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ABSTRACT 

The purpose of this dissertation is to develop an analytical framework to analyze highly 

flexible multifunctional wings with integral active and passive control and energy harvesting 

using piezoelectric transduction. Such multifunctional wings can be designed to enhance aircraft 

flight performance, especially to support long-endurance flights and to be adaptive to various 

flight conditions. This work also demonstrates the feasibility of the concept of piezoelectric 

multifunctional wings for the concurrent active control and energy harvesting to improve the 

aeroelastic performance of high-altitude long-endurance unmanned air vehicles. Functions of 

flutter suppression, gust alleviation, energy generation, and energy storage are realized for the 

performance improvement. The multifunctional wings utilize active and passive piezoelectric 

effects for the efficient adaptive control and energy harvesting. An energy storage with thin-film 

lithium-ion battery cells is designed for harvested energy accumulation. 

Piezoelectric effects are included in a strain-based geometrically nonlinear beam 

formulation for the numerical studies. The resulting structural dynamic equations are coupled 

with a finite-state unsteady aerodynamic formulation, allowing for piezoelectric energy 

harvesting and active actuation with the nonlinear aeroelastic system. This development helps to 

provide an integral electro-aeroelastic solution of concurrent active piezoelectric control and 

energy harvesting for wing vibrations, with the consideration of the geometrical nonlinear effects 

of slender multifunctional wings. A multifunctional structure for active actuation is designed by 

introducing anisotropic piezoelectric laminates. Linear quadratic regulator and linear quadratic 
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Gaussian controllers are implemented for the active control of wing vibrations including post-

flutter limit-cycle oscillations and gust perturbation. An adaptive control algorithm for gust 

perturbation is then developed. In this research, the active piezoelectric actuation is applied as 

the primary approach for flutter suppression, with energy harvesting, as a secondary passive 

approach, concurrently working to provide an additional damping effect on the wing vibration. 

The multifunctional wing also generates extra energy from residual wing vibration. 

This research presents a comprehensive approach for an effective flutter suppression and 

gust alleviation of highly flexible piezoelectric wings, while allowing to harvest the residual 

vibration energy. Numerical results with the multifunctional wing concept show the potential to 

improve the aircraft performance from both aeroelastic stability and energy consumption aspects.  
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A Coefficient matrix for state vector in state-space system model 

A Cross-section area of the piezoelectric layer, m2 

a0 local aerodynamic frame, with a0x axis pointing to wing tip and a0y axis 
aligned with zero lift line of airfoil 
 

B  Coefficient matrix for control input in state-space system model 

B̅ Electric displacement, C/m2 

Bvh, Bva Piezoelectric coupling matrix for harvester and actuator 

BF, BM Influence matrices for the distributed forces and moments 

B Body reference frame 

cs
vhB  Cross-sectional piezoelectric coupling matrix 

b Semichord of airfoil, m 

bp Chordwise width of the piezoelectric layer, m 

C Coefficient matrix for state vector in state-space output model 

Cp Capacitance of the energy harvesting system, F 

D Coefficient matrix for control input in state-space output model 

D̅ Piezoelectric material stiffness matrix 

d Distance of midchord in front of beam reference axis, m 

E Electric field, V/m 

e Piezoelectric coupling, C/m2 

e31 Transverse piezoelectric coupling, C/m2 
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e36 Piezoelectric coupling for induced shear stress, C/m2 

Fi Influence matrices in inflow equations with independent variables (with i 
equal to 1, 2, and 3) 
 

Fdist, Fpt Distributed and point forces 

Fia, Mia Piezoelectric induced force and moment in beam coordinate (with i equal 
to 1, 2, and 3) 
 

G Coefficient matrix for disturbance (process noise) in state-space system 
model 
 

g Gravity acceleration column vector, m/s2 

H Coefficient matrix for disturbance (process noise) in state-space output 
model 
 

h Absolute positions and orientations of beam nodes 

Hw Dryden gust model’s transfer function 

h Altitude, m 

I Identity matrix 

i Electric current in a circuit of energy harvesting system, Α 

id Element identifier 

Jhε, Jpε, Jθε Jacobian matrix 

J Total system cost function 

JS, JC, JE State cost, control cost, and harvested energy, J∙s 

K Control gain 

L Kalman filter gain 

Lw Scale of turbulence, m 

lmc, mmc, dmc Aerodynamic lift, moment, and drag on an airfoil about its midchord 

MFF, CFF, KFF Generalized inertia, damping, and stiffness matrices 
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M̅FF, C̅FF, K̅FF Linearized generalized inertia, damping, and stiffness matrices 

Ms, Cs, Ks Discrete inertia, damping, and stiffness matrices of whole system 

Mdist, Mpt Distributed and point moments 

N Influence matrix for the gravity force 

n Sensor noise 

P Function for LQR control gain in a Riccati equation 

P0 Function for cost functions of LQR in a Lyapunov equation 

P1, P2, P3 Function for cost functions of LQG in a Lyapunov and Riccati equations 

pw Position of w frame resolved in B frame 

Q, R Penalty matrix for control input and state vector 

Qn, Rn Covariance matrices of noise w and n 

Qe Total charge accumulated over the electrodes, C 

r Weighting term of control penalties 

Re Resistance of energy harvesting circuit, Ω 

RF Components of the generalized load vector 

eq

aero
F/ λR  Derivative of the aerodynamic load vector with respect to the inflow states 

S Function for Kalman filter gain in a Riccati-equation 

s Beam curvilinear coordinate, m 

sL Function of a complex variable (frequency) 

sp Spanwise length of the piezoelectric layer, m 

Ts, Te Transformation matrices of composites 

tp Thickness of the piezoelectric layer, m 

UF Flutter speed, m/s 
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U∞ Aircraft trim velocity or freestream velocity, m/s 

u Control input to system plant 

v Voltage of multifunctional system, V 

Wext, Wint External and internal virtual work 

w Disturbance to system (process noise) 

w Local beam frame resolved in B frame 

x State vector of system plant 

x̂ State vector estimate of system plant 

xa Design variable of optimization 

y Output vector of system plant 

ẏ, ż Airfoil translational velocity components resolved in local aerodynamic 
frame, m/s 
 

zp Distance between the elastic axis of the beam and the piezoelectric layer, m 

α Angle of attack, deg 

α  Airfoil angular velocity about a0x axis, rad/s 

Δκy Bending curvature difference representing a deflection level of a wing 
element 
 

ε Total beam strain vector 

ε  Material strain in piezoelectric constitutive relation 

ε0 Initial beam strain vector 

εx Extensional strain in beam members 

ζ Permittivity, F/m 

η Efficiency of energy conversion, % 

θ Rotations of beam nodes, rad 
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θply Rotation of the material coordinate system from the beam coordinate 
system, deg 
 

κx, κy, κz Twist, flat bending, and edge bending curvatures of beam members, 1/m 

κysteady Bending curvature at the steady-state 

λ Inflow states, m/s 

λ0 Inflow velocities, m/s 

ρ Air density, kg/m3 

σ  Material stress in piezoelectric constitutive relation, Pa 

σw Gust intensity, m/s 

Φw Power spectrum density function, m2/s 

ω Frequency components of gust signal, rad/s 

ωF Flutter frequency, Hz 

1, 2, 3 Beam coordinate in composite material 

1̃, 2̃, 3̃ Material coordinate in composite material 

Subscript  

eq Reference nonlinear equilibrium state where the linearization is performed 

hε h vector with respect to the strain ε 

pε Nodal position pw with respect to the strain ε 

θε Nodal rotation θ with respect to the strain ε 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Motivation and Objective 

Recently, for missions of intelligence, surveillance, and reconnaissance (ISR), 

environmental researches, etc., highly flexible unmanned airframes have been designed to allow 

for the high-altitude and long-endurance (HALE) flights. For example, the U.S. Air Force has 

been working on a new generation ISR platform called Sensorcraft [1, 2]. At the same time, 

NASA initiated the Environmental Research Aircraft and Sensor Technology program, the aim 

of which was to develop UAVs capable of very high-altitude and long-endurance flights for 

atmospheric research purpose. Under this program, an evolutionary series of unmanned aircraft 

(Pathfinder, Pathfinder-Plus, Centurion, and Helios Prototype) were developed by 

AeroVironment, Inc. On one hand, the removal of onboard pilots of these aircraft has lifted up a 

lot of design constraints. On the other hand, HALE flights require very efficient aerodynamic 

and structural designs, contributing to the long-endurance capability that is one of the most 

important performance requirements for HALE UAVs. As a consequence, HALE UAVs usually 

feature high-aspect-ratio wings with a low structural weight fraction. These wings are highly 

flexible in nature and may undergo large deformations (but small strains) under normal operation 

conditions, exhibiting geometrically nonlinear behaviors, such as nonlinear deformations, limit-
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cycle oscillations (LCOs), etc. Therefore, a geometrically nonlinear aeroelastic model to 

represent such wings is necessary for an accurate analysis of these slender vehicles. With the 

highly flexible airframe to achieve the desired high aerodynamic performance in HALE aircraft, 

a comprehensive understanding and the ability to control the aeroelastic instability resulted from 

the slenderness of the airframe become particularly important, since such instability may 

compromise the structural integrity and overall aeroelastic and flight dynamic performance of the 

complete aircraft. 

Meanwhile, different techniques have been developed and applied to improve aircraft 

performance and to facilitate long-endurance flight. Among these research topics, wing 

morphing has been particularly dynamic. The technique is promised to improve the flight 

performance under different flight conditions in which traditional control surfaces are less 

effective. In other words, morphing aircraft are designed to have the optimum performance over 

a wide range of flight conditions by actively changing the wing geometry. The morphing wings 

may also provide extra control authority in poor flight situations. An early concept of wing 

warping was employed in the aircraft built by the Wright brothers. The technique was later on 

replaced by discrete control surfaces due to the lack of the structural stiffness. In modern aircraft 

studies of the active aeroelastic wing (AAW) for example, the morphing technique was 

implemented to produce the favorable wing aeroelastic deformation so as to improve the aircraft 

flight performance, instead of directly generating the maneuver loads. However, for better 

performance of morphing wings, one needs to apply the proper actuation mechanism and scheme 

with sufficient energy to drive the mechanism. 

Additionally, multifunctional structural technologies are being developed, which may 

bring revolutionary changes to aircraft structures. These structures are capable of performing 
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multiple primary functions and can potentially improve the aircraft performance through 

consolidation of subsystem materials and functions. The employment of the wing morphing 

concept and multifunctional structural technologies may create new aircraft platforms with 

enhanced effectiveness and improved capability of operation. 

Among researchers focusing on HALE UAVs in which energy usually constrains their 

flight range and endurance, there is growing interest in designing energy-saving autonomous 

UAV system. Onboard energy harvesting is considered as a significant approach to design such 

autonomous systems and push the flight envelope while reducing the weight. This results in self-

sustained multifunctional wing structures that include subsystems of sensing, energy harvesting, 

energy storage, and actuating. Active materials, such as anisotropic piezo-composite actuators, 

may be used to build multifunctional structures. In fact, one may take advantage of piezoelectric 

transducing to fulfill the dual functions of both actuation and energy harvesting [3]. The 

anisotropic piezo-composite actuators provide the freedom of mission adaptive designs through 

different laminate orientations, which has compatibility to multifunctional structural designs. The 

high bandwidth also makes the practical actuation control possible. Actually, for HALE aircraft, 

the extra energy can be accumulated from the ambient with different mechanisms, such as 

piezoelectric effect [4], thermoelectric effect [5], pyroelectric effect, photovoltaic effect, 

magnetostatic effect, etc. Among them, mechanical vibrations of structural components due to 

in-flight gust perturbations and LCOs caused by aeroelastic instabilities have been considered as 

a potential major energy source if piezoelectric materials are embedded into wing structures as 

sensors and harvesters. 

From previous works, it can be seen that piezoelectric materials have successfully been 

integrated in aircraft structures as energy harvesters or actuators. However, more research is still 
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needed to explore how to actively and concurrently take advantage of both functions of 

piezoelectric transduction in an integral wing structure. Such an integral structure may work with 

one or both two functions of piezoelectric transduction, which can be either actuated for wing 

morphing and/or vibration control (replacing the traditional control surfaces) or used as an 

energy harvester, depending on the flight condition and mission. If such a multifunctional wing 

is designed to be adaptive to the flight conditions, the multiple functions of the wing may help to 

improve the aircraft flight performance by actively controlling the wing vibration and/or 

providing additional power from the harvested energy. Moreover, the piezoelectric effects of the 

multifunctional wing will be fully utilized by allowing a concurrent conversion of the wing 

vibration energy to electric energy, as the shunt damping effects associated to the energy 

harvesting may passively suppress the wing vibration. In addition, an integral energy storage 

device is considered to accumulate the harvested energy and recycle them for active control for a 

practical application of piezoelectric energy harvesting. Therefore, it is of interest to understand 

how such a multifunctional wing may adaptively improve the aircraft flight performance under 

different flight conditions. 

Furthermore, in the study on multifunctional wings of HALE aircraft, the piezoelectric 

energy harvesting and actuation need to be properly modeled in a suitable aeroelastic framework 

for highly flexible wings, with the consideration of the aforementioned geometrically nonlinear 

effects. The traditional approach of modeling the piezoelectric energy harvesting using a linear 

beam theory is not suitable. With the advantages of the strain-based geometrically nonlinear 

beam formulation in the studies of highly flexible structures, the piezoelectric actuation will be 

concurrently modeled with the piezoelectric energy harvesting in the nonlinear aeroelastic 

formulation, which enables the exploration of the aeroelastic and control characteristics of such 
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highly flexible multifunctional wings. To carry out such studies, control algorithms are also 

required to properly actuate the active wings to achieve the desired aircraft performance. In a 

modern aircraft control system, there are multiple variables that need to be controlled 

simultaneously. To satisfy the mission requirement and achieve the desired flight performance, 

an optimal feedback strategy should be implemented. In a simple control problem, Linear 

Quadratic Regulator (LQR) or more practical Linear Quadratic Gaussian (LQG) regulator may 

be selected as the starting point. These regulators are popular due to their capability to obtain the 

optimal control configurations. 

It would seem that these multiple functions may interfere or conflict each other during the 

operation, in that the active control will reduce the wing vibration, which naturally reduces the 

possible energy output from the harvesters. However, if a certain magnitude of vibration is 

allowed, provided that it does not harm the wing/aircraft performance, it can serve as a source of 

the energy harvesting. Therefore, it is important to evaluate the tradeoff between the functions 

and find an optimal balance between them. More importantly, the best tradeoff may change with 

the instantaneous flight conditions and environment. Therefore, the design should be adaptive to 

the corresponding condition and allow for a shift of the weight of the functions in the tradeoff.  

In summary, the goals of this dissertation are to 1) develop an electro-aeroelastic 

framework, which allows for the study of integral piezoelectric actuation and energy harvesting 

of the multifunctional structure, with the consideration of the geometrically nonlinear effect and 

2) demonstrate the feasibility of the concept and design of the piezoelectric multifunctional 

wings for the concurrent active control and energy harvesting to improve the aeroelastic and 

flight performance of HALE UAVs. 
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1.2 Literature Review of Previous Work 

This dissertation focuses on nonlinear electro-aeroelastic analysis of multifunctional 

wings with piezoelectric actuation and energy harvesting for HALE aircraft. It aims for enhanced 

flight performance. This section summarizes the relevant literature with regard to the topic. 

Friedmann provided an extensive review of aeroelasticity [6]. The emphasis of the paper 

was on the role and importance of aeroelasticity in modern aircraft, including nonlinear 

aeroelasticity and aeroservoelasticity. He also discussed the impact of technologies including 

aeroelastic tailoring and adaptive structures, and challenges on modern aircraft in unusual 

configurations. 

A comprehensive overview of unconventional airplane configurations and aeroelastic 

technologies was presented by Livne and Weishaar [7]. They expected that development in 

UAVs would be one of the major topics in unconventional, unmanned aircraft design. One of 

UAV’s missions was observation during high-altitude flights, which requires highly efficient 

wings. Another key aeroelastic lesson was the coupling between the rigid body motions and 

elastic deformations of aircraft with high-aspect-ratio wings. The high-aspect-ratio, low-bending-

frequency wings and low-frequency rigid body motion were the feature of high-altitude high-

aspect-ratio airplanes. Especially in case of high-aspect-ratio HALE UAVs with high authority 

active control systems, the aeroservoelastic clearance and the synthesis of control systems 

became very important. There were several technologies or concepts discussed in the paper, 

including active flutter suppression, AAW concept, and morphing UAVs. For active flutter 

suppression, there were still concerns about reliability, safety, and tradeoffs between its benefits 

and penalties. The AAW concept was introduced as a result of an integrated aeroservoelastic 

design optimization approach, including structure, aerodynamics, active flutter suppression, and 
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gust alleviation. The morphing aircraft concept was to enable efficient operations in diverse, 

wide-ranging mission environments with long-endurance requirements. 

Livne [8] also provided a good selection of the art of aeroelasticity such as CFD-based 

aeroelastic simulation methods, model order reduction techniques, aeroservoelastic control, and 

morphing “smart” aircraft. He also discussed challenges with regard to those topics in the area. 

 

1.2.1 Highly Flexible Wings and Nonlinear Aeroelasticity 

As discussed previously, HALE UAVs developed for both military and civilian 

operations, which require long-endurance performance. Because of the slenderness, such wings 

may undergo large deformations under normal operation conditions, resulting in geometrically 

nonlinear behaviors [9-12]. Hence, geometrical nonlinearity must be taken into account in the 

aeroelastic modeling of these vehicles [9, 10, 13-15]. There has been a great deal of literature 

regarding aeroelasticity [16-18]. Dowell et al. [19] provided an especially good summary of 

nonlinear aeroelasticity studies, mainly for flutter and LCOs at the time. 

In recent nonlinear aeroelastic studies, active aeroelastic control of highly flexible wings 

and aircraft has been a focus of research. Drela [20] developed an integrated nonlinear model for 

multi-disciplinary simulation of  aerodynamic, structural, and control analysis of flexible aircraft. 

He used a geometrically nonlinear beam theory for the structural analysis, while unsteady 

aerodynamics loads were considered in terms of unsteady circulation on the lifting-line along the 

beams and trailing-edge vortex sheets. Aeroelastic control was implemented with a state 

feedback control of the surface deflection and thrust. This work proved the model effectiveness 

for preliminary design of high-altitude aircraft with flexible wings. 
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Patil et al. [9, 21, 22] characterized the nonlinear behaviors of highly flexible wings and 

aircraft using a geometrically nonlinear mixed-form formulation based on intrinsic beam 

equations developed by Hodges and his colleagues [23, 24]. The structural equation was coupled 

with a finite-state unsteady aerodynamic formulation developed by Peters and Johnson [25]. 

