example, a feedforward inverse compensation control
can be designed to cancel out the hysteresis and creep nonlinearities of MFCs in terms of a
phenomenon-based model and experimental data [32]. However, it is still a difficult task to
perform open-loop control given all the undesired effects. Therefore, a feedback control
scheme is necessary to realize accurate bending/twisting shape control. It is easy to design
a shape control law for a single-input-single-output (SISO) system, such as the bending
shape control of a plate using M8528-P1-type MFCs in our previous study [47]. However,
the plant in this study constitutes a two-input—two-output system, and the key point is
how to design the control law to achieve both independent and coupled bending/twisting
shape control.

4. Closed-Loop Multi-Mode Shape Control System
4.1. Feedback Control Law

To achieve the synthetic control of bending and twisting shape, the structural defor-
mations are organized as follows:

B — wpy +ZUPZ
wp, —wWp, (11)
T=" 5 2

where B and T denote the bending and twisting components in the deformation, respec-
tively. On the other hand, the deflections of the two points can also be represented by the
components, i.e., wp, = B+ T, wp, = B—T.

Hence, the shape control error can be given as
B A'wp1 +AwP2

AB=B—By=
AT=T-Ty=

(12)

AwP] - Asz

where By and T4 denote the command bending and twisting requirements, respectively.
To adjust the shape control error, a feedback control law is designed as

Aus = KsAT 4 K;gpAB (13)
Aup = KyAB + K,7AT

where Aus and Auy, are the incremental voltage values for the same and the opposite

components of the actuators in each time step, respectively. The values K5 and K, denote
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the primary control gains, which are designed according to ideal situations. The values
Ksp and K, are used to compensate for the shape error associated with the uncertainties.
Subsequently, the voltages for the two MFC actuators can be easily determined according
to Equation (9).

4.2. Multi-Mode Shape Control Results

The multi-mode shape control was directly implemented based on the experiment by
using B, and T, as the control requirements. According to Equation (11), the arbitrary defor-
mation of the plate can be represented by a combination of bending and twisting components.

The pure twisting shape control results obtained by using T. = 0.8 and B, = 0 as
the objectives are shown in Figure 12. Figure 12a gives the deflection histories of the two
measurement points, i.e.,, wp, and wp,, which demonstrate that the same deformation
amplitudes with opposite directions were achieved. The time histories of B and T shown
in Figure 12b demonstrate that the pure twisting deformation of the plate was achieved,
while the bending deformation was maintained at zero. It can be observed that the shape
control accuracy was greatly improved, especially compared with the previous open-loop
results. Figure 12c shows the time histories of the voltages for the two MFC actuators. It
can be observed that the two voltages did not converge to the same value in terms of the
ideal situation. Due to the influences of the creep effect, the voltages slowly varied with
time. Furthermore, the deformations converged to the desired values. Such voltage profiles
are difficult to determine by feedforward control due to complex uncertainties. The results
again prove the necessity of closed-loop control in high-precision shape control.

1 1 500

o
o

Deformation (mm)
IS5

)
n

) 0 50 100 150 200 [ 50 100 150 200 0 50 100 150 200
1) 1) t(s)
(a) Responses of wy; and wy; (b) Bending and twisting components (c) Voltage
Figure 12. Pure twisting shape control performance. (a) The deflection histories of the two mea-
surement points; (b) the time histories of B and T; (c) the time histories of the voltages for the two
MEC actuators.

Similarly, Figure 13 shows the pure bending shape control results obtained by using
T. = 0 and B. = 0.8 as the objectives. The displacement of the two measuring points was
consistent, without producing twisting deformation. The voltage profiles of the MFC1 and
MFC2 were generally opposite to each other, as theoretically predicted; however, they still
varied with time to resist the uncertainties and nonlinearities.

1 1

e
o

e
o

Voltage (V)

=3
i
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(=
=

-02 -02 -1000
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(a) Responses of wy; and vy (b) Bending and twisting components (c) Voltage
Figure 13. Pure bending shape control performance. (a) The deflection histories of the two mea-
surement points; (b) the time histories of B and T; (c) the time histories of the voltages for the two
MEC actuators.
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Finally, the coupled bending /twisting shape control (or arbitrary shape control) results
are presented by using T, = 0.3 and B. = 0.8 as the objectives, as shown in Figure 14. It can
be observed that both the bending and twisting deformations reached the command values
with high shape accuracy. The two voltage values were adjusted in time according to the
feedback control law to achieve arbitrary deformation. The trend in the voltage profiles can
also be explained by Figures 12 and 13. The above results imply that independent bending
and twisting shape control with improved shape accuracy was achieved by employing the
multi-mode feedback control approach.

12 1 1000

P )

e
23

08 dw
b2

o
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2
Voltage (V)

0.4

Deformation (mm)
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Figure 14. Arbitrary shape control performance. (a) The deflection histories of the two measurement
points; (b) the time histories of B and T; (c) the time histories of the voltages for the two MFC actuators.

5. Conclusions

In this paper, the multi-mode shape control of piezo-actuated compliant morphing
structures was achieved in both theoretical and experimental ways. Independent and
coupled bending/twisting shape control of a plate structure was achieved by using F1-type
MFCs in an antisymmetric angle-ply bimorph configuration. The optimal locations of the
MFC actuators were determined by comprehensively considering the control of the bending
and twisting deformations. The experimental tests implied that the shape control accuracy
was heavily reduced due to various uncertainties and nonlinearities, including hysteresis
and the creep effect of the actuators, model errors, and external disturbances. A multi-mode
feedback control law was designed to cancel out the shape error. The experimental results
implied that synthetic (independent and coupled) bending and twisting shape control
with improved shape accuracy was achieved by employing the multi-mode feedback
control approach.
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