They also studied the post-flutter behavior, LCO, of a highly flexible wing [22]. Wang et al. [26] 

studied a nonlinear aeroelastic model for HALE aircraft, including the geometrical nonlinearity 

and the unsteady aerodynamics with the unsteady nonlinear vortex-lattice method. They also 

used the intrinsic beam model [23, 24] to take into account the geometrical nonlinearity. Tang 

and Dowell [27] studied the limit-cycle hysteresis response of a highly flexible wing, still using a 

nonlinear approach [28] to capture the geometrically nonlinear effects. Su and Cesnik [11, 12, 

14, 29] performed nonlinear aeroelastic analyses of highly flexible aircraft using the strain-based 

nonlinear beam formulation. The geometrically nonlinear aeroelastic model provided the 

capability to capture the nonlinear beam behavior with fewer degrees of freedom, compared to 

other beam formulations.  Shearer and Cesnik [10] presented the characterization of the response 

of a very flexible aircraft in free flight using the geometrically nonlinear strain-based beam 

formulation. Palacios et al. [30] evaluated different structural and aerodynamic models used in 

aeroelastic analyses of very flexible UAVs. For the structural analysis, three major beam 

formulations including the displacement-based, intrinsic (mixed-form), and strain-based models 

were used. The intrinsic and strain-based beam formulations showed several advantages to the 

traditional displacement-based beam solution. On the other hand, the authors compared thin-strip 

models using the finite-sate unsteady aerodynamic formulation or indicial response method, as 

well as the unsteady vortex-lattice method (UVLM) for aerodynamics. The indicial response 

method worked better than the finite-state method at low reduced frequencies, while the UVLM 
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provided more accurate results at low frequencies with three-dimensional (3-D) tip effects 

needed to be considered. However, in case of high-aspect-ratio wings for HALE UAVs, this 3-D 

correction was no longer needed. 

From these studies, it has been well established that aeroelastic design and analysis of 

highly flexible aircraft should fully take into account their geometrically nonlinear effects. 

Traditional linear or linearized approaches about the undeformed wing geometry may render 

erroneous results and conclusions. 

 

1.2.2 Wing Morphing 

Morphing aircraft are considered to provide adaptive wing shapes for aircraft maneuvers 

and improve the aircraft flight performance. For example, the AAW technology has been studied 

and tested through the AAW Flight Research Program [31-33] initiated by using a full-scale F/A-

18 fighter aircraft involving the U.S. Air Force, NASA, U.S. Navy and industry. The program 

aimed to demonstrate AAW technology performance and series of experiments were conducted 

to obtain the aerodynamic, structural, and flight control characteristics related to AAW 

technology. The X-53 modified from the F/A-18 aircraft has shown significant weight and 

performance improvements. The studies showed promising benefits of the AAW technology in 

weight, aerodynamic, and control performance perspectives. 

In addition, the adaptive compliant trailing edge (ACTE) project has been commissioned 

by NASA and the U.S. Air Force Research Laboratory [34, 35]. The new ACTE flaps were 

hoped to improve the aerodynamic performance and reduce the noise and structural weight of the 

aircraft. To demonstrate and evaluate the performance of ACTE flaps, a testbed Gulfstream Ⅲ 

airplane was modified adopting a wing concept designed by Flexsys, Inc. The aerodynamic 
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effects of the ACTE flaps were first estimated through vortex lattice, full potential flow, and full 

Navier-Stokes computational fluid dynamics (CFD) simulations [34, 35]. The flight test results 

with the ACTE flaps were compared with the numerical predictions. The results showed the 

primary effects on the lift and pitching moment increments although the analytical estimations of 

the flap effects were over-predicted at larger flap deflections. 

Recently, a variable camber continuous trailing edge flap (VCCTEF) system was 

developed for performance adaptive aeroelastic wing (PAAW) concept by Nguyen, et al. [36, 

37], initiated by NASA with the collaboration with Boeing Research & Technology. The 

VCCTEF system achieved the circular wing camber by implementing three chordwise control 

surface segments of equal chord length, which resulted in a smooth chordwise pressure 

distribution. The camber distribution along the wing span is made continuous with twelve 

spanwise sections. A wing twist and bending deflection with the VCCTEF concept could be 

actively controlled to optimize the spanwise lift distribution in order to improve in-flight 

aeroelastic performances including drag reduction during cruise and higher lift performance 

during take-off and landing. The VCCTEF can also be applied for flutter suppression and roll 

control. Aerodynamic simulations and wing tunnel tests using a Generic Transport Model with 

the VCCTEF have shown that the VCCTEF can achieve a significant drag reduction with up to 

6.31% [37]. 

 

1.2.3 Multifunctional Structures 

Multifunctional structural technologies have been applied in diverse fields to exploit their 

benefits in addition to their structural capabilities such as sensing, actuating, power generating, 

etc. The technologies essentially integrate two or more functions and may offer superiority in 
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overall performance of structures. In fact, the applications of multifunctional stuructures to 

aircraft may present remarkable improvements in flight performance. Crawley [38] presented an 

overview and assessment of multifunctional structure technologies, mainly focusing on actuating 

and sensing. Christodoulou and Venables [39] provided a brief overview of the multifunctional 

material developments in different fields, highlighting the application potentials for the 

revolutionary designs with multifunctional materials. Gibson [40] gave a comprehensive review 

of more recent research in multifunctional materials and structures.  

Applications of active materials have been studied by many researchers. Piezoelectric 

materials, because of their wide bandwidth, fast response, and ease of application, have been 

among the most popular active materials to use for this purpose. Piezoelectric materials can 

transduce mechanical work applied on the material to electrical energy, and vice versa. Because 

of their characteristics, various applications are possible such as vibration energy harvesting and 

active actuation. Piezoelectric actuation has been implemented for aerospace structural control 

applications in many ways. For example, Hagood et al. [41] presented a coupled electroelastic 

model to study the piezoelectric actuator for active control using a Rayleigh-Ritz method. Bent et 

al. [42] developed the actuator equations for piezoelectric fiber composites with a conventional 

poling condition. They applied the Classical Laminated Plate Theory (CLPT) for the anisotropic 

composites force calculations. Bent [43] further discussed advantages of the Active Fiber 

Composite (AFC). Wilkie et al. [44] employed this approach to find the piezoelectric induced 

stress and to calculate the resultant moment on a rectangular, thin-walled, closed-section 

structure with the piezoelectric twist actuation. The macro-fiber composite (MFC) was also 

developed to overcome disadvantages associated with traditional piezocomposites by Wilkie et 

al [45]. Cesnik and his colleagues [46, 47] used an energy approach to develop the actuation 
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equations for a composite wing. They compared their model capability with preceding studies in 

the literature [48, 49]. Williams et al. [50] provided an overview of the use of active composites, 

and discussed the manufacturing process and benefits comparing four different types of active 

fiber composite actuators. 

One may fully exploit piezoelectric transducers to design multifunctional wings that are 

capable of both actuation and energy harvesting [3]. Mechanical vibrations of aircraft structural 

components have been considered as a major consistent energy source [51], with piezoelectric 

materials embedded in wing structures as sensors and energy harvesters. This is essentially an 

inversed application of the piezoelectric effect involved in wing actuation. Authors Sodano et al. 

[52], Anton and Sodano [52], and Cook-Chennault et al. [53]  provided articles reviewing 

piezoelectric energy harvesting. Various electromechanical models for piezoelectric transducing 

have been developed to evaluate system performance with piezoelectric transducer. Early studies 

of piezoelectric transducing have modeled the piezoelectric transducer using a simplified lumped 

model with bending vibrations [54, 55]. Even though the approach was effective, the lumped 

model came with some disadvantages, such as the oversimplification of real physics. To improve 

accuracy, some distributed models have been applied in subsequent studies. Bilgen et al. [56] 

developed a piezoelectric cantilever beam model via the linear Euler-Bernoulli beam theory. 

Wang and Inman [57] used the method for their study of piezoelectric energy harvesting and gust 

alleviation for a small UAV. Sodano et al. [58] modeled the piezoelectric energy harvesting 

beam based on the works of Hagood et al. [41] and Crawley and Anderson [59], where the 

variational method was used to derive electromechanical equations of a piezoelectric beam for 

energy harvesting. The solution was obtained using the Rayleigh-Ritz method. Erturk and Inman 

[60] provided corrections and necessary clarifications for physical assumptions in piezoelectric 
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transducing. They also presented the application of the coupled distributed parameter solution 

[61] to bimorph cantilever configurations [62]. De Marqui et al. [51] presented an 

electromechanically coupled finite-element plate model for predicting the electrical power output 

of piezoelectric energy harvester plates. 

A practical application of piezoelectric energy harvesting was proposed by Sodano et al. 

[63, 64], by accumulating the harvesting power with a rechargeable battery. Pereira et al. [65, 66] 

constructed energy storage structural composites embedding thin-film lithium energy cells in 

carbon/epoxy laminates. The embedded thin-film energy cells did not significantly change the 

mechanical properties of the carbon/epoxy laminate such as the stiffness and strength, unless the 

energy cells were exposed mechanical loading more than 50% of its ultimate tensile strength. Liu 

et al. [67] developed a new design of multifunctional lithium-ion batteries with elastic or 

potential structural load bearing capabilities based on a carbon nanofiber-reinforced polymer. A 

high molecular weight polyvinylidene fluoride (PVDF) matrix was used to achieve a tensile 

modulus of 3.1 GPa and an energy density of 35 Wh/kg although further improvements were 

required for a practical use. Snyder et al. [68] investigated different polymer electrolytes for 

potential use in multifunctional structural batteries ranging from highly conductive and 

structurally weak to poorly conductive and highly structural materials. The study showed the 

inverse correlation between the electrical conductivity and the elastic modulus of the different 

electrolytes. Qudwai et al. [69] tested the feasibility of four different commercially available 

thin-film lithium-ion battery cells with respect to mechanical and electrical characteristics based 

on realistic uses in unmanned vehicles. Their results indicated these battery cells were capable to 

withstand large deformations without degradation of energy-storage performance. Anton et al. 

[70] developed a multifunctional self-charging structures with piezoceramic and thin-film 
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batteries, and demonstrated the multifunctional capabilities. More recently, using this structure, a 

prototype self-charging wing spar containing embedded piezoelectric and battery elements was 

developed, and the developed spar showed its self-charging capability [71]. 

 

1.2.4 Active Vibration Control 

A suitable algorithm is required to properly actuate the highly flexible wing to exploit the 

multifunctional wing structures. To simultaneously control multiple variables involved in a 

modern aircraft, a multivariable feedback control [72] can be implemented. Among the 

multivariable feedback control schemes, an optimal feedback control strategy including an LQR 

or a more practical LQG controller may effectively control the wing behavior and to gain the 

desired flight performance. The linear quadratic controllers are a fairly well developed practice 

and several sources [73-75] have provided detailed discussions of controllers. More specific 

control applications on aeroelastic system [76] or active structures [77] are presented in the 

literature. 

In aeroelastic control studies, gust load alleviation and flutter suppression of flexible 

wings are important topics. From the control perspective, Patil and Hodges [78] designed static 

output feedback (SOF) controllers for flutter suppression and gust load alleviation of a slender 

wing using a wing tip flap as its actuator. This SOF controller was also utilized by Dardel and 

Bakhtiari-Nejad [79] for flutter and LCO controls. Bialy et al. [80] developed an integrated sign 

of error feedback and neural network feedforward controller with a conventional control surface. 

The controller demonstrated the capability to suppress the LCO and to track the angle of attack, 

although the control law did not account for actuator limits. Focusing on gust load alleviation, 

Aouf et al. [81] used an H∞ and μ controller for gust load alleviation of the B-52 aircraft with 
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control surfaces. Stochastic gusts were generated with the Dryden power spectral density model. 

Dillsaver et al. [82] developed a gust load alleviation control system for very flexible aircraft, 

using LQG control techniques based on a nonlinear aeroelastic model. They used model order 

reduction techniques to obtain a lower order control-oriented model for the longitudinal 

dynamics. Several different gust time histories were generated with the Dryden and von Karman 

stochastic gust models. Cook et al. [83] investigated a robust linear control with model-reduction 

techniques for discrete gust alleviation for very flexible aircraft using trailing-edge control 

surfaces. Aeroelastic equations were linearized about a reference condition for a linear H∞ 

controller. The authors also compared the completely full-state feedback and reduced controllers. 

The results showed the controller designed without considering the aerodynamic-lag states still 

worked well. Liu [84] designed a μ controller for gust load alleviation for a large flexible wing in 

a wide range of flight conditions under different Mach numbers and dynamic pressures with 

Dryden gusts. A nonlinear parameter-varying model was developed with model order reduction 

techniques. For active flutter suppression, on the other hand, Livne [85] presented a convenient 

review of recent active flutter suppression technologies. Özbay and Bachmann [86] studied an 

H∞ framework for a two-dimensional thin airfoil flutter suppression. The unsteady aerodynamics 

model was obtained from Theodorsen’s formulation. In the study, they also investigated a mixed 

H2/H∞ controller for gust alleviation modeled as a white Gaussian noise. Mukhopadhyay [87] 

designed a control law for symmetric and antisymmetric flutter modes suppression with control 

surfaces using the LQG theory coupled with reduced order modeling techniques under the 

NASA/Rockwell Active Flexible Wing program. A Dryden gust model was also adopted to 

simulate gust perturbations in the wind tunnel. 
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1.2.5 Multi-Objective Aeroservoelastic Optimization 

Over the past decade, various algorithms to solve multi-objective optimization problems 

have been developed [88, 89]. Fonseca [90] provided a good overview of multi-objective 

optimization approaches. In multi-objective optimization problems, a set of good solutions, 

rather than a single optimal one, can be obtained. These are known as Pareto-optimal solutions. 

Pareto-optimal solutions are equally good solutions in mathematics. Thus, it is very difficult to 

identify the best solution to a specific condition among the Pareto-solutions without further 

information. This difficulty leads to an approach in which as many Pareto-optimal solutions as 

possible are obtained before a user can determine an optimal solution to a specific problem with 

preference or priority information to the problem. Among the algorithms which have been 

intensively studied for several decades, the nondominated sorting genetic algorithm II (NSGA-Ⅱ) 

developed by Kalyanmoy et al. [91] showed some advantages for the multi-objective 

optimization. The NSGA-Ⅱ can find multiple Pareto-optimal solutions in a single simulation 

with a computationally efficient approach using elitism. Rudolph [92] showed that elitism can 

provide a significant improvement to the computational efficiency of the genetic algorithm (GA). 

While efficient multi-objective optimization algorithms have been developed, those 

algorithms have been applied to solve aeroelastic design problems. Livne [93] examined the 

integrated aeroservoelastic design challenge in the field of multidisciplinary design optimization. 

He also reviewed works of the conceptual and preliminary aeroservoelastic design limiting to 

airframes and control systems of fixed-wing airplanes with no significant aerodynamic heating. 

Kennedy and Martins [94] investigated the design of metallic and composite aircraft wings and 

investigated the impacts on structural weight and drag. They evaluated the performance tradeoff 

using a gradient-based aerostructural design optimization framework with a high-fidelity finite-
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element structural model and a medium-fidelity aerodynamic panel method. A Pareto front of the 

designs was obtained by minimizing a weighted combination of the fuel burn and take-off gross-

weight of the aircraft under a specific mission profile. Jackson and Livne [95] presented an 

integrated technique for an aeroservoelastic optimization of strain-actuated aircraft involving 

structural control designs. A structural finite-element model was coupled with an unsteady 

aerodynamic model based on a linear panel method or linearized CFD solution. The 

aeroservoelastic optimization model was integrated with LQR control laws and gust disturbances 

based on a white noise. Kudikala et al. [96] used the NSGA-Ⅱ to find the optimal distribution of 

piezoelectric actuators and corresponding actuating voltages for static shape control. The authors 

studied adaptive plate structures to minimize input control energy and mean square deviation 

between the reference and actuated shapes. 

 

1.3 Outline of This Dissertation 

The objective of the present work is to explore the capability of the multifunctional wings 

for the integral energy harvesting from wing transient vibrations and bending/torsional actuation 

with anisotropic piezoelectric materials in order to enhance flight performance of HALE aircraft. 

The analytical framework for electro-aeroelastic analysis will be developed to model 

piezoelectric multifunctional wings and investigate the effects on aeroelastic and electrical 

performance which have a potential to support further improvements of HALE aircraft. 

Numerical studies will be presented to demonstrate the feasibility of the concept and realization 

of the piezoelectric multifunctional wings for the concurrent active control and energy harvesting 

to improve the aeroelastic and flight performance of HALE UAVs. 

Chapter 2 introduces the electro-aeroelastic equations of motion for a slender wing with 

piezoelectric actuation and energy harvesting capabilities. The strain-based geometrically 
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nonlinear beam formulation, which makes no approximation to the deformation of beam 

reference line, is coupled with the electromechanical model of the piezoelectric effects derived 

with the piezoelectric constitutive equations. For the aeroelastic analysis, the finite-state 

unsteady subsonic aerodynamic loads are incorporated for aerodynamic loads on wing surface. A 

coupling matrix of piezoelectric actuation is derived with anisotropic equations. The 

piezoelectric actuation is considered as an additional external load to the system. The Dryden 

gust model is adopted to simulate stochastic gusts in time-domain analyses. LQR and LQG 

controllers are implemented for the feedback control to regulate the piezoelectric actuation. 

Configurations of controllers are determined by using an approach to obtain a cost-effective 

control performance for multifunctional wings. An algorithm to adaptively change a wing 

actuation configuration for gust perturbation is then developed. By minimizing the state and 

control costs, while maximizing the harvesting output, an optimal piezoelectric device 

configuration for efficient flutter suppression is obtained. 

Chapter 3 focuses on modeling the energy harvesting subsystem and exploring its impact 

on a multifunctional wing. The electro-aeroelastic model for piezoelectric energy harvesting is 

validated by comparing with published experimental data. Performances of piezoelectric energy 

harvesting with a multifunctional wing excited by both aeroelastic instability and external wind 

gusts are evaluated based on time-domain simulations. Shunt damping effects associated with the 

piezoelectric energy harvesting are investigated with different electrical configurations. 

Chapter 4 presents numerical studies of concurrent active control and energy harvesting 

under gust disturbances and aeroelastic instabilities. Comparison between the anisotropic 

actuation model and previously published results is first made to numerically validate the derived 

model. Gust alleviation with an LQR under generated Dryden gusts is then demonstrated. The 
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concurrent active control and energy harvesting with a multifunctional wing are investigated 

with different wing configurations and gust profiles using a cost-effective LQG controller to 

regulate actuators. Stability analysis and time-domain LCO simulations are performed to 

understand aeroelastic characteristics of the multifunctional wing. Individual shunt damping 

effects of the multifunctional wing on the LCOs are then observed. The piezoelectric active 

control capability to stabilize a wing vibration above the flutter boundary is demonstrated with 

an LQG control. Finally, performances of the concurrent active control and energy harvesting 

with a multifunctional wing under the aeroelastic instability are investigated with different wing 

configurations with a cost-effective LQG controller. 

Chapter 5 discusses an adaptive vibration control and energy harvesting of a 

multifunctional wing. An LQR controller is implemented for the feedback control of the 

piezoelectric actuators. The optimal piezoelectric device configuration for efficient flutter 

suppression is studied by minimizing the state and control costs, while maximizing the 

harvesting output. First, a verification is performed to ensure that an LQG controller with a 

designed multifunctional wing can recover a desired LQR control performance with the same 

wing such that an LQR controller can be used in the following studies for simplicity. Second, 

flutter characteristics of the designed wing are obtained. Third, an optimization of the 

piezoelectric device configuration is performed and flutter suppression with the multifunctional 

wing is discussed. Next, an adaptive active controller for gust perturbation is designed for the 

wing. The performance of the optimal multifunctional wing is then evaluated by calculating the 

state, control, and harvesting costs in different numerical simulations under gust disturbances and 

aeroelastic instabilities. Finally, an integrated structure with piezoelectric actuators/energy 

harvesters and thin-film lithium-ion battery cells is designed to store the harvested electrical 
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energy and recycle the energy for the piezoelectric active control. Energy management involving 

the piezoelectric actuation, energy harvesting, and energy storing in the multifunctional wing is 

evaluated. 

Chapter 6 presents an overall summary of this dissertation, the concluding remarks from 

the numerical studies, the key contributions, and recommendations for the future work in this 

field.  
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CHAPTER 2  

THEORETICAL FORMULATION 

 

The theoretical formulation used in this study is introduced in this section, where a 

slender wing with piezoelectric actuation [97] and energy harvesting [98] is modeled using a 

strain-based geometrically nonlinear aeroelastic formulation [11, 12, 29]. The strain-based beam 

[29] and aeroelastic [11, 12] formulations have been introduced in the literature. In the beam 

formulation, the structural members are allowed fully coupled three-dimensional bending, 

twisting, and extensional deformations. The finite-state inflow theory [25] is incorporated for 

aerodynamic loads on lifting surfaces. The modeling of the piezoelectric actuation and energy 

harvesting are also described. The piezoelectric actuation is considered as an additional external 

load to the system. Stochastic gust signals are created based on the Dryden gust model to be 

applied in time-domain analyses. LQR and LQG regulators [73, 97] are used for the feedback 

control. An approach to obtain a cost-effective control configuration for multifunctional wing 

actuation is also introduced. An algorithm of adaptive control for gust perturbation is then 

developed. The optimal piezoelectric device configuration for efficient flutter suppression is 

found by minimizing the state and control costs, while maximizing the harvesting output. 
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2.1 Multifunctional Wing Structure 

Figure 2.1 illustrates a multifunctional beam with both energy harvesting and actuation 

capabilities, using piezoelectric materials. The current work involves modeling of both the 

piezoelectric energy harvesting [98] and the piezoelectric actuation of such a multifunctional 

slender structure. The equivalent circuit model for the energy harvesting subsystem is described 

in Fig. 2.2. The piezoelectric energy harvester behaves as a capacitor in the subsystem. For 

simplicity, the piezoelectric energy harvesting work in the flat (out-of-plane) bending direction. 

It sometimes called the transverse piezoelectric effects (3-1 effects). The actuator and the 

harvester are controlled by a controller on a printed circuit board (PCB), even though the design 

of a PCB is not discussed in this paper. 

 

 

Figure 2.1. Multifunctional beam. 
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Figure 2.2. Equivalent circuit for energy harvesting subsystem. 

 

The constitutive equation for piezoelectric materials is given as 

  
    

    
    

Tσ εD -e
=

B Ee ζ
 (2.1) 

where σ is the material stress, B̅ is the electric displacement, D̅ is the piezoelectric material 

stiffness matrix, e is the piezoelectric coupling, ζ is the permittivity, ε  is the material strain, and 

E is the electric field, which is obtained from the gradient of the electric voltage v across on the 

piezoelectric layer, 

  
,
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,z

x x

y

z

E v
E v
E v

 − 
   = = −   
   −   

E  (2.2) 

The coupled electromechanical effect of piezoelectric material will be considered when 

deriving the equations of motion. 
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2.2 Fundamental Descriptions of Beam Model 

A cantilever beam is defined in a fixed frame B. A local beam frame w is built within the 

B frame as shown in Fig. 2.3, which defines the position and orientation of each node along the 

beam reference line. Bases of the beam frame w are wx(s,t), wy(s,t), and wz(s,t), whose directions 

are pointing along the beam reference axis, toward the leading edge, and normal to the beam 

surface, respectively, resolved in the B frame. The curvilinear beam coordinate s provides the 

nodal location in the body frame. 

 

 

Figure 2.3. Beam references frames. 

 

A nonlinear beam element was developed to model the large elastic deformation (with a 

small strain) of slender beams in the work of Ref. [29, 99]. Each of the elements has three nodes 

and four local strain degrees of freedom, which are extension εx, twist κx, flat bending curvature 

κy, and edge bending curvature κz of the beam reference line, 



 

25 

 

  ( ) ( ) ( ) ( ) ( ){ }x x y zs s s s sε κ κ κ=Tε  (2.3) 

It should not be confused with the strain of the materials ε  in Eq. (2.1), even though they are 

related.  

Positions and orientations of each node along the beam is determined by a vector 

consisting of twelve components, which is denoted as 

  ( ) ( ) ( ) ( ) ( ){ }s s s s s=
TT T T T T

w x y zh p w w w  (2.4) 

where pw is the nodal position resolved in the B frame and the orientation is represented by the 

base vectors of the w frame (wx, wy, and wz). The derivative and variation-dependent variable h 

are derived from those of the independent variable ε using the Jacobians, given as 

  d dδ δ= =hε hε hε hε hεh J ε h J ε h = J ε h = J ε + J ε  

    (2.5) 

where the Jacobians are obtained from kinematics [13, 29].  

  
∂∂ ∂

= = =
∂ ∂ ∂

w
hε pε θε

ph θJ J J
ε ε ε

 (2.6) 

with Jpε and Jθε being additional Jacobians relating the nodal position and orientation to the 

elemental strain [13, 29]. The Jacobian matrices can be updated based on the current strain. 

 

2.3 Equations of Motion 

The equations of motion can be derived by following the principle of virtual work 

extended to dynamic systems, which is equivalent to Hamilton’s principle. The detailed 

derivation, where the electromechanical coupling effect was not considered, can be found in Su 
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and Cesnik [11, 29]. The electromechanical coupling effect was further discussed and studied for 

energy harvesting [98]. The internal virtual work will include contributions of inertia forces, 

internal strains, strain rates, and the electromechanical effects, 

  ( ) ( ) ( )int
pW v v C vδ δ δ δ δ δ= − − − + + +T T T T T

s s s 0 va vh vhh M h ε C ε ε K ε - ε ε B + B B ε

  (2.7) 

where ε0 is the initial strain of the beam. Bva and Bvh are the electromechanical coupling matrix 

for the piezoelectric actuator and harvester, respectively. The coupling matrix Bva will be derived 

in the succeeding discussion while Bvh is obtained from the cross-sectional value, 

  
[ ]

31

0 0 0

d

T
vh

pcs
vh vh p p A

p

B
z e

B B s s A
t

=

= = −∫

vhB
 (2.8) 

where A is the cross-section area of the piezoelectric layer. The distance between the elastic axis 

of the beam and the piezoelectric layer is zp (see Fig. 2.4 for example). Quantities bp, tp, and sp 

are the width, thickness, and length of the piezoelectric layer, respectively. The capacitance of 

the energy harvester is defined as 

  p p
p

p

b s
C

t
ζ=  (2.9) 

Note that when the bimorph structure connecting piezoelectric layers in parallel is 

considered the electromechanical coupling and capacitance will be doubled. The external work 

includes contributions of gravitational force, distributed force, distributed moment, point force, 

point moment, and the work of the electric charge of the piezoelectric layer. The total external 

virtual work is 
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  ext
eW vQδ δ δ δ δ δ δ= + + + + +T T F dist T M dist T pt T pt

w wh Ng p B F θ B M p F θ M  (2.10) 

where g, Fdist, Mdist, Fpt, and Mpt are the gravity field, distributed forces, distributed moments, 

point forces, point moments, respectively. N, BF, and BM are the influence matrices for the 

gravitational force, distributed forces, and distributed moments, which come from the numerical 

integration. In addition, Qe is the total charge accumulated over the electrodes, the time 

derivative of which is the current: 

  d
d

e

e

Q vi
t R
= =  (2.11) 

where Re is the resistance of the electrical circuit. 

 

 

Figure 2.4. Spanwise segment and cross-section of multifunctional wing spar (PZT, 
piezoelectric material). 

 

Based on Eqs. (2.7) and (2.10), the variations of the dependent variables (h, pw, and θ) 

and their time derivatives can be replaced by the independent variable ε by applying the 
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Jacobians [see Eq. (2.5)] and their subsets. Therefore, the total virtual work on a beam can be 

written as 

  

( )( )
( )
( )p e

W v

v C v Q

δ δ

δ

δ

= −

+

+ + +

T T T
hε s hε hε s hε s s s 0 va vh

T T T F dist T M dist T pt T pt
hε pε θε pε θε

T
vh

ε J M J ε + J M J ε + C ε + K ε - K ε - B + B

ε J Ng + J B F + J B M + J F + J M

B ε



  

 (2.12) 

Finally, the variations of the strain and the voltage are both arbitrary, which yields the 

complete electro-aeroelastic equations of motion, 

  
0 or 0p e p

e

vC v Q C v
R

+ + = + + =

FF FF FF F

T T
vh vh

M ε + C ε + K ε = R

B ε B ε

 

 

 (2.13) 

The generalized inertia, damping, stiffness matrices and generalized force vector are 

  
( )v

T T
FF hε s hε FF s hε s hε FF s

T T F dist T M dist T pt T pt
F FF 0 hε pε θε pε θε va vh

M (ε) = J M J C (ε,ε) = C + J M J K = K

R = K ε + J Ng + J B F + J B M + J F + J M + B + B





 (2.14) 

As shown in Eq. (2.14), the generalized force vector involves the effects from initial 

strains ε0, gravitational field g, distributed forces Fdist, distributed moments Mdist, point forces 

Fpt, point moments Mpt, and the electric field v. The aerodynamic forces and moments are 

considered as distributed loads. Once the beam strain/curvature is solved from the equations of 

motion, the deformation of the beam reference line can be recovered from the kinematics [13, 

29]. 

 



 

29 

 

2.4 Piezoelectric Actuation of Bending and Torsion Deformations 

The multifunctional wing with embedded piezoelectric materials is also considered as a 

piezoelectric actuation device, in addition to the energy harvesting function discussed in Ref. 

[98]. Bent et al. [42] developed the anisotropic actuation equations using the conventional 

poling, which are followed in the current study of the multifunctional wing with piezoelectric 

materials. 

With the in-plane structural anisotropy of the piezoelectric material and the assumption of 

plane stress ( 3σ  = 4σ  = 5σ  =0), the piezoelectric constitutive relation in Eq. (2.1) becomes 

  

1 111 12 31

2 212 22 32

6 666

331 32 333

0
0

0 0 0
0

D D e
D D e

D
Ee eB

σ ε
σ ε
σ ε

ζ

     −
     −    =              

 (2.15) 

in which (1, 2, 3) are the beam axes and (1̃, 2̃, 3̃) are the piezoelectric material axes (see Fig. 

2.5). 

By applying the rotation of the material coordinate system from the beam coordinate 

system by a +θply angle about the 3-axis, the matrices in the constitutive relation become 

  ( )=
-1T

e e s sB T B E = T E ε = T ε σ = T σ


   (2.16) 

and it can be incorporated with the constitutive relation in Eq. (2.1), which gives 
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T T T T
s s s e

T T
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e ζ T eT T ζT









 (2.17) 
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where the symbols with a tilde refer to the values in the piezoelectric material axes. Ts and Te are 

the transformation matrices of composites [100].  

For simplicity, the electric field and displacement are assumed to be along the 3-

direction. The reduced constitutive relation in the beam system can be expressed as 

  
33 33

EB ζ

    
=     
      

T T
s s s

T
s

σ εT DT -T e
eT









 (2.18) 

 

 

Figure 2.5. Composite material axis and beam axis systems. 

 

According to Eq. (2.17), the piezoelectric couplings in the beam system are obtained as 
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where e36 is the piezoelectric coupling for the induced shear stress. The piezoelectric induced 

stresses can be obtained from Eq. (2.18) as 

  3E= − T T
pe sσ T e  (2.20) 

The resultant force and moment can be calculated from the piezoelectric induced terms. 

Bent et al. [42] developed the force and moment in thin-walled anisotropic composite structures 

using the Classical Laminated Plate Theory [100]. On the other hand, if the composite structure 

is a simple rectangular thin-walled section, one may choose an approach using the piezoelectric 

induced stresses to calculate the induced bending and torsional moments as in Ref. [44]. 

The coupling matrix Bva relates the actuation voltage and the resultant piezoelectric force 

and moment, given as 

  

1 1

2 1

3 2

4 3

va a

va a

va a

va a

B F
B M

v
B M
B M

   
   
   =   
   
      

 (2.21) 

where F1a is a piezoelectric induced extensional force, and M1a, M2a, and M3a are piezoelectric 

induced moments about 1, 2, 3 axes, respectively. In this paper, the 1, 2, 3 axes are oriented so 

that the coordinate is aligned with the wing beam coordinate axes x, y, z. Those induced forces 

and moments are the additional loads which can be seen in Eq. (2.14) as piezoelectric actuation 

loads. 
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2.5 Unsteady Aerodynamics 

The distributed loads Fdist and Mdist in Eq. (2.14) are divided into aerodynamic loads and 

user-supplied loads. The unsteady aerodynamic loads used in the current study are based on the 

two dimensional (2-D) finite-state inflow theory, provided by Peters and Johnson [25]. The 

theory calculates aerodynamic loads on a thin airfoil section undergoing large motions in an 

incompressible inviscid subsonic flow. The lift, moment, and drag of a thin 2-D airfoil section 

about its midchord are given by 
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( )

2 2 0

2 2
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2 2 2 2
0 0

12
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2 2 2 16

2 2 2

mc

mc

mc

zl b z y d by b d
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m b yz dy y b
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λαπρ α α πρ

πρ α λ α
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  = − + − + − + − −    
 = − − − − 
 

= − + + + +




  

  

   

  
 

 (2.22) 

where b is the semichord and d is the distance of the midchord in front of the reference axis. The 

quantity /z y−   is the angle of attack that consists of the contribution from both the steady-state 

angle of attack and the unsteady plunging motion of the airfoil. The different velocity 

components are shown in Fig. 2.6. The inflow velocity λ0 accounts for induced flow due to free 

vorticity, which is the weighted summation of the inflow states λ as described by Peters and 

Johnson [25] and governed by 

  1 2 3λ = F ε + F ε + F λ

   (2.23) 

The aerodynamic loads about the midchord center are transferred to the wing elastic axis 

and rotated into the fixed B frame for the solution of equations of motion. 
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Figure 2.6. Airfoil coordinate system and velocity components (a.c., aerodynamic center; 
mc, midchord; e.a., elastic axis). 

 

2.6 Gust Modeling 

The Dryden and von Karman [101] gust models are the classical approaches to describe 

the atmosphere turbulence using the power spectral density (PSD) functions. Because the Dryden 

PSD function has a simpler form than that of the von Karman model, which facilitates the 

generation of gust signals, it is chosen in the current studies, although the von Karman gust 

model can be applied in future works since it agrees better with experimental data [102]. The 

PSD function is given as 

  ( )
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in which σw is the root mean square (RMS) vertical gust velocity, Lw is the scale of turbulence, 

and U∞ is the aircraft trim velocity. The scale length Lw is dependent on the aircraft’s altitude h, 

given as 

  ( )

533.4 609.6
228.6 101.6 304.8 609.6
304.8

304.8

w

h m

L h h m

h h m

≥
= + ≤ <


<

 (2.25) 

Note that the value between 304.8 and 609.6 m is obtained by the linear interpolation. 

Gust signals will be generated using the inputs of the gust intensity, scale length, and 

PSD function at a given flight velocity and altitude. In doing so, a Gaussian white noise source 

with the PSD function Φn(ω) = 1 in the frequency band of interest is used to provide the input 

signal to a linear filter (transfer function) Hw(sL), which is chosen such that the squared 

magnitude of its frequency response is the PSD function Φw(ω). The output from the transfer 

function is then the random continuous gust, the PSD of which is related to the PSD of the input 

signal as follows: 

  
2 2( ) ( ) ( ) ( )w w n wH Hω ω ω ωΦ = Φ =  (2.26) 

Finally, an expression for the Dryden model’s transfer function can be found through 

spectral factorization of Φw(ω), which is 
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 (2.27) 

 

2.7 System Linearization and Flutter Analysis 

The equations of motion in Eq. (2.13) are essentially nonlinear. For both the aeroelastic 

stability analysis and the control development of active control, linearization of the nonlinear 

aeroelastic equations about a nonlinear equilibrium state is performed [97]. In addition, a 

detailed description of the linearization process is given in Appendix A. 

The nonlinear aeroelastic equations of the cantilever wing are repeated here, without 

considering the gravity and active actuation, 

  
1

p p eC C R

+

= − −
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FF FF FF F vh h
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h h

M ε C ε + K ε = R + B v
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 (2.28) 

and 

  aero T aero T aero
F pε F θε MR = J B F + J B M  (2.29) 

where aero
FR  is the generalized aerodynamic load. Faero and Maero are the distributed 

aerodynamics lift and moment, respectively. Bvh is the coupling matrix for the piezoelectric 

energy harvesting, and vh is electric voltage from harvesters. The reference nonlinear equilibrium 

state where the linearization is performed is 
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  { }TT T T T T
eq eq eq eq eq heqx = ε ε ε λ v   (2.30) 

The structural Jacobians are assumed to be constant when the system is perturbed for the 

linearization, while this assumption holds for small perturbations to the system. This assumption 

helps to simplify the linearization process by making the generalized mass matrices independent 

of the state variables. Each equation is written with the small perturbation about the nonlinear 

equilibrium state, which yields the linearized equations as 
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 (2.31) 

where M̅, C̅, and K̅ are the linearized general inertia, damping, and stiffness matrices, 

respectively. 
eq

aero
F/λR  is the derivative of the aerodynamic load vector with respect to the inflow 

states. Eq. (2.31) can be put into the state-space form, which includes active actuation terms, 

  x = Ax + Bu  (2.32) 

where 

  { }TT T T T
h ax = ε ε λ v u = v  (2.33) 

where va is the voltage inputs of piezoelectric actuation. 

Aeroelastic stability analysis is carried by following the approach in Su and Cesnik [11]. 

Starting from an initial flow speed, the nonlinear aeroelastic system is linearized and the stability 

characteristic is eveluated by solving the eigenvalues of the linearized system matrix A in Eq. 
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(2.32). The flutter boundary is found by contunously incerasing the flow speed, until the root 

locus of the system crosses the imaginary axis. 

 

2.8 LQR Feedback Control 

Linear Quadratic Regulator (LQR) [73] (see Fig. 2.7) is commonly used in traditional 

aircraft control studies. It is also used in the following studies for feedback control of the 

piezoelectric actuation. 

The associated quadratic performance index for control, which is the cost function J to be 

minimized, is defined as 

  ( )
0

dJ t
∞

= ∫ T Tx Qx + u Ru  (2.34) 

where R and Q are positive-definite penalty matrices. The control input u (or the piezoelectric 

actuation voltage v) is determined by 

  u = -Kx  (2.35) 

The control gain K is found by solving, 

  -1 TK = R B S  (2.36) 

in which the unknown function S can be calculated by a Riccati equation, 

  T -1 TA S + SA - SBR B S + Q = 0  (2.37) 

The LQR results in a robust closed-loop system and help the following optimization 

process of piezoelectric device configuration. However, the LQR design assumes all the states of 
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the system are available for feedback, while is not always true for most of real systems. With this 

limitation, a more practical feedback system which works with a limited number of state 

information is also studied, instead of the LQR. 

 

  

Figure 2.7. LQR feedback control diagram. 

 

2.9 LQG Feedback Control 

The Linear Quadratic Gaussian regulator (LQG) provides the compensation to the 

limitation of state variable availability. It also takes into account the process and measurement 

noises of the system. Therefore, the LQG regulator is also considered in the current study for the 

active control. 

The LQG consists of an LQR and a Kalman filter for the state estimation (see Fig. 2.8). 

The state-space model describing the problem is now given as 

  
x = Ax + Bu + Gw
y = Cx + Du + Hw + n


 (2.38) 

where x is the state vector, u is the control input to the system plant, y is a user-defined system 

output vector (wing extensional strain, twist, flat and edge bending curvatures in the current 
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study), and w is the disturbance (process noise). Here, local strains are assumed to be measured 

by a certain sensor (e.g., strain gauges or piezoelectric sensors), with n being the possible sensor 

measurement noise. The noises w and n are zero-mean white noises. The Kalman filter provides 

an estimated x̂ to the state x, according to 

  ( )ˆ ˆ ˆx = Ax + Bu + L y - Cx - Du  (2.39) 

The Kalman filter gain to determine the performance of the estimation is given as 

  T -1L = PC R  (2.40) 

where the function P is found by solving a Riccati-equation, 

  T T -1
n nAP + PA + Q - PC R CP = 0  (2.41) 

in which Qn and Rn are the covariance matrices of noises w and n. However, if the system noises 

are unknown, those Qn and Rn are configured as user-defined parameters to adjust the property 

of the Kalman filter. 

The LQG control input to the original model is now obtained by replacing the state x with 

the estimation x̂ as 

  ˆu = -Kx  (2.42) 

Such a LQG controller can achieve very similar control properties of a desired LQR 

controller with a limited number of output state information if the Kalman filter is calibrated 

well. Therefore, even though the LQG regulator will be implemented in a future detailed design 
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study for a performance evaluation of the multifunctional wing system, cases with the LQG 

regulator are limited in the current preliminary design study of the multifunctional wing. 

 

 

Figure 2.8. LQG regulator feedback control diagram. 

 

2.10 Weighted Control Penalty 

The linear quadratic controllers minimize a certain performance index by applying 

penalties on both states and control inputs. Different combinations of penalties may result in 

different control performances. It may suppress a great deal of wing deformation with a large 

control power, while it may allow a certain level of wing vibrations saving excess power 

consumption. Therefore, it is important to establish an approach to evaluate the tradeoff and find 

a cost-effective controller setting. 

A good approach to evaluate the performance is to normalize the cost function and to 

split them into two components for state variables and control inputs, respectively, which can be 

defined as the state cost Js and the control cost Jc [103]. The objective cost function defined in 

the Eq. (2.34) can be rewritten with an additional weighting term r: 
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  ( )
0

dJ r t
∞

= +∫ T Tx Qx u Ru  (2.43) 

 

 

Figure 2.9. State and control cost curve for finding the cost-effective point. 

 

This cost function has two contributors as 
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To have the kinetic and strain energy form of the system in the state cost, Q can be 

defined as 

  
 
 
 

s

s

K 0
Q =

0 M
 (2.45) 

The control cost is the integral of actuation energy with respect to time. In the design 

process, Js and Jc are obtained by using Lyapunov and Riccati equations [103]. The integral 

equations in Eqs. (2.43) and (2.44) can be transformed as 

  ( )( )0J trace= TP Q + K RK  (2.46) 

  ( )0sJ trace= P Q  (2.47) 

  ( )0cJ trace= TP K RK  (2.48) 

where P0 is obtained by solving the Lyapunov equation 

  ( ) ( )0 0− + − = −TA BK P P A BK I  (2.49) 

Using a similar approach, the cost functions for a LQG regulator can be derived as 
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  ( )J trace= T -1
2 1 2 2P Q + P P C H CP  (2.50) 

  ( )( )sJ trace= 2 3P + P Q  (2.51) 

  ( )cJ trace= -1 T
3 1 1P P BR B P  (2.52) 

where P1, P2, and P3 can be obtained by solving the Riccati and Lyapunov equations 

  T -1 T
1 1 1 1A P + P A - P BR B P + Q = 0  (2.53) 

  T T -1
2 2 2 2AP + P A - P C H CP + G = 0  (2.54) 

  ( ) ( )T-1 T -1 T T -1
1 3 3 1 2 2A - BR B P P + P A - BR B P = -P C H CP  (2.55) 

The weighting r in Eq. (2.43) is to control the penalty balance between state cost and 

control cost. Using this weighting value, the state and control costs can be normalized as 

  
S s

c
C

J J
JJ
r

=

=
 (2.56) 

As a preliminary design, an approach used in Ref. [103] are chosen to determine a 

balanced control setting between state and control costs. Figure 2.9 exemplifies the normalized 

cost functions to determine a feasible preliminary design point. The balanced penalty point, or 

cost-effective point, can be found at the vertex of the hyperbolic curve. Note that sophisticated 

optimization schemes are not used in the current study to find the cost-effective point.  
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2.11 Adaptive Active Control of Multifunctional Wing 

The control gain can be properly defined for a predictable oscillation in a flight such as a 

flutter. However, a control performance with a fixed control gain may be less effective to 

uncertain disturbances like stochastic gusts. Therefore, an active control algorithm is considered, 

which is adaptive to stochastic gusts. The algorithm allows the change of the number and 

position of activating actuators by monitoring the current bending curvatures, so as to achieve an 

efficient vibration alleviation under gust disturbances. When elements are not activated as 

actuators, they are automatically switched to piezoelectric energy harvesting devices. In the 

normal case of highly flexible wing vibrations, its flat bending and twist vibrations are usually 

dominant. Therefore, it is effective to control these motions in order to suppress/alleviate wing 

vibrations. A bending curvature difference representing a deflection level of the wing element for 

activation decision-making is calculated as 

  ( ) ( ) ( ), , steady
y y yt id t id idκ κ κ∆ −=  (2.57) 

where id is the element identifier (ID) of the wing and κysteady is the bending curvature at the 

steady-state. A bending curvature threshold is defined so that each wing element can be activated 

as an actuator when the difference between the bending curvature on an element at a certain time 

and the steady-state value exceeds the threshold. Feedback control gains for each activation 

configuration is calculated before the simulation, and the gains can be switched when the 

actuation condition changes based on the instantaneous wing bending curvature. Figure 2.10 

shows the algorithm of the actuator activation and the control gain update for the adaptive active 

control. 
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Figure 2.10. Algorithm of the adaptive active control. 

 

2.12 Optimization of Piezoelectric Device Configuration for Multifunctional Wing 

Even though the adaptive active controller is designed to provide an effective vibration 

suppression under stochastic gusts, the wing is also hoped to be effective in flutter suppression. 

Since the curvature monitoring with a certain threshold is adopted to update the piezoelectric 

device configuration between an actuator and a harvester, it is difficult to avoid the initial 
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development of flutter by the nature of the algorithm. As it is more effective to react a flutter at 

its initial development phase, the multifunctional wing is designed so that a certain level of 

flutter suppression performance can be secured all the time when the flight speed is close or 

higher than the flutter speed. In other words, some of the wing elements are fixed to serve as a 

regular actuator for flutter suppression when necessary. In this way, the active control is more 

robust for both a flutter and stochastic gusts. 

To achieve the most effective performance for flutter suppression, it is important to find 

an optimal piezoelectric device configuration. Therefore, an optimization of the piezoelectric 

device configuration is performed. The optimization objective is to simultaneously obtain the 

maximum vibration suppression, the minimum control power input, and the maximum 

harvesting energy output out of the multifunctional wing. Therefore, the three objective functions 

of the optimization are defined as a state cost JS, control cost JC, and harvested energy JE, which 

are given as 

  ( ) ( )
0

min S aJ x dt
∞

= ∫ Tx Qx  (2.58) 

  ( ) ( )
0

min C aJ x dt
∞

= ∫ Tu Ru  (2.59) 

  ( ) ( )
0

max E a pJ x v C v dt
∞

= ∫ T  (2.60) 

where xa is the design variable. A design constraint in the study is given in discrete choices as 
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  [ ]1,2 ,10ax =   (2.61) 

where design variable xa represents an element ID to be a regular actuator and the detailed 

explanation for the constraint is given in the following section. Since there are only ten discrete-

value design variables, the optimization is kept very simple by evaluating all the choices and 

choosing the best one. 

 

2.13 Efficiency of Energy Conversion 

To properly evaluate and understand performances and limitations of the piezoelectric 

energy harvesting, it is important to quantitively consider its efficiency of energy conversion. 

The piezoelectric energy conversion is represented schematically in Fig. 2.11. An energy input 

(mechanical vibration on wings) is converted to an energy output (electricity) and through the 

piezoelectric energy harvesting. 

 

 

Figure 2.11. Energy conversion in the piezoelectric energy harvesting. 

 

The efficiency of an energy conversion η is a ratio between energy input and output. The 

efficiency of the piezoelectric energy harvesting with a multifunctional wing is defined using the 

cost functions given in Eqs. (2.58) and (2.60), which represent twice of vibration energy and 

electric output energy, but only the kinetic energy components JS,K is considered as mechanical 
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energy input to compare with efficiencies of piezoelectric energy harvesting in literature [104, 

105]. 

  ( )
,

Electric Energy output 100 %
Knetic energy input

E

S K

J
J

η = = ×  (2.62) 

Although an efficiency of piezoelectric energy harvesting depends on a device 

configuration (electric circuits and material properties such as resistive load, piezoelectric 

coupling coefficient, and mechanical damping ratio, etc.) and operating conditions (such as 

vibration frequency), piezoelectric energy harvesters usually provide energy conversion 

efficiency of 40 – 60% at most [104, 105]. In this study, the efficiency of energy conversion is 

studied as one of the metrics to evaluate performance of piezoelectric multifunctional wings 

although electric circuits to condition an output power are not considered. 
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CHAPTER 3  

HIGHLY FLEXIBLE MULTIFUNCTIONAL WINGS FOR PIEZOELECTRIC ENERGY 
HARVESTNG 

 
 

In this chapter, energy harvesting from the transient vibrations of a slender wing, using 

the derived electro-aeroelastic formulation, is presented. Aeroelastic instabilities and wing 

vibrations excited by wing gusts are considered as the sources of the energy harvesting. Before 

numerical analysis can be carried out, the accuracy of the developed formulation for the 

piezoelectric transduction is validated. 

Descriptions of the multifunctional wing considered in this study are provided. The 

aeroelastic characteristic of the multifunctional wing is also discussed. All simulations are 

completed in the time-domain to accurately capture the nonlinear behaviors of the slender 

multifunctional wing. Firstly, the performance of the piezoelectric energy harvesting with the 

multifunctional wing from the LCO is studied. In addition, shunt damping effects with different 

electric configurations, including the piezoelectric coupling and resistive load, are studied for 

passive vibration suppression. Next, the performance evaluation of the piezoelectric energy 

harvesting from wing vibrations due to stochastic gusts with various gust strengths is performed. 

The voltage outputs from the piezoelectric energy harvesters on each element of the 

multifunctional wing from the transient wing vibrations are also evaluated. With the analyses, 
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the capability of the multifunctional wing for the piezoelectric energy harvesting and passive 

shunt damping is explored.  

 

3.1 Validation of Piezoelectric Transduction 

The theoretical formulation of piezoelectric energy harvesting is firstly applied to 

simulate a slender beam with an attached Midé Technology Corporation QuickPack model 

QP40N and compared to the vibration tests performed in Ref. [58]. The properties of QP40N are 

shown in Table 3.1 [58], where the permittivity of free space ζ0 is 8.854 pF/m. In the experiment, 

QuickPackQP40N was clamped at the point of 92.6 mm from the free end and mounted to an 

electromagnetic shaker. As a validation, some experimental cases in Ref. [58] are numerically 

reproduced using the developed formulation. 

 

Table 3.1. Properties of the QuickPack QP40N. 

Property Symbol Value 

Device size, mm -- 100.6 × 25.4 × 0.762 

Device weight, g -- 9.52 

Piezoelectric wafer size, mm -- 45.974 × 20.574 × 0.254 

Relative permittivity ζ33∕ζ0 1800 

Piezoelectric strain coefficient, pm/V d13 -179 

Modulus of piezoelectric, GPa cE 63 

Modulus of Kapton-epoxy, GPa cs 2.5 

Modulus of QuickPack, GPa cb 35.17 

Density of piezoelectric material, kg/m3 ρp 7700 

Density of composite matrix, kg/m3 ρc 2150 
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Figures 3.1 and 3.2 compare the numerical and experimental output currents from the 

harvester when shaken at 25 Hz with two different resistors. Note that due to the high-frequency 

response in the experiment, only the contours of the experimental data, showing the magnitudes 

of the vibrational data, are measured and plotted in the figure for the comparison with the 

numerical data. The output currents across the 10 and 100 kΩ resistors, respectively, with the 50 

Hz excitation are shown in Figs. 3.3 and 3.4. From the figures, the peak values from the 

simulation fall in a 6% difference from the measured experimental data. Even though the 

frequencies of the current outputs from the numerical simulations are not directly compared to 

the experiments, because accurate frequency data are not available based on the plots in Ref. 

[58], it is still reasonable to conclude that the predictions of the electric outputs by the numerical 

model with different beam vibrations and resistive loads are accurate. 

 

 

Figure 3.1. Output current with 10kΩ resistors with 25Hz excitation. 
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Figure 3.2. Output current with 100kΩ resistors with 25Hz excitation. 

 

Figure 3.3. Output current with 10kΩ resistors with 50Hz excitation. 
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Figure 3.4. Output current with 100kΩ resistors with 50Hz excitation. 

 

Figure 3.5. Static beam tip deflection due to applied 5V voltage, with mesh refinement. 
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To verify the convergence of the finite-element discretization of the piezoelectric 

properties, the reverse (actuation) effect of the piezoelectric material is studied with the same 

QuickPack QP40N device. A constant external voltage of 5V is applied across the QP40N, 

resulting in the static beam flat bending deformation. Even though the beam mesh is refined, the 

beam tip vertical deflections remain the same (see Fig. 3.5). Mesh refinement changes the 

discrete piezoelectric coupling matrix Bv proportionally to the elemental stiffness matrix. 

Therefore, the resulting flat bending curvature κy is the same, no matter how the mesh is refined. 

Even though the static beam deformation is insensitive to the refinement of the mesh, a ten-

element mesh is then used to discretize the beam, while the externally applied voltage is varying. 

The beam flat bending curvature κy is proportional to the applied voltage according to Eq. (2.13). 

The tip deflection, however, is determined by the nonlinear kinematical relation [13, 29], which 

is not proportional to the applied voltage due to the geometrical nonlinear effect (see Fig. 3.6). 

Prediction of energy harvesting from the beam vibration may be sensitive to the mesh. In 

this case, a sinusoidal force of 1 N magnitude and 10 Hz frequency is applied at the wing tip in 

the vertical direction. Figure 3.7 shows the instantaneous tip vertical deflection and the total 

voltage output from the beam at the end of two cycles (0.2 s) with the change of the number of 

beam elements. Both the deflection and the voltage output converge within a 1% relative error, 

when the beam is discretized into nine elements. 
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Figure 3.6. Static beam tip deflection due to variable applied voltages. 

 

Figure 3.7. Instantaneous beam tip deflection and voltage output at the end of two 
excitation cycles with varying beam mesh. 
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3.2 Highly Flexible Cantilever Wing for Energy Harvesting 

As a piezoelectric energy harvesting system, a highly flexible cantilever wing is designed 

with a PZT-5A thin film attached to the wing spar (see Fig. 3.8). The wing airfoil is NACA0012. 

The wing spar has a thickness of 0.03 m and a width of 0.25 m, located at 0.375 m from the 

leading edge. The physical and geometrical properties of the wing and PZT-5A film are given in 

Table 3.2, and more of the piezoelectric properties of PZT-5A can be found in Ref. [3]. The wing 

cross-sectional properties are unified based on the properties of both the spar and the PZT-5A 

film. The wing is divided into ten elements. Each element is modeled as an independent energy 

harvester. To complete the circuit, a resistance of 1 MΩ is used. 

 

Table 3.2. Properties of the multifunctional wing. 

Property Value 

Mass per unit length, m 0.09375 

Extensional stiffness, K11, N 4.34×106 

Torsional stiffness, K22, N-m2 2.71×103 

Flat bending stiffness, K33, N-m2 5.43×103 

Edge bending stiffness, K44, N-m2 1.09×106 

Torsional moment of inertia, Ixx, kg-m 0.0035 

Flat bending moment of inertia, Iyy, kg-m 0.0189 

Edge bending moment of inertia, Izz, kg-m 0.0221 

Span, m 8 

Chord length, m 0.5 

PZT-5A width, m 0.25 

PZT-5A thickness, m 2.54×10-4 

Transverse piezoelectric coupling e31, C/m2 -10.4 
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Figure 3.8. Cross-section of the wing model. 

 

3.3 Energy Harvesting from Aeroelastic Instability 

From time-domain simulations, the flutter instability of the highly flexible wing can be 

observed when the freestream velocity U∞ is about 52 m/s. Figures 3.9 and 3.10 show the wing 

tip vertical deflections at pre- and post-flutter conditions. Note that in these simulations, the 

energy harvesting function is still turned off, even though the piezoelectric materials are already 

embedded in the wing structure. If the freestream velocity is slightly above the flutter boundary, 

the growth of vibration amplitude will be very slow due to the small aeroelastic damping. 

Therefore, the following studies will be performed at a higher freestream velocity U∞ = 55 m/s to 

facilitate the observation of the limit-cycle oscillations. Figure 3.11 shows the limit-cycle 

oscillations with the energy harvesting function turned off and on, at the 55 m/s freestream 

velocity. Because a one-layered PZT harvester is used in this case, no significant piezoelectric 

shunt damping effect can be observed. Even though the behaviors look very close to each other, 

a slight phase change can be seen in this case from Fig. 3.12, which shows the results between 99 

and 100 s of the two simulations. The phase change indicates the impact of the energy harvester 

subsystem on the system behavior as an additional load component to the aeroelastic system [see 

Eq. (2.14). According to the snapshots of the wing deformations between 90 and 100 s (see Fig. 

3.13), both the first and second flat bending vibration modes can be observed in addition to the 
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steady-state deformation of the beam. Correlating with such a deformation mode, both the root 

and middle portions of the wing may provide higher voltage outputs, where the local strains are 

relatively larger than the rest locations along the wing, as can be observed from the RMS voltage 

(Vrms) outputs from each harvester or element (see Table 3.3, line of e31 = -10.4 C/m2). Figure 

3.14 illustrates the total voltage output from the energy harvesting system. With this wing 

configuration attached with a single-layered PZT-5A film, the total RMS voltage output from the 

post-flutter limit-cycle oscillation between 90 and 100 s is 5.78 V, which will be adequate for 

powering onboard low-power sensors (e.g., temperature sensors) of the airplane. 

 

 

Figure 3.9. Wing vertical tip deflection at pre-flutter (U∞ = 51 m/s) condition. 
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Figure 3.10. Wing vertical tip deflection at post-flutter (U∞ = 52 m/s) condition. 

 
Figure 3.11. Tip deflection at U∞ = 55m/s without (top) and with (bottom) energy 

harvesting. 
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Figure 3.12. Tip deflection at U∞ = 55m/s without and with energy harvesting function for 
time range of 99 to 100 s. 

 

Figure 3.13. Wing steady-state deformation and snapshots of vibratory component between 
90 and 100 s. 
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Figure 3.14. Total voltage output at U∞ = 55 m/s. 

 

Table 3.3. RMS voltage output (Vrms, V) on each harvesting element with different 
piezoelectric couplings. 

Piezoelectric 
coupling (e31, 

C∕m2) 

Element ID (from root) 

1 2 3 4 5 6 7 8 9 10 

-10.4 1.743 1.142 0.911 0.960 1.009 0.938 0.748 0.487 0.225 0.045 

-416 0.094 0.328 0.541 0.624 0.573 0.394 0.129 0.168 0.417 0.616 

 

The piezoelectric shunt damping of the multifunctional wing is then tuned to study the 

impact of the passive shunt damping effect [106] on the wing vibration. A parametric study is 

performed here without using a sophisticated optimization scheme. In this study, a sinusoidal 

distributed force with a 5 N/m magnitude and a 2.5 Hz frequency is applied along the vertical 

direction of the wing. The vertical wing tip deflections are observed with the change of the 
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piezoelectric properties. It can be noticed that this study only tunes the shunt damping with a 

structural vibration, without considering the fluid-structure interaction. However, the tuned 

piezoelectric parameters will be further applied to the aeroelastic energy harvesting and passive 

vibration control study in the following section, as long as the limit-cycle oscillation can be 

effectively suppressed by using the tuned parameters. For the study here, the piezoelectric effect 

is magnified by increasing the piezoelectric coupling term e, which is almost equivalent to 

increasing the number of PZT-5A film layers, resulting in a multilayered piezoelectric film. 

However, the structural properties are assumed to be unchanged even with the use of the 

multilayered PZT-5A film. Figure 3.15 shows the result, where a large reduction of the vibration 

magnitude is observed, with the piezoelectric coupling e31 being -416 C/m2. Note that the 

increase of piezoelectric coupling constant e31 is equivalent to the increase of piezoelectric layers 

without geometrical change. There exists a specific value of the piezoelectric coupling constant 

(around -208 C/m2 in this case), at which the resonant shunt gets mistuned and loses its damping, 

resulting in the increased vibration magnitude. On the other hand, the resistance load is changed 

down to 100Ω while keeping the piezoelectric coupling e31 as -416 C/m2. The results are shown 

in Fig. 3.16. The system with 1kΩ resistance shows an overall reduction in the vibration 

magnitude. 
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Figure 3.15. Tip deflection of the wing with various electric coupling (resistance Re = 1 
MΩ). 

 

Figure 3.16. Tip deflection of the wing with various resistances (piezoelectric coupling e31 = 
-416 C/m2). 
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The investigation on the fluttering multifunctional wing is further performed. In this case, 

the piezoelectric coupling e31 is tuned to be -416 C/m2 and resistance Re is changed to 1kΩ. Even 

though the freestream velocity is still above the flutter boundary, the wing vibration is 

suppressed by the single-mode shunt damping effect (see Fig. 3.17), which can be clearly 

observed from the comparison with the baseline case. A low-voltage output is still available as 

shown in Fig. 3.18, as long as the vibration is not completely damped out. The output voltage 

from each element is listed in Table 3.3 (line of e31 = -416 C/m2). Figure 3.19 shows the steady-

state deformation and snapshots of the vibratory component of the tuned wing between 90 and 

100 s. Compared with the deformation shown in Fig. 3.13, the vibration of the tuned wing is 

almost, but not completely, suppressed by the shunt damping. Because of the shut damping, the 

dominant vibration mode is changed, resulting in the change of curvature as well as the voltage 

output on each element. The total output voltage amplitude at the end of 100 s is about 0.58 V, 

and the total RMS voltage output from the post-flutter limit-cycle oscillation between 90 and 100 

s is 0.36 V. 

From this study, the capability of harvesting electric energy from the mechanical wing 

vibrations has been demonstrated. Passive vibration suppression by a tuned piezoelectric 

harvesting device is also verified to be feasible. Further exploration can be made to tune the 

shunt damping while balancing between the vibration suppression and the necessary vibration for 

the energy harvesting. The optimal multifunctional material placement will also need to be 

considered. 
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Figure 3.17. Wing tip deflection at U∞ = 55m/s with tuned parameters. 

 

Figure 3.18. Total voltage output at U∞ = 55m/s with tuned parameters. 
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Figure 3.19. Steady-state deformation and snapshots of vibratory component of the tuned 
wing between 90 and 100 s. 

 

3.4 Energy Harvesting from Gust Excitations 

Energy harvesting of the highly flexible wing with the one-layered harvester under gust 

perturbations are investigated using the developed model. The flight altitude is 20,000 m, and the 

speed is 18 m/s. The Dryden gust model is applied to generate gust signals to represent typical 

weak, moderate, and strong turbulence, as well as very strong turbulences. Because of the 

randomness of the gust, four gust time histories are generated for the very strong cases from the 

same PSD function. When the gust signals are generated, the frequencies of gust components are 

all truncated at 6 Hz, because the energies of high-frequency gusts are small, as shown in Fig. 

3.20. 
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Figure 3.20. PSD function of strong (σw = 2.315 m/s) gust turbulences at h = 20,000 m. 

 

The summary of the simulation cases and the corresponding total voltage outputs are 

tabulated in Table 3.4. Figures 3.21 and 3.22 show the time histories of the gust signals, and the 

resulting wing tip deflections and voltage outputs from each case are plotted in Figs. 3.23-3.27. 

Note the wing hits the gusts after 1 s in the simulations. The voltage outputs are 0.81, 1.34, and 

2.01 V from the weak, moderate, and strong turbulence, respectively. The output can be 

increased to 5.71 V with the very strong turbulences (an average of the four simulations). Again, 

this amount would be possible to power up the aforementioned low-power sensors. As can be 

seen from the results, the wing tip displacements under the very strong turbulences are already 

large, yet the voltage outputs are not sufficient for regular flight control applications (e.g., gust 

alleviation). Therefore, more layers of the piezoelectric materials are necessary to allow more 

energy to be harvested. In addition, it will be more feasible to convert the AC outputs from the 
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energy harvesting to the DC signals and accumulate the energy in a storage subsystem for 

planned flight control applications. 

 

Table 3.4. Gust signals and output voltage. 

 Typical turbulence Very strong turbulence 

Category Weak Moderate Strong Gust1 Gust2 Gust3 Gust4 

Gust intensity, 
m/s 

0.77 1.54 2.32 7.50 7.50 7.50 7.50 

Frequency band, 
Hz 

0.1 – 6.0 0.1 – 6.0 0.1 – 6.0 0.1 – 6.0 0.1 – 6.0 0.1 – 6.0 0.1 – 6.0 

Output Vrms, V 0.81 1.34 2.01 5.61 6.53 4.00 6.68 

 

 

Figure 3.21. Gust time histories of weak (σw = 0.772 m/s), moderate (σw = 1.543 m/s), and 
strong (σw = 2.315 m/s) turbulences at h = 20,000 m. 
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Figure 3.22. Gust time history of very strong (σw = 7.5 m/s) turbulence at h = 20,000 m. 

 

Figure 3.23. Tip deflection and total voltage output with weak turbulence at h = 20,000 m, 
U∞ = 18 m/s. 
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Figure 3.24. Tip deflection and total voltage output with moderate turbulence at h = 20,000 
m, U∞ = 18 m/s. 

 

Figure 3.25. Tip deflection and total voltage output with strong turbulence at h = 20,000 m, 
U∞ = 18 m/s. 
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Figure 3.26. Wing tip deflection under very strong turbulences at h = 20,000 m, U∞ = 18 
m/s. 

 

Figure 3.27. Total voltage output from very strong turbulences at h = 20,000 m, U∞ = 18 
m/s. 
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CHAPTER 4  

CONCURRENT ACTIVE PIEZOELECTRIC CONTROL AND ENERGY HARVESTING OF 
HIGHLY FLEXIBLE MULTIFUCTIONAL WINGS 

 

 

Concurrent active actuation and energy harvesting of highly flexible wings using 

piezoelectric transduction are studied in this chapter. LQR and LQG controllers are developed 

for the active control of wing vibrations in the study. 

The anisotropic actuation model incorporated in the strain-based beam formulation is 

validated, while other aspects of the complete formulation, such as the aeroelastic formulation 

[11, 12] and piezoelectric energy harvesting, have been validated or verified in previous studies. 

Firstly, nonlinear active aeroelastic analysis results with gust disturbances are presented 

here for the slender wing, which are obtained by using the derived electro-aeroelastic 

formulation. Feedback controls of wing vibrations due to gust disturbances are also discussed. 

Particularly, the performance of the concurrent active piezoelectric actuation and energy 

harvesting under wing gusts are explored with the wing model. 

This chapter also presents passive and active suppressions of the flutter with the highly 

flexible wing using piezoelectric transduction. The piezoelectric effect is involved in the 

dynamic nonlinear beam equations, allowing for the aeroelastic studies on multifunctional wings 

for both piezoelectric energy harvesting and active actuation. In this study, the active 
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piezoelectric actuation is applied as the primary approach for the flutter suppression, with the 

energy harvesting, as a secondary passive approach, concurrently working to provide an 

additional damping effect on the wing vibration. The multifunctional system may also convert 

wing vibration energy to electric energy as an additional function. Moreover, an LQG controller 

is developed for the active control of wing LCOs due to the flutter instability. In the numerical 

studies, both the active and passive flutter suppression approaches are enabled for a highly 

flexible wing. Particularly, concurrent active piezoelectric actuation and energy harvesting with 

an LQG controller are explored with different multifunctional wing configurations with variable 

actuator and energy harvester placement. In doing so, a parametric study of the impact of the 

piezoelectric actuator and energy harvester placement on the multifunctional wing performance 

and flutter characteristic is presented. In addition, both the effectiveness of gust alleviation/flutter 

suppression and the voltage output from the multifunctional wing are simultaneously explored. 

 

4.1 Numerical Verification of Anisotropic Piezoelectric Actuation 

For the verification purpose, the composite wing studied in Ref. [103] is modeled here. 

While the detailed wing properties can be found in Ref. [103], Tables 4.1 and 4.2 list the basic 

geometric and material properties of the wing. Figure 4.1 shows the wing geometry and Fig. 4.2 

highlights the layups of the wing cross-section. A single passive wing spar is built at 40% chord 

from the leading edge within the wing cross-section. 

Although the studies in Ref. [103] covered different actuator orientations from 0 to ±45 

deg, only the case with the actuation oriented at ±22 deg is performed in the current study to 

have the balanced bending and torsional actuation capability. Lastly, the piezoelectric resistance 
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load of the energy harvesting circuit is set to be 1MΩ. Note that change of mechanical 

characteristics due to temperature change associated with high altitude flights is not considered. 

 

Table 4.1. Wing properties. 

Airfoil NACA0014 

Span, cm 200 

Chord length (at root), cm 20 

Taper ratio 1:2 

Reference axis location (from leading edge) 30% of chord 

Center of gravity (from leading edge) 30% of chord 

 

  

Figure 4.1. Wing dimensions. 

 

  

Figure 4.2. Layups of the wing cross-section. 
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Table 4.2. Material properties for the wing layers. 

Property E-Glass AFC 

E1, GPa 19.3 42.2 

E2, GPa 19.3 17.5 

E3, GPa 9.8 17.5 

G12, GPa 4.1 5.5 

G13, GPa 4.1 5.5 

G23, GPa 3.28 4.4 

ν12 0.148 0.354 

ν13 0.148 0.354 

ν 23 0.207 0.496 

Thickness, mm 0.1143 0.127 

d11, pm/V -- 309 

d12, pm/V -- -129 

Electrode distance, mm -- 1.143 

 

Figures 4.3 to 4.4 compare the extensional strain, twist curvature, flat, and edge bending 

curvatures from the current simulation and those from Ref. [103] with a 2,000 V static actuation 

voltage. After a convergence study, the wing is divided into ten strain-based beam elements 

using the embedded piezoelectric material, with three elements in the uniform segment and seven 

tapered segment, in this study. Gravity and aerodynamic loads are not included as Ref. [103]. 

Overall, there is an excellent agreement between the two sets of results. 
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Figure 4.3. Extensional strain and twist curvature of the active wing with static voltage 
actuation. 

  

Figure 4.4. Flat and edge bending curvatures of the active wing with static voltage 
actuation. 
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4.2 Gust Model and Wing Actuator and Energy Harvester Design 

To evaluate the wing behavior under stochastic gust perturbations, two different gust 

signals are generated based on the PSD function of the Dryden gust model with the gust strength 

of 30 m/s, the velocity profiles of which are plotted in Fig. 4.5. Figure 4.6 shows the 

corresponding PSD function of the gusts. The freestream velocity is 70 m/s and the altitude is 

15,000m. This flight condition is used in all the following studies. Note a detailed description of 

implementing the Dryden gust model was discussed previously. 

 

 

Figure 4.5. Gust velocity profiles with σw = 30 m/s and U∞ = 70 m/s. 
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Figure 4.6. PSD function the gusts with σw = 30 m/s and U∞ = 70 m/s. 

 

The wing model studied in the previous section is used here to design the multifunctional 

wing. The wing is still divided into ten elements, all with the embedded piezoelectric material. 

They can all be flexibly designated as either active actuators for the vibration control or 

harvesters for the energy conversion. Figure 4.7 describes the conceptual multifunctional wing 

design. To determine the effective actuator and energy harvester placement, the wing vibration 

with the gust perturbation is first simulated with no piezoelectric effects. A time step of 0.01 s is 

used in all time-domain simulations with a cantilever boundary condition. Figure 4.8 shows the 

uncontrolled wing tip vertical deflection over 10 s with gust profile 1 (see Fig. 4.5) and an 8 deg 

angle of attack. Table 4.3 lists the RMS bending and twist curvatures of each wing element 

during the 10 s simulation. According to the wing deformation, the wing portion closer to the 

root exhibits larger bending and twist curvatures, compared to the tip portion. Therefore, it is 
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more efficient to put the controllers closer to the wing root for a better vibration control. The rest 

of the wing elements can then be used as energy harvesters. Alternatively, one may want to use 

an opposite configuration to maximize the output voltage from energy harvesters if the wing 

vibration is allowed and more energy output is desired. In this study, the priority is given to the 

wing vibration control. For parametric study purposes, four different wing configurations are 

considered in the current study listed in Table 4.4, where element IDs are assigned from the wing 

root to the tip, ranging from 1 to 10. 

 

 

Figure 4.7. Partition of the multifunctional wing. 

 

Table 4.3. RMS bending and twist curvatures on each wing element with gust perturbation. 

State variable 
Element ID 

1 2 3 4 5 6 7 8 9 10 

Flat bending 
curvature, m-1 

0.1250 0.0977 0.0742 0.0668 0.0583 0.0486 0.0376 0.0253 0.0127 0.0028 

Twist 
curvature, ×10-

4 m-1 

20.105 14.653 10.920 10.008 9.2634 8.5939 7.8640 6.8714 5.2754 2.3794 
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Table 4.4. List of different multifunctional wing configurations. 

Function 
Configuration 

1 2 3 4 

Actuator element ID 1-10 1-5 1-3 1 

Harvester element ID -- 6-10 7-10 2-10 

 

 

Figure 4.8. Wing tip deflection with gust profile 1. 

 

4.3 Gust Alleviation Using LQR 

The wing active control study starts by using the wing configuration with full-span 

actuators (configuration 1). To evaluate the controllers’ effectiveness with different gust 

perturbations, both gust profiles 1 and 2 are applied. The wing tip vertical deflections with a 

designed LQR controller under gust profile 1 and 2, respectively, are shown in Figs. 4.9 and 

4.10. As is done in traditional gust control studies, one may design a controller to suppress the 
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gust vibration as much as possible. In the case, the weighting parameter r for the LQR controller 

is 5.00 × 10-10, resulting in an effective gust suppression. Table 4.5 gives the list of the original 

state and control costs of the simulations [calculated by using Eq. (2.44)]. The state cost 

reduction with respect to the uncontrolled vibration is used to measure the performance of the 

vibration control since it is essentially a summation of the wing vibrational kinetic energy and 

strain energy. One can find a 98.90% and 98.96% state cost reduction, respectively, by applying 

the LQR controller under the two gusts. However, this suppression is achieved at the cost of a 

significant amount of control effort. This can be observed from Table 4.6, which lists the RMS 

voltage inputs for each actuator during the simulation. 

 

Table 4.5. State and control costs on wing configuration 1 under both gust profiles. 

Gust profile Cost, J∙s No control LQR controller State cost 
reduction, %  

1 
State cost 29.78 0.33 98.90 

Control cost, ×108 -- 5.96 -- 

2 
State cost 17.04 0.18 98.96 

Control cost, ×108 -- 3.22 -- 

 

Table 4.6. RMS voltage input (Vrms, V) along wing configuration 1. 

Gust profile  
Element ID 

1 2 3 4 5 6 7 8 9 10 

1 4913.1 3810.1 2868.6 2373.0 1894.6 1433.1 994.1 593.3 261.2 50.4 

2 3603.5 2796.9 2108.4 1746.7 1396.9 1058.5 735.6 440.0 194.1 37.6 
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Figure 4.9. Wing tip deflections with LQR controller under gust profile 1 for wing 
configuration 1. 

 
Figure 4.10. Wing tip deflections with LQR controller under gust profile 2 for wing 

configuration 1. 
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4.4 Integral Multifunctional Wing for Concurrent Active Control and Energy Harvesting 

As discussed before, for concurrent active actuation and energy harvesting of the 

multifunctional wing, one does not need to push to the limit to minimize the wing vibration. If a 

certain magnitude of wing vibration is allowed and it does not significantly impact wing and 

aircraft flight performance, this vibration could be converted to the electric energy by using the 

piezoelectric effects. For this purpose, the second wing configuration with the half-span actuators 

(configuration 2 in Table 4.4) and harvesters is also considered. With both gust profiles applied 

to both wing configurations 1 and 2, the wing behaviors are simulated and shown in Figs. 4.11 

and 4.12. Only an LQG controller is studied in this and following cases, as it is more practical 

use in real applications. As the aim of this study is to explore the dual functions of the 

multifunctional wing, the controllers are designed to have a balanced control performance with 

the weight parameter r being 8.86 × 10-8 (around the vertex of the cost curve in Fig. 4.13). 

 

Figure 4.11. Wing tip deflections with the LQG controller with gust profile 1. 
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Figure 4.12. Wing tip deflections with the LQG controller with gust profile 2. 

 

Figure 4.13. State and control costs for LQG controller design. 
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Figure 4.14. Estimated and actual extensional strain at U∞ = 70 m/s. 

 

Figure 4.15. Estimated and actual twist curvature at U∞ = 70 m/s. 
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Figure 4.16. Estimated and actual strain flat bending curvature at U∞ = 70 m/s. 

 

Figure 4.17. Estimated and actual edge bending curvature at U∞ = 70 m/s. 
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Because the LQG estimates the states through the Kalman filter, the filter setting is very 

important for the feedback control design. The Kalman filter is designed based on the flow 

condition of U∞ = 70 m/s for the gust alleviation. Figures 4.14-4.17 compare the estimated 

strains from the Kalman filter to the actual strains without the feedback control, at the root of the 

wing. The Kalman filter provides a reasonable estimation of the state to perform the LQG 

control. Tables 4.7 and 4.8 list the RMS voltage inputs/outputs on each element, while the simple 

summation of the RMS voltage outputs is called the total output. Note a more accurate 

estimation of the total voltage output depends on the system’s circuit, which is not discussed 

herein. Over the 10 s simulation, wing configuration 2 accumulates a total voltage output of 6.89 

and 5.32 V with the two applied profiles, respectively. Additionally, the required actuation 

voltage input also drops from configuration 1 to configuration 2. Therefore, using the second 

wing configuration saves energy. One can further evaluate the vibration reduction performance 

of the two configurations by comparing the states and control costs, which are listed in Table 4.9. 

Obviously, the state cost reductions of the two configurations are very close. Therefore, wing 

configuration 2 with the corresponding LQG controller has almost the same vibration control 

performance, at a lower voltage input with some additional energy savings. This configuration 

takes advantage of the dual functions of the multifunctional wing. 

In the next study, the number of wing actuators is further reduced to 3 (see Table 4.4 for 

wing configuration 3), while the energy harvesters occupy from 30% to the full span of the wing. 

Since the two gust profiles do not introduce qualitatively different wing behaviors, only gust 

profile 1 is used from now on. The wing tip deflection with the gust perturbation is plotted in 

Fig. 4.18, which is also compared with those of the uncontrolled wing and the one with full-span 

actuators. It can be seen that even if the number of actuators is reduced from 10 to 3, the 
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controller still maintains the gust alleviation capability. The output/input voltage from each 

harvester/actuator and the total voltage over the 10 s are listed in Table 4.10. The total output 

voltage from the harvesters is 17.24 V, which might be available for some low-power sensors’ 

operation. However, the required control actuation voltage is still much higher than the harvester 

output. Thus, an additional power supply would be required for the actuation. The state and 

control costs with the LQG controller are listed in Table 4.11. The state cost reduction of the 

wing with partial-span actuators is 24.83%. 

 

Table 4.7. RMS voltage input/output (Vrms, V) of wing configuration 1. 

Element ID 

Gust profile 1 Gust profile 2 

Harvest output, 
V Actuation input, V Harvest output, 

V Actuation input, V 

1 -- 1068.5 -- 822.65 

2 -- 818.35 -- 615.10 

3 -- 581.93 -- 442.30 

4 -- 440.76 -- 341.76 

5 -- 333.08 -- 262.44 

6 -- 249.16 -- 197.77 

7 -- 178.64 -- 141.50 

8 -- 113.8 -- 89.49 

9 -- 53.9 -- 42.14 

10 -- 10.81 -- 8.46 

Total -- 3848.9 -- 2963.6 
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Table 4.8. RMS voltage input/output (Vrms, V) of wing configuration 2. 

Element ID 

Gust profile 1 Gust profile 2 

Harvest output, 
V Actuation input, V Harvest output, 

V Actuation input, V 

1 -- 973.64 -- 746.55 

2 -- 778.95 -- 587.37 

3 -- 610.13 -- 462.79 

4 -- 534.06 -- 405.65 

5 -- 469.78 -- 357.07 

6 3.16 -- 2.44 -- 

7 2.05 -- 1.58 -- 

8 1.13 -- 0.88 -- 

9 0.46 -- 0.36 -- 

10 0.08 -- 0.06 -- 

Total 6.89 3366.6 5.32 2559.4 

 

Finally, wing configuration 4 is applied in the study, where only the root element is an 

actuator and the rest of the elements are used as harvesters. Figure 4.19 shows the controlled 

wing tip deflections of wing configurations 1 and 4 with gust profile 1. They are also compared 

to the uncontrolled wing response. The corresponding voltage outputs from the energy harvesters 

and the required actuation voltage inputs for the gust control are listed in Table 4.12. As can be 

seen from the results, the control effectiveness is further reduced with the reduction of the 

actuated elements, while the harvested energy is more than doubled, and the required total 

actuation voltage is reduced to less than half to the wing configuration 3. The state and control 
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costs of wing configuration 4 are given in Table 4.13. The state cost reduction of the wing 

configuration 4 is 10.82%. 

 

Table 4.9. State and control costs of wing configurations 1 and 2 under two gust profiles. 

Wing 
configuration Gust profile Cost, J∙s No control LQG controller State cost 

reduction, % 

1 1 
State cost 29.78 19.98 32.91 

Control cost, × 
107 

-- 2.57 -- 

 2 
State cost 17.04 11.36 33.32 

Control cost, × 
107 

-- 1.51 -- 

2 1 
State cost 29.78 20.43 31.39 

Control cost, × 
107 

-- 2.44 -- 

 2 
State cost 17.04 11.66 31.56 

Control cost, × 
107 

-- 1.41 -- 

 

Table 4.10. RMS voltage input/output (Vrms, V) with wing configuration 3. 

Actuation input 
Vrms, V 

Element ID 
Total 

1 2 3 4 5 6 7 8 9 10 

Harvest output -- -- -- 5.89 4.45 3.16 2.05 1.14 0.46 0.08 17.24 

Actuation input 846.61 755.94 699.63 -- -- -- -- -- -- -- 2301.9 

 



 

91 

 

 

Figure 4.18. Wing tip deflections with gust profile 1 for wing configuration 3. 

 
Table 4.11. State and control costs of wing configuration 3 under gust profile 1. 

Cost, J∙s No control LQG controller State cost reduction, % 

State cost 29.78 22.39 24.83 

Control cost, × 107 -- 1.78 -- 

 

Table 4.12. RMS voltage output/input (Vrms, V) with wing configuration 4. 

Actuation input  
Vrms, V 

Element ID (from root) 
Total 

1 2 3 4 5 6 7 8 9 10 

Harvest output -- 9.84 7.48 5.91 4.47 3.18 2.06 1.14 0.46 0.08 34.61 

Actuation input 795.50 -- -- -- -- -- -- -- -- -- 795.50 
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Table 4.13. State and control costs of wing configuration 4 under gust profile 1. 

Cost, J∙s No control LQG controller State cost reduction, % 

State cost 29.78 26.56 10.82 

Control cost, × 106 -- 6.33 -- 

 

 

Figure 4.19. Wing tip deflections with gust profile 1 for wing configuration 4. 

 

A final summary of the performance of the different multifunctional wing configurations 

with gust profile 1 using the LQG controller is provided in Table 4.14, where the energy 

harvesting output, vibration control voltage input, control cost, and state cost are all compared. 

From the table, one can clearly see the variation trend of the performance of the different wing 

configurations. The wing is migrating from a control dominant configuration to a configuration 

with more energy output. 
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Table 4.14. Comparison of the multifunctional wing performance. 

Wing 
configuration 

Output 
voltage, V 

Input voltage, 
V 

Control cost, 
J∙s × 107 State cost, J∙s  State cost 

reduction, % 

1 -- 3848.9 2.57 19.98 32.91 

2 6.89 3366.6 2.44 20.43 31.39 

3 17.24 2301.9 1.78 22.39 24.83 

4 34.61 795.50 0.63 26.56 10.82 

 

4.5 Stability Analysis and Flutter Boundary 

Following the approach introduced in Ref. [11], a flutter analysis is performed to 

properly understand the wing’s nonlinear aeroelastic stability characteristic. Figure 4.20 plots the 

root loci of the wing where the root angle of attack α = 8 deg and the freestream velocity U∞ 

varies from 60 to 80 m/s at sea level. The gravity is not included in the calculation. The root 

locus of one mode crosses the imaginary axis at U∞ = 71.4 m/s, which is identified as the flutter 

boundary. The corresponding flutter mode frequency is ωF = 22.3 Hz. 

The same approach of finding the flutter boundary is used to evaluate the impacts of 

gravity, altitude (air density), and root angle of attack α on the flutter boundary of the wing. 

Figures 4.21 and 4.22 plot the estimated flutter boundary and the corresponding frequency of the 

unstable mode at a high altitude of 20,000 m with the change of root angle of attack, while Figs. 

4.23 and 4.24 show the results at sea level. Initially, the flutter speed drops drastically with the 

increase of α from 0 to 2 deg (sea level) or 0 to 3 deg (20,000 m altitude). There is a jump of the 

flutter speed and frequency around α = 3.5 deg at the higher altitude. These changes are 

attributed to the coupling between the edgewise bending and torsion deflections of the wing as 

discussed in Ref. [9]. The increase of flatwise bending of the wing due to the increase of the root 

angle of attack (and thus the aerodynamic lift) is in favor of such coupling. Such coupling 
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reduces the effective torsional rigidity of the wing, causing the reduced flutter speed with the 

increase of the root angle in general. Therefore, the flutter speed also corresponds to the wing tip 

displacement, which is an indication of the aerodynamic lift (see Fig. 4.25). The phenomenon of 

the sudden jump of the flutter speed at the higher altitude was also discussed in Ref. [9], which is 

due to a shift of wing flutter characteristic with the increase of the wing bending deformation. 

Such a jump also correlates to the discontinuity of the wing tip deflection plotted in Fig. 4.25. 

Even though the flutter speed UF and frequency ωF strongly depend on the root angle of attack, 

the gravity effect seems to be negligible except for the threshold angle where the jump happens 

(see Fig. 4.25). Therefore, the gravity force will not be involved in the following analysis for 

simplicity. 

 

 

Figure 4.20. Root loci of the wing at sea level and α = 8° without gravity between U∞ = 60 
(triangle) and 80 m/s (square) and at UF = 71.4 m/s (circle). 
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Figure 4.21. Flutter speed at 20,000 m altitude. 

 

Figure 4.22. Flutter frequency at 20,000 m altitude. 
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Figure 4.23. Flutter speed at sea level. 

 

Figure 4.24. Flutter frequency at sea level. 
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Figure 4.25. Static tip displacement with varying root angle of attack and corresponding 
flow speed of flutter boundary (20,000 m altitude). 

 

Figure 4.26. Wing tip vertical deflection with α = 8° (sea level) at U∞ = 71 m/s. 
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Figure 4.27. Wing tip vertical deflection with α = 8° (sea level) at U∞ = 74 m/s. 

 

4.6 Time-domain Simulation of LCO 

The wing flutter analysis is then performed in the time-domain. With the flutter boundary 

estimated as 71.4 m/s with an 8 deg root angle of attack at sea level, the instability can be clearly 

observed when the freestream velocity U∞ is 74 m/s in a time-domain simulation, as shown in 

Figs. 4.26 and 4.27. However, the wing vibration dies out if the freestream velocity is only 70 

m/s. This time-domain simulation verifies the stability analysis approach and results in the 

previous section. To gain more aerodynamic damping and for a faster development of the 

instability, a freestream velocity U∞ = 89.25 m/s (sea level) is then chosen. Figures 4.28 and 4.29 

show the wing tip vertical displacements, with the root angles of attack being 5 and 8 deg, 

respectively. The phase portraits of wing tip vertical velocity with the wing tip vertical 
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displacement are plotted in Figs. 4.30 and 4.31. They clearly show the post-flutter behavior of 

LCOs. It is also of interest to note the different LCOs at different root angles of attack. 

 

Figure 4.28. Wing tip vertical deflection at U∞ = 89.25 m/s (sea level) with α = 5°. 

 

Figure 4.29. Wing tip vertical deflection at U∞ = 89.25 m/s (sea level) with α = 8°. 
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Figure 4.30. Wing tip vertical velocity vs. deflection at U∞ = 89.25 m/s (sea level) with α = 
5°. 

 

Figure 4.31. Wing tip vertical velocity vs. deflection at U∞ = 89.25 m/s (sea level) with α = 
8°. 
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Figure 4.32. Wing tip vertical deflection at α = 2° and U∞ = 76 m/s with and without energy 
harvesting. 

 

Figure 4.33. Wing tip vertical deflection at α = 8° and U∞ = 73.75 m/s with and without 
energy harvesting. 
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4.7 Passive Shunt Damping with Energy Harvesting 

Energy harvesting has an additional damping effect on the wing vibration [98], which is 

so-called shunt damping. This damping effect of the multifunctional wing is observed in this 

section, while the more detailed study of the shunt damping effects on wing vibration was 

discussed in Chapter 3. To focus on the damping effect due to the energy harvesting, all the 

elements of the multifunctional wing are activated as harvesters in this study. Figures 4.32 and 

4.33 show the wing tip vertical deflections of two aeroelastically neutral cases, while impacted 

by the energy harvesting subsystem. In the first case, the root angle of attack is α = 2 deg and the 

freestream velocity is U∞ = 76 m/s, while the second case has α = 8 deg and U∞ = 73.75 m/s, 

both at sea level. Obviously, the shunt damping has a limited impact on the wing behavior and it 

can only suppress the flutter for few cases (α = 2 deg for example). This is because the shunt 

damping is not fully optimized in the current wing design, with the given composite layups. 

 

4.8 Active Control of Flutter Instability 

An LQG controller for active flutter control is then developed to evaluate the concurrent 

active actuation and energy harvesting of the multifunctional wing with limit-cycle oscillations. 

The Kalman filter is first configured based on the flow condition of U∞ = 89.25 m/s. Figures 

4.34-4.37 compare the estimated strains using the designed Kalman filter to the actual strains at 

the root of the wing, without using the feedback of control input yet. It is evident that the Kalman 

filter has been designed to give an accurate estimation of the state. 
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Figure 4.34. Estimated and actual extensional strain at U∞ = 89.25 m/s. 

 

Figure 4.35. Estimated and actual twist curvature at U∞ = 89.25 m/s. 
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Figure 4.36. Estimated and actual strain flat bending curvature at U∞ = 89.25 m/s. 

 

Figure 4.37. Estimated and actual edge bending curvature at U∞ = 89.25 m/s. 
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The controller setting is designed using the approach discussed previously in section 

2.10, configured accordingly for the flutter suppression in this study. For the flutter suppression 

purpose, the wing vibration amplitude should be constrained. Therefore, a strong vibration state 

penalty is placed in the controller design by using a higher weighting term r (1.0 × 10-6). Figure 

4.38 shows the vertical wing tip deflection without and with LQG controller, with full wing span 

actuated. It can be seen that the LQG stabilizes the wing vibration even when the flow speed is 

above the flutter boundary. 

 

 

Figure 4.38. Wing tip vertical deflection at U∞ = 89.25 m/s and α = 8° without and with 
LQG. 

 

4.9 Concurrent Active and Passive Flutter Suppression 

A parametric study of concurrent active flutter control and energy harvesting is presented 

in this section. Essentially, the study aims at the dual objectives of both flutter suppression and 
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energy harvesting of multifunctional wings. Therefore, both the effectiveness of flutter control 

and the voltage output from the multifunctional system will be simultaneously explored. The 

specific focus of this study is to benchmark different schemes of the actuator/harvester 

placement and explore their impact on controlling the wing aeroelastic instability. Figure 4.39 

shows the time-domain snapshots of the LCO. Based on the post-flutter behavior, it can be seen 

that positions closer to the wing root have higher bending curvatures. Thus, it is more efficient to 

put controllers closer to the wing root for the flutter control purpose. The rest of the elements can 

be used as energy harvesters to scavenge some vibratory energy. 

Starting with the multifunctional configuration in which all the wing element are 

designated as actuators, various configurations are tested as listed in Table. 4.15. From 

Configuration 1 to 10, the wing is migrating from a control-dominant configuration to an energy-

harvesting dominant one. For example, Configuration 10 has only the root element being 

activated, allowing the maximum participation of energy harvesters. Note that the wing 

configurations are such arranged to allow more authority of active wing vibration control. The 

operation of the multifunctional wing also allows one to arrange the actuator and harvesters with 

the priority given to the passive energy harvesting. However, that is not so effective in terms of 

the flutter suppression and not included in this study. 
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Figure 4.39. Snapshots of wing bending deflections at U∞ = 89.25 m/s during LCO. 

 

Table 4.15. Multifunctional wing configurations for each simulation case. 

Function 
Wing configuration 

1 2 3 4 5 6 7 8 9 10 

Actuator 
element ID 1 - 10 1 - 9 1 - 8 1 - 7 1 - 6 1 - 5 1 - 4 1 - 3 1 - 2 1 

Harvester 
element ID -- 10 9 - 10 8 - 10 7 - 10 6 - 10 5 - 10 4 - 10 3 - 10 2 - 10 

 



 

108 

 

 

Figure 4.40. Wing tip vertical deflection at U∞ = 89.25 m/s with each multifunctional 
configuration (Configurations 1 to 5). 

 

Figure 4.41. Wing tip vertical deflection at U∞ = 89.25 m/s with each multifunctional 
configuration (Configurations 6 to 10). 
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With the same LQG controller designed and applied to the active wing configurations 

listed in Table 4.15, the closed-loop simulations with a flow condition (U∞ = 89.25 m/s and α = 8 

deg at sea level) beyond the wing flutter boundary are performed. Figures 4.40 and 4.41 show 

the wing tip vertical deflection of each multifunctional wing configuration. Configurations 1 to 4 

are the most effective options to suppress the flutter vibration. This is intuitive as most of their 

active materials are actuated for the flutter suppression. The flutter suppression capability is 

reduced with the reduction of the actuators in Configurations 5 and 6, where LCOs with very 

small amplitudes (1 cm and 0.5 cm, respectively) can be observed. However, the flutter 

suppression becomes more effective in Configurations 7 to 9 (compared with Configurations 5 

and 6), as one can see the wing vibrations settle back to almost steady deflections. With less 

elements to be actively controlled in Configurations 7 to 9, their vibration amplitude is reduced 

compared to Configurations 5 and 6. Therefore, the passive shunt damping effects are playing 

the role to suppress the vibration. Finally, Configuration 10 cannot provide any flutter control, 

which shows that the passive shunt damping is not as effective as the active approach in terms of 

controlling the flutter vibration. Table 4.16 lists the RMS output/input voltages from each 

harvester/actuator in the different configurations. Configurations 1 to 3 have zero or negligible 

energy output, which agrees with their being control-dominant wing configurations. 

Configuration 4 is mainly for wing active control. But the wing vibration also allows a certain 

amount of energy harvesting. Configurations 5 and 9 can harvest a certain amount of energy 

while controlling the flutter vibration. Their energy outputs are determined by the magnitudes of 

their residual wing vibrations. The interesting point is that the study shows that the 

multifunctional wing, designed with a combination of the active control and passive piezoelectric 

damping, may achieve powerful active control on a few root elements and robust passive shunt 
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damping on the remaining elements. Such an efficient multifunctional wing can also scavenge 

energy from the residual wing vibration, which would otherwise be wasted without the energy 

harvesting subsystem. Obviously, the flutter suppression can be further improved for the wing by 

optimizing the actuator/harvester placement, instead of the sequential placement in this 

parametric study. For the purpose of evaluating the energy extractions from the harvesters, 

output currents and powers on the individual elements are further calculated based on the output 

voltages as presented in Table 4.17. For example, Configuration 6, which provides the maximum 

output energy with flutter suppression, can produce the RMS current of 37.106 × 10-3 mA and 

the RMS power of 28.811 × 10-3 mW with the five harvesters. By assuming this energy can be 

directly put into an external storage without an energy loss, the energy amount of 1.04 Wh from 

the five harvesters is more than the energy capacity of 0.9 Wh provided by a common 

rechargeable battery (e.g., Energizer Recharge® rechargeable batteries). As the batteries are used 

for a lot of electronics operations, the harvested energy can be used for onboard electronics 

operations or directly recycled to support the wing actuation. 
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Table 4.16. RMS voltage output/input (Vrms, V) of each wing configuration. 

No.  Vrms, 
V 

Element ID (from root) 
Total 

1 2 3 4 5 6 7 8 9 10 

1  
Output -- -- -- -- -- -- -- -- -- -- -- 

Input 1318.9 480.6 1497.7 1997.9 1998.4 1998.8 1998.9 1849.5 753.2 29.2 13922.9 

2 
 Output -- -- -- -- -- -- -- -- -- 0.204 0.204 

 Input 1285.8 446.1 1426.7 1997.7 1998.3 1998.7 1998.8 1828.8 751.2 -- 13732.1 

3 
 Output -- -- -- -- -- -- -- -- 0.753 0.222 0.976 

 Input 1014.0 856.5 1758.0 1998.0 1998.4 1998.7 1998.8 1774.6 -- -- 13397.1 

4 
 Output -- -- -- -- -- -- -- 5.503 5.068 6.597 17.168 

 Input 1490.4 1927.2 1999.0 1999.1 1999.1 1999.0 1998.6 -- -- -- 13412.3 

5 
 Output -- -- -- -- -- -- 6.226 6.310 5.562 6.132 24.230 

 Input 1614.6 1973.1 1999.4 1999.4 1999.4 1999.2 -- -- -- -- 11585.1 

6 
 Output -- -- -- -- -- 10.089 5.262 7.141 6.650 7.963 37.106 

 Input 1627.2 1953.6 1999.4 1999.4 1999.4 -- -- -- -- -- 9579.1 

7 
 Output -- -- -- -- 6.710 5.106 2.324 4.170 4.034 5.265 27.608 

 Input 1380.4 1831.0 1999.3 1999.4 -- -- -- -- -- -- 7210.1 

8 
 Output -- -- -- 2.998 4.012 2.262 1.409 1.259 1.339 1.907 15.185 

 Input 1634.6 1579.8 1866.3 -- -- -- -- -- -- -- 5080.7 

9 
 Output -- -- 1.211 0.932 0.811 0.767 0.683 0.555 0.365 0.156 5.479 

 Input 1724.3 1180.0 -- -- -- -- -- -- -- -- 2904.2 

10 
 Output -- 261.08 186.86 189.16 203.09 209.28 180.09 132.27 83.701 31.251 1476.745 

 Input 1999.1 -- -- -- -- -- -- -- -- -- 1999.1 
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Table 4.17. RMS power output (Prms, ×10-2 mW) of each wing configuration. 

No. 
Element ID (from root) 

Total 
1 2 3 4 5 6 7 8 9 10 

2 -- -- -- -- -- -- -- -- -- 0.004 0.004 

3 -- -- -- -- -- -- -- -- 0.057 0.005 0.062 

4 -- -- -- -- -- -- -- 3.028 2.569 4.352 9.948 

5 -- -- -- -- -- -- 3.877 3.982 3.093 3.760 14.712 

6 -- -- -- -- -- 10.179 2.769 5.100 4.422 6.341 28.811 

7 -- -- -- -- 4.502 2.608 0.540 1.739 1.627 2.772 13.787 

8 -- -- -- 0.899 1.610 0.512 0.198 0.158 0.179 0.364 3.920 

9 -- -- 0.147 0.087 0.066 0.059 0.047 0.031 0.013 0.002 0.451 

10 -- 6816.0 3491.6 3578.1 4124.4 4379.6 3242.7 1749.4 700.58 97.661 28180.0 
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CHAPTER 5  

HIGHLY FLEXIBLE PIEZOELECTRIC MULTIFUNCTIONAL WINGS FOR ADAPTIVE 
VIBRATION CONTROL AND ENERGY HARVESTING/STORING 

 

 

In this chapter, aeroservoelastic analysis for the highly flexible multifunctional wing with 

adaptive vibration control and energy harvesting is performed, using the derived electro-

aeroelastic formulation. The energy harvesters are also used as dampers in passive vibration 

control. An LQR controller is implemented for the feedback control of the piezoelectric 

actuators. The optimal piezoelectric device configuration for efficient flutter suppression is 

studied by minimizing the state and control costs, while maximizing the harvesting output.  

First of all, a verification to ensure that an LQG controller with a designed 

multifunctional wing can recover a desired LQR control performance with the same wing is 

performed such that an LQR controller can be used in the following studies for simplicity. 

Flutter characteristics of the designed wing are then obtained. In addition, an optimization 

of the piezoelectric device configuration is performed and flutter suppression with the 

multifunctional wing is discussed. Next, the adaptive active controller for gust perturbation is 

tuned for the wing. The performance of the designed adaptive multifunctional wing is then 

evaluated by calculating the state, control, and harvesting costs in different numerical 

simulations under gust disturbances and aeroelastic instabilities. Finally, an energy storage 
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design to accumulate energy from piezoelectric harvesters for future active control is considered 

using thin-film lithium-ion batteries. Energy management performance of the multifunctional 

wing is explored in the studies. 

 

5.1 Multifunctional Wing Model 

A multifunctional wing model has been developed for the following studies based on a 

wing model studied in Chapter 4. The wing can have multiple functionalities taking advantage of 

embedded piezoelectric materials (e.g., Active Fiber Composites, AFC). The objectives of the 

multifunctional wing are 1) to suppress or alleviate wing vibrations and improve aeroelastic 

performance of the wing and 2) to harvest energy which provides additional power to the wing 

out of the controlled vibrations. The multifunctional wing is divided into ten elements. By 

changing the electrical configuration of the wing, piezoelectric materials on each element can be 

operated either as an actuator or a harvester. As discussed in the previous studies [97, 98], the 

piezoelectric energy harvesting on the multifunctional wing can provide an additional 

functionality to serve as a damper, which enables effective vibration suppression/alleviation. 

Therefore, triple functionalities of the wing are first considered in the study, which are active 

bending/torsion actuation, piezoelectric damping, and energy harvesting. As the primary 

objective of the wing design and study is the vibration suppression/alleviation to improve the 

wing performance, the functionality (as either an actuator or a harvester) of the piezoelectric 

materials of an element is mainly determined based on the wing vibration magnitude. At the 

same time, piezoelectric materials configured as energy harvesting devices give power outputs 

from the controlled vibration. If the wing vibration magnitude is small and not harmful to the 

flight performance, the energy harvesting is fully activated on all the wing elements. 
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While most of the wing properties are the same as the ones studied in Chapter 4 (see 

Table 4.2), Table 5.1 show the geometric properties of the wing used in the following studies. 

Figure 5.1 shows the wing geometry. The layups of the wing cross-section and actuator 

orientations are not changed (see Fig. 4.2). The wing is divided into ten elements and the element 

IDs are assigned from the wing root to the tip ranging 1 to 10. The maximum actuation voltage 

of the wing is ±2,000 V, but this voltage limitation will be disabled in some of the following 

studies for performance comparison purpose. The resistive load Re in the energy harvesting 

circuit of the wing is set as 1 MΩ. 

 

Table 5.1. Wing properties. 

Airfoil NACA0014 

Span, cm 400 

Chord length (at root), cm 20 

Reference axis location (from leading edge) 30% of chord 

Center of gravity (from leading edge) 30% of chord 

 

 

  

Figure 5.1. Wing model dimensions and element IDs. 
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Figure 5.2. Flutter characteristics with different angles of attack. 

 

5.2 Flutter Suppression with the Optimal Multifunctional Wing 

To properly understand the aeroelastic characteristics of the multifunctional wing, flutter 

analysis is performed. The flutter speed of the cantilevered multifunctional wing at different root 

angles of attack and altitude h = 20,000 m is given in Fig 5.2. Three Dryden gust signals with 

different strengths are generated to study the performance of the adaptive multifunctional wing 

under gust-involved flight conditions. The simulated gust and flight conditions are listed in Table 

5.2. Figures 5.3 and 5.4 describe the gust profile based on the PSD with gust strength = 1.5 m/s, 

while Figs. 5.5 and 5.6 show the gust profile and the PSD with gust strength = 5 m/s at U∞ = 

101.04 m/s. The gust profile and the PSD with gust strength = 1 m/s at U∞ = 45.93 m/s are 

shown in Figs. 5.7 and 5.8. 
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Table 5.2. Gust and flight conditions. 

Gust Model 1 2 3 

Altitude h, m 20,000 20,000 20,000 

Flight speed U∞, m/s 101.04 101.04 45.93 

Gust strength σw, m/s 1.5 5 1 

Gust encounter time, s at 0.1 at 0.1 at 0.1 

Frequency band, Hz 0.1 – 6 0.1 – 6 0.1 – 6 

Length of gust signal, s 30 30 600 

 

 

Figure 5.3. Gust velocity with σw = 1.5 m/s at h = 20,000 m and U∞ = 101.04 m/s. 

 



 

118 

 

 

Figure 5.4. PSD function of gust turbulence with σw = 1.5 m/s at h = 20,000 m and U∞ = 
101.04 m/s. 

 

Figure 5.5. Gust velocity with σw = 5 m/s at h = 20,000 m and U∞ = 101.04 m/s. 
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Figure 5.6. PSD function of gust turbulence with σw = 5 m/s at h = 20,000 m and U∞ = 
101.04 m/s. 

 

Figure 5.7. Gust velocity with σw = 1 m/s at h = 20,000 m and U∞ = 45.93 m/s. 
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Figure 5.8. PSD function of gust turbulence with σw = 1 m/s at h = 20,000 m and U∞ = 45.93 
m/s. 

 

First of all, it is verified that an LQR control performance for the multifunctional wing 

can be recovered using an LQG control at root angle of attach α = 5 deg, altitude h = 20,000 m, 

and freestream velocity U∞ = 101.04 m/s which is higher than the flutter speed. Gust model 1 is 

applied in the simulation, in which the wing encounters the gust from 0.1 to 4 s (i.e., the gust 

signal between 0.1 and 4 s in Fig. 5.3 is used). As a consequence, the flight condition involves 

both the gust perturbation and aeroelastic instability. To evaluate the controllers’ performance, 

all the wing elements are assigned as actuators. The desired LQR controller is configured with 

the weighting term r = 1 × 10-1 to have a balanced control performance of gust alleviation and 

actuation power. Furthermore, the LQG controller is set up by using the same LQR gain, while 
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adjusting system matrix H, and setting covariance matrices of process and measurement noises 

for the Kalman filter in order to recover the LQR performance. 

The LQG control response becomes closer to the desired LQR control response with H = 

0.1 × I, where I is an identity matrix. Figure 5.9 shows the vertical wing tip responses without 

any controllers and with the LQR and LQG controllers. Both controllers successfully suppress 

the flutter and alleviate high-frequency components of the wing vibration. Due to the setting with 

a relatively low control gain, the larger vibration with a low frequency is still observed. The state 

costs for both LQR and LQG controllers under the flight for 5 s are 760.31 J∙s and 759.19 J∙s, 

respectively, while the control costs are 19.184 kJ∙s and 19.632 kJ∙s. The differences of the state 

and control cost from the LQG controller to the LQR controller are 0.1% and 2.3%, respectively. 

Table 5.3 shows the RMS input voltage on each element for both controllers. Therefore, it can be 

seen that the two controllers provide pretty similar performances. It is also verified that a desired 

LQR control performance of the multifunctional wing can be recovered by an LQG controller. 

 

Table 5.3. RMS voltage input (Vrms, V) on each element and total. 

Vrms, V 
Element ID (from root) 

Total 
1 2 3 4 5 6 7 8 9 10 

LQR 78.98 62.92 66.64 72.59 71.46 61.98 46.26 28.00 11.74 2.17 502.74 

LQG 81.87 68.49 69.93 72.78 69.62 59.33 43.70 26.14 10.83 2.05 504.77 
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Figure 5.9. Vertical wing tip responses of LQR and LQG controllers at U∞ = 101.04 m/s (h 
= 20,000 m) with α = 5°. 

 

Figure 5.10. Wing tip vertical deflection at U∞ = 101.04 m/s (h = 20,000 m) with α = 2°. 
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In the following studies, the root angle of attack is set at 2 deg, where the corresponding 

flutter speed UF is 91.85 m/s. The freestream velocity U∞ = 101.04 m/s, which is 10% higher 

than the flutter speed, is chosen for the study. To consider the active control of the wing with 

both a gust perturbation and aeroelastic instability, Gust model 2 is applied in the simulation, in 

which the wing encounters the gust between 5 and 10 s. Figure 5.10 shows the wing tip vertical 

deflection from the simulation with an LQR controller. To consider the full performance of the 

actuator, all the wing elements are assigned as actuators. In this study, the weighting value for 

control penalty is set as r = 2.069 × 10-8 so that it gives a powerful suppression of wing 

vibrations. Since the wing deflection at the freestream velocity is pretty large, the actuation 

voltage reaches the maximum actuation voltage, 2,000 V [103] under the gust. Therefore, the 

effectiveness of the gust alleviation is limited, but the controller is still effective to suppress the 

flutter as shown in Fig. 5.11. For comparison purpose, the wing tip response without control 

input saturation is also shown in Fig. 5.11, in which a much larger reduction of the wing tip 

deflection can be observed. 

There are two types of excitations in the above case, the external gust disturbance and the 

self-excitation due to the instability. Since the flutter is more predictable (in terms of the 

frequency and magnitude), a fixed actuator placement for the flutter suppression is considered 

first. The primary objective of the multifunctional wing design is the vibration suppression with 

the minimum required actuation energy. Therefore, one needs to use the minimum number of 

actuators on the wing. In this case with both gust and instability, it is shown that one actuator is 

sufficient to suppress the flutter on the flight situation based on a series of simulations with 

different actuation conditions as shown in Fig. 5.12. The numbers in the legends indicate element 

IDs actuated with the LQR controller (e.g., “LQR 1-2” indicates the first two elements from the 
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wing root is activated). Although the configuration with a single actuator at the root (element ID 

= 1) can suppress the flutter, a combined performance among the required control power, energy 

of wing vibrations under the control, and amount of harvested energy may be different, 

depending on the location of the actuator for the vibration control, which changes the other 

multifunctional wing configuration (piezoelectric damping and energy harvesting) as well. 

Therefore, a very simple optimization is performed to find the best location of the constant 

actuator among the ten elements. Table 5.4 shows the three costs related to the multifunctional 

wing with different regular actuator placement. The result with an actuator on the 9th element is 

omitted since the case becomes unstable. The cases with an actuator on the 3-5, or 10th element 

also become slightly unstable after the gust encounters. By considering a balance of the stability, 

input cost, and output cost, the second element from the root of the wing is chosen to be the 

regular actuator in the following study. Figures 5.13 and 5.14 show the costs with the different 

location of the regular actuator with the optimal performance plotted in the red square. The result 

with only the second element being used as an actuator while other elements are used as 

harvesters is shown in Fig. 5.15. According to Fig. 5.15, the flutter is successfully suppressed. 

To explore the new flutter boundary of the wing with the flutter suppression device, 

another series of time-domain simulations with different flight speeds are performed. Figure 5.16 

shows the wing tip deflections where the freestream speeds are 30% and 35% higher than the 

original flutter boundary, respectively, both with the second element from the wing root being a 

regular actuator. As can be seen, if the freestream speed is no higher than 1.3 times the original 

flutter boundary, the regular actuator can still successfully control the vibration. If the speed is 

further increased to 1.35 times the original flutter boundary, the growth of the vibration 
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magnitude can be detected after 35 s. Therefore, the new flight boundary is increased to at least 

119.41 m/s from the original 91.85 m/s. 

 

Figure 5.11. Wing tip vertical deflection at U∞ = 101.04 m/s (h = 20,000 m) with α = 2° with 
the LQR control. 

 

Table 5.4. System costs with different actuator placement. 

Placed 
element 

1 2 3 4 5 6 7 8 9 10 

Output 
energy 
JE, J∙s 

1.209 1.498 2.589 2.685 4.034 1.996 2.023 2.035 -- 5.462 

Control 
cost JC, 

J∙s 

0.357 0.312 0.918 1.184 1.443 0.246 0.286 0.314 -- 3.676 

State 
cost Js, 

J∙s 

1284.7 1284.5 1481.5 1458.1 1617.1 1287.4 1288.1 1288.7 -- 2149.6 
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(a) 

 

(b) 

Figure 5.12. Wing tip vertical deflection at U∞ = 101.04 m/s (h = 20,000 m) with α = 2° with 
the LQR controls. 
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Figure 5.13. The state and control costs with different locations of an active actuator. 

 

Figure 5.14. The state and harvested energy with different locations of an active actuator. 
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Figure 5.15. Wing tip vertical deflection at U∞ = 101.04 m/s (h = 20,000 m) with α = 2° with 
the LQR control on the second-root actuator. 

 

Figure 5.16. Wing tip vertical deflection at U∞ = 119.41 m/s and 124.00 m/s (h = 20,000 m) 
with α = 2° with the LQR control on the second-root actuator. 
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5.3 Adaptive Actuator Activation 

In this section, the performance of the adaptive active control to alleviate stochastic gusts 

is studied. Bending curvature thresholds are defied first as they are required by the algorithm to 

update the actuation status on each element. Figure 5.17 shows the flat bending curvature 

variations from the steady-state on each element under the same flight condition as the previous 

section. The current curvature thresholds are defined as 20% of the maximum curvature variation 

on each element in Fig. 5.17 in order to activate the adaptive actuators under large wing 

deflections. 

According to Fig. 5.17, the magnitude of the curvatures is larger at locations closer to the 

wing root. Therefore, the inner-board elements are more effective in the vibration control. In this 

study, the inner-four elements are considered as adaptive active actuators because 1) an active 

control only on the inner-half elements can provide a gust alleviation performance close to a full-

span actuators performance according to the previous study [97], and 2) the active control with 

the inner-half actuators on this wing design become slightly unstable after encountering the gust 

as shown in Fig. 5.18. In fact, the state cost reduction by the inner-four actuators with respect to 

the uncontrolled vibration over the initial 11 s is 34.35%. The amount of the state cost reduction 

is close to the state cost reduction by the full-span actuators, which is 38.32%. On the other hand, 

the control cost with the full-span actuators is 7.36 × 107 J∙s, while the control cost with the 

inner-four actuators is 5.98 × 107 J∙s which is 18.75% lower than the full-span actuation. 

Therefore, the setting with inner-four elements as actuators can provide a more efficient gust 

alleviation for this case. 

In addition, the second element from the wing root is already assigned as the regular 

actuator for a flutter suppression. Therefore, the first, third, and fourth elements from the root are 



 

130 

 

interchangeable between actuator and energy harvester during the flight. When an element is not 

actuated, it works as an energy harvester automatically. Since the three elements are used as the 

adaptive actuators and the second element is used as the regular actuator, there are eight 

combinations for the activating configurations as listed in Table 5.5. Table 5.6 describes the 

conditions of the activation status on each element in which Δκy is calculated from Eq. (2.57) and 

κthres is the user-defined bending curvature threshold to specify the deflection amount of the 

wing. Eight LQR gains for each configuration are calculated beforehand, and the gains are 

switched when the activating configuration changes based on the curvature monitoring. 

 

Table 5.5. Activating configurations. 

Element ID. 1 2 3 4 

Activation case 1 On On Off Off 

Activation case 2 Off On Off Off 

Activation case 3 Off On On Off 

Activation case 4 Off On Off On 

Activation case 5 On On On Off 

Activation case 6 On On Off On 

Activation case 7 Off On On On 

Activation case 8 On On On On 

 

Table 5.6. Conditions of activation status. 

Activation status Condition 

On ( ) ( ),y threst id idκ κ∆ >  

Off ( ) ( ),y threst id idκ κ∆ <  
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(a) 

 

(b) 

Figure 5.17. Flat bending curvature variation histories on each element over time. 
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Figure 5.18.Wing tip vertical deflection with different actuator configurations. 

 

5.4 Performance Evaluation of Adaptive Active Control and Energy Harvesting 

In this section, a study of the multifunctional wing with adaptive active control and 

energy harvesting is presented. Because of the design objective, both the effectiveness of flutter 

suppression, gust alleviation, and the voltage output from the multifunctional wing will be 

simultaneously explored. 

For the performance evaluation, Gust 1 and Gust 2 described in the previous section are 

used in new simulations, in which the wing encounters the Gust 2 between 5 and 10 s and the 

Gust 1 between 15 and 20 s. The freestream velocity U∞ is 101.04 m/s. Figure 5.19 shows the 

wing tip deflections with the new adaptive control. For comparison purpose, the adaptive control 

without the actuation voltage saturation is also plotted to see the control capability without the 

material constraint. It can be seen that the adaptive control alleviates the wing vibration under 
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Gust 2 when the curvature thresholds are exceeded. The control effort is weak when the 

curvature thresholds are not exceeded under Gust 1, in which only the second element from the 

root is used for the vibration control. Also, the flutter after the gust encounters is suppressed with 

only the second element actuated. The three system costs for the flight case over 50 s are 

61.4766 J∙s for the state cost, 5.4127× 107 J∙s for the control cost, and 0.3383 J∙s for the 

harvested energy, respectively. Table 5.7 shows RMS voltage input for each actuator and the 

output voltage from harvesters. In addition, the output voltage amount over 100 V is sufficient to 

support other device operation, or it can be used for the actuators to save the energy 

consumption. 

 

  

Figure 5.19. Wing tip vertical deflection at U∞ = 101.04 m/s (h = 20,000 m) with α = 2° 
under the two gusts flight case with/without the adaptive LQR control. 
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Table 5.7. RMS voltage input/output (Vrms, V) on each element and total. 

Vrms, V 
Element ID (from root) 

Total 
1 2 3 4 5 6 7 8 9 10 

Actuator 
input 

524.8 558.9 505.6 488.8 -- -- -- -- -- -- 2078.1 

Harvester 
output 

21.91 -- 18.12 15.77 25.11 16.93 10.37 5.41 2.10 0.39 116.09 

 

5.5 Energy Management of Piezoelectric Actuation, Energy Harvesting, and Energy 
Storing 

 

To accumulate the energy outputs from the harvester and store them for a short discharge 

of vibration control, an energy storage device is considered. Thin-film lithium-ion batteries are 

considered for the energy storage, which are compatible with the piezoelectric devices [70]. By 

using the thin-film lithium-ion batteries, energy storage structural composites embedding thin-

film lithium energy cells in carbon/epoxy laminates can be constructed. Such embedded thin-

film energy cells do not significantly change the mechanical properties of the carbon/epoxy 

laminate including the stiffness and strength, although fracture properties of the material must be 

considered in design process [65, 66]. The structural concept is to construct multilayered 

composites by laminating thin-film battery layers for storing energy in addition to the active 

piezoelectric material layers. Note that properties of thin-film lithium-ion batteries produced by 

Front Edge Technologies are used for the following studies, which are mass of 0.45 g, volume of 

0.11 cm3, and energy density of 152.73 Wh/L [70] (see Table 5.8). Typically, the thickness of the 

thin-film batteries is 0.1 mm. By using the 70% chord length and the full span length, the volume 

of the thin-film battery cells becomes 5.6 × 10-5 m3 on the wing surface. If a bimorph structure is 

considered, the volume is doubled to 11.2 × 10-5 m3 (0.112 L). Therefore, the total energy 
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capacity is 17.11 Wh, or 61580.74 J. The additional weight due to the extra battery layers is 

458.19 g. Figure 5.20 describes the multi-layered wing cross-section with active piezoelectric 

materials and thin-film batteries. Electrical circuit components (e.g. rectifier, regulator, 

controller, amplifier, etc.) to realize the piezoelectric energy harvesting/storage and the high-

voltage piezoelectric actuation are also not considered. It is also assumed that the energy from 

the piezoelectric composites can be stored to the thin-film batteries without energy loss through 

proper conditioning circuits. The no-loss process is also assumed for the discharge of batteries. 

 

  

Figure 5.20. Layups of the active wing cross-section with thin-film batteries. 

 

Table 5.8. Properties of the thin-film batteries. 

Property Value 

Mass, g 0.45 

Energy density, Wh/L 152.73 

Thickness, mm 0.1 

 

The energy management performance is evaluated at pre- and post-flutter speed, in which 

UF is 91.85 m/s, with different gusts. The freestream velocity U∞ is 101.04 m/s (10% higher than 

the flutter boundary) or 45.93 m/s (50% lower than the flutter boundary) and the root angle of 

attack is 2 deg. The maximum energy storage limit is 17.11 Wh, or 61580.74 J. When the stored 
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energy in the battery cells becomes zero, no actuation can be performed. In addition, no more 

energy is accumulated in the energy storage, which means only the shunt damping is used in the 

wing, if the stored energy reaches to the maximum energy storage capacity. 

The charge on the battery cells by energy harvesting is first evaluated with a flight at 

45.93 m/s under a persistent weak gust (Gust 3 in Table 5.2 with gust strength σw of 1 m/s) 

encountered from 5 s. The wing tip vertical deflection with no controllers but full-span 

harvesters is in Fig. 5.21. The harvested energy to an empty energy storage is shown in Fig. 5.22. 

With the wing vibration under the persistent gust for 600 s, the energy of 0.1388 J is 

accumulated. According to the Eq. (2.62), the efficiency of the piezoelectric energy harvesting is 

19.26%, which is lower than the maximum efficiencies observed in the literature (40 – 60%) 

[104, 105]. This is because the wing, material, electric designs have not been optimized for the 

piezoelectric energy harvesting yet. In addition, the operating condition with the stochastic gust 

is not optimum for the energy harvesting, which is wing vibration at resonance frequency. 

 

Figure 5.21. Wing tip vertical deflection at U∞ = 45.93 m/s (h = 20,000 m) and α = 2° with 
the energy harvesting and without the LQR control under the empty storage condition. 

 



 

137 

 

 

Figure 5.22. Energy storage time history at U∞ = 45.93 m/s (h = 20,000 m) and α = 2° with 
the energy harvesting and without the LQR control under the empty storage condition. 

 

Next, the energy consumption with the gust alleviation at U∞ = 45.93 m/s is studied. Gust 

3 in Table 5.2 is encountered between 3 and 4 s. The weight value of the LQR control is 2.08 × 

10-8. The curvature thresholds of the functional switch for the piezoelectric device are set as 5% 

of the curvatures under the steady-state flight. The energy harvesting is activated, but the battery 

is initially charged fully up to 61580.74 J. The wing tip vertical deflections with and without the 

adaptive LQR controller are in Fig. 5.23. The state cost without and with the adaptive LQR 

control are 0.013 J∙s and 0.0083 J∙s, respectively. Therefore, the state cost reduction by the 

adaptive LQR control with respect to the uncontrolled vibration is 37.84%, and the LQR 

controller is successfully alleviate the wing vibration due to the gust. Figure 5.24 shows the time 

history of the energy storage. According to the result, the wing discharged energy of 0.021 J for 

the short gust alleviation under the flight speed lower than the flutter boundary. 
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Figure 5.23. Wing tip vertical deflection at U∞ = 45.93 m/s (h = 20,000 m) and α = 2° with 
and without the adaptive LQR control under the full storage condition. 

 

Figure 5.24. Energy storage time history at U∞ = 45.93 m/s (h = 20,000 m) and α = 2° with 
the adaptive LQR control under the full storage condition. 
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Finally, the stored energy change with the flutter suppression and gust alleviation at U∞ = 

101.04 m/s is investigated. Gust 1 and 2 in Table 5.2 are encountered from 5 to 10 s and 15 to 20 

s, respectively. The weight value of the LQR control is again 2.08 × 10-8. The curvature 

thresholds for the adaptive piezoelectric actuation are set as 1 % of the steady-state curvatures. 

The battery cells are again fully charged up to 61580.74 J before the simulation. The energy 

harvesting provides additional energy during the flight if the energy is consumed by the active 

control. Figure 5.25 plots the wing tip vertical deflections with and without the adaptive LQR 

controller. The state cost is reduced by 74.46% when the adaptive LQR control is used. 

Therefore, the LQR controller successfully suppresses the limit-cycle oscillation and alleviates 

the wing vibration due to the gusts. Figure 5.26 shows the time history of the energy storage. The 

energy discharge between 5 and 15 s, which is under the strong gust with the flight speed higher 

than the flutter boundary, is 801.15 J. In addition, the energy of 7.49 J is used between 15 and 25 

s under the weak gust for the vibration control. Also, the flutter suppression consumes 5.95 × 10-

5 J between 25 and 50 s. This small energy consumption is the benefit from the regular actuator 

for flutter suppression. Since the regular actuator starts to suppresses vibration from the initial 

growth of flutter, the required energy is much lower than that for the flutter suppression after a 

fully developed LCO. Figure 5.27 shows the wing tip vertical deflection with a flutter 

suppression when the controller is turned on at 80 s after the LCO is fully developed. As can be 

seen, the adaptive control can still suppress the fully developed flutter. However, as shown in 

Fig. 5.28, a much larger energy is required to suppress the fully developed LCO than the energy 

for flutter suppression with the regular actuator (Fig. 5.26). Therefore, the implementation of the 

regular actuator is more cost-effective for flutter suppression. 
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A summary of the energy change with the piezoelectric energy harvesting and active 

control is given in Table 5.9. By considering the energy harvesting performance under the 

persistent gust at the flight speed lower than the flutter boundary for 600 s, the average harvested 

energy is 2.31 × 10-4 J/s. On the other hand, the energy consumption for the gust alleviation 

under the flutter speed is 0.021 J. Thus, it will take 90.82 s to charge enough to support the gust 

alleviation. Also, the flutter suppression for 25 s at the flight speed, which is 10% higher than the 

flutter speed, requires the energy consumption of 5.95 × 10-5 J. This energy amount can be 

accumulated in less than one second by the energy harvesting under the flutter speed with the 

persistent gust. In addition, the discharges of the flutter suppression and the alleviations of two 

types of gusts are 801.15 J and 7.49 J, respectively. Charging times for both alleviations are more 

than 9.00 h. Therefore, an energy accumulation for a short-duration gust alleviation under flutter 

boundary or a flutter suppression without gust disturbances can be performed during a flight in 

less than two minutes with the energy harvesting. However, to activate adaptive active controls 

for the simultaneous flutter suppression and gust alleviation over flutter boundary, the battery 

cells should be charged enough to support high energy consumptions prior to a flight. Based on 

the observations with the thin-film battery cells, the multifunctional wing can provide partially 

self-sustained energy management capability. 
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Figure 5.25. Wing tip vertical deflection at U∞ = 101.04 m/s (h = 20,000 m) and α = 2° with 
and without the LQR control under the full storage condition. 

 

Figure 5.26. Energy storage time history at U∞ = 101.04 m/s (h = 20,000 m) and α = 2° with 
and without the LQR control under the full storage condition. 
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Figure 5.27. Wing tip vertical deflection at U∞ = 101.04 m/s (h = 20,000 m) and α = 2° with 
and without the LQR control (turned on 80 s) under the full storage condition. 

 

Figure 5.28. Energy storage time history at U∞ = 101.04 m/s (h = 20,000 m) and α = 2° with 
and without the LQR control (turned on 80 s) under the full storage condition. 

 



 

143 

 

Table 5.9. Stored energy change. 

Simulation case Energy change, J Time, s Average harvested 
energy, J/s 

Energy harvesting +0.14 600 2.31 × 10-4 

Adaptive gust alleviation 
under flutter boundary 

-0.021 10 -- 

Flutter suppression -5.95 × 10-5 25 -- 

Adaptive gust alleviation over 
flutter boundary 

-801.15 10 -- 

Adaptive gust alleviation over 
flutter boundary 

-7.49 10 -- 
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CHAPTER 6  

CONCLUSIONS 

 

This chapter provides a summary of the dissertation. A summary of theoretical 

formulation developments and conclusions based on the results of the numerical studies is firstly 

provided. In addition, the main contributions and accomplishments of this dissertation are also 

discussed. Finally, some recommendations for future studies and improvements in the topic are 

presented. 

 

6.1 Summary of Work 

This dissertation aimed at developing a theoretical electro-aeroelastic model to explore 

the integral piezoelectric actuation and energy harvesting of the multifunctional structure for 

highly flexible aircraft considering the geometrically nonlinear aeroelastic effect. The work has 

demonstrated the realization and capability of the concept of the piezoelectric multifunctional 

wings for the concurrent active control and energy harvesting to improve the aeroelastic and 

flight performance of HALE UAVs. 

An approach for the integral modeling of energy harvesting from wing transient 

vibrations and bending/torsional actuation with anisotropic piezoelectric materials was 

introduced. The strain-based geometrically nonlinear beam formulation was coupled with an 
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electromechanical model of the active and passive piezoelectric effects. With the new 

formulation, large deformations, especially the limit-cycle oscillations, of slender multifunctional 

beams were accurately captured. The geometrically nonlinear formulation can provide an 

accurate approach to integrally model energy harvesting and active control of highly flexible 

multifunctional wings with piezoelectric materials. For aeroelastic analysis, the finite-state 

unsteady aerodynamic model developed by Peters et al. was used to calculate the aerodynamic 

loads on the wing surface. The coupled electro-aeroelastic model enabled the prediction of the 

transient electric outputs and the mechanical deformations of the electro-aeroelastic system 

under aeroelastic instabilities and external excitations. The nonlinear electro-aeroelastic 

formulation was suitable for both the active piezoelectric actuation and energy harvesting studies 

for highly flexible wings. Linear quadratic regulator (LQR) and linear quadratic Gaussian (LQG) 

regulator controllers were implemented to properly regulate the piezoelectric actuation. A new 

control algorithm to adaptively change the actuation condition and update the control gain to 

achieve cost-effective feedback control performance was also developed. At the same time, the 

piezoelectric device configuration on the multifunctional wing was optimized to keep a cost-

effective performance of a constant flutter suppression. For practical application of the 

piezoelectric energy harvesting, the integrated multifunctional wing was designed to accumulate 

the harvested energy in the thin-film battery cells and recycle the stored energy for active flutter 

suppression and gust alleviation. 

 

6.2 Conclusion from Numerical Studies 

Based on the validated multifunctional wing model, piezoelectric energy harvesting from 

the wing vibrations due to the aeroelastic instability and wind gust excitations was studied. 
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Stochastic gust signals created based on the Dryden gust model were applied in time-domain 

energy harvesting analyses. With the highly flexible cantilever wing designed for the energy 

harvesting simulations, the flutter boundary was estimated as 52 m/s. Energy harvesting from the 

transient vibration was simulated at a freestream velocity of 55 m/s. With a single-layered PZT-

5A film, the estimated total output voltage was about 6.5 V. Moreover, the piezoelectric shunt 

damping effect became more prominent with a tuned multilayered piezoelectric harvester. Based 

on the results, one could potentially either harvest the vibrational energy or suppress the wing 

vibration with a well-tuned piezoelectric structure. Because the voltage output from the 

piezoelectric energy harvesting system was dependent on the wing deformation, the shunt 

damping effects would change the electrical voltage output while impacting the wing vibration 

behavior. Electric energy can also be harvested from the wing vibrations due to gust 

perturbations. With the Dryden gust model, typical turbulences of weak, moderate, and strong 

intensity were studied. They may produce about 1-2 V output with the specific wing 

configuration. The very strong turbulence provided an average of 5.71 V output from four 

independent time histories of the gust. 

The actuation model was also validated by comparing it with the published results. An 

LQR controller was initially designed for the gust alleviation of a multifunctional wing. It 

demonstrated an effective suppression of the wing vibration due to the gust perturbation. 

However, this wing configuration does not take full advantage of the multifunctional wing to 

design a cost-effective performance. In other words, the individual active control with the 

powerful control setting requires a large amount of control efforts and energy consumption, 

which may impact long-endurance performance of aircraft. Therefore, in the following studies, 

concurrent actuation for gust control and energy harvesting were studied using piezoelectric 
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transducers. Because of the difficulty in obtaining all the system states in real applications, the 

LQG controller was also studied, where the Kalman filter provided the state estimation of the 

system. Furthermore, the LQG regulator penalty was determined to have a balanced, cost-

effective control. In the study, the actuator and energy harvester placement of the multifunctional 

wing was designed based on the dominant deformation due to the gust disturbance, with the 

priority given to the effectiveness of the gust alleviation over the energy harvesting output. The 

multifunctional wing still maintained its gust alleviation capability, while providing output from 

the energy harvesters with the reduced control actuators. With the stronger gust disturbances, the 

system was expected to provide enough voltage to support a low-power sensor operation. 

A capability of bending/torsional actuation that the multifunctional wing could have was 

also considered for active control and energy harvesting with the flutter instability. Flutter 

characteristics of the wing were investigated by evaluating the root locus of the linearized 

aeroelastic system. Time-domain simulations verified the frequency-domain stability analysis 

results and provided actual temporal wing behavior. The shunt damping effects from energy 

harvesting function on the flutter was then investigated. The energy harvesting could provide an 

additional passive damping effect and was helpful to stabilize the wing in some cases, but it was 

not efficient in flutter suppression for every case. Because of this inefficiency, an LQG controller 

was also used for the active flutter control. The LQG controller was designed by setting to have 

the cost-effective control of vibration, allowing for the active flutter suppression. The concurrent 

active piezoelectric actuation control of flutter and energy harvesting were then studied for the 

multifunctional wing. Several device placements of the multifunctional wing were tested to 

parametrically study the performance of the multifunctional system, especially the flutter 

suppression. Most of the multifunctional wings may provide their flutter suppression capability, 
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while the one with only the root element as an actuator was completely ineffective in suppressing 

the flutter. For efficient flutter suppression, the multifunctional wing could be designed with a 

combination of the active control and passive piezoelectric damping. It also successively 

scavenged energy from the residual wing vibration, which would otherwise be wasted without 

the energy harvesting subsystem. 

Next, the quadruple functions, including active bending/torsion actuation, piezoelectric 

damping, energy harvesting, and energy storing, were realized for the wing. The LQR controller 

was mainly implemented for the feedback control of the piezoelectric actuation in order to 

optimize the total wing performance. It was also proved that a practical control with the 

calibrated LQG controller can recover the desired LQR control performance. For adaptive 

control under gust perturbations, the inner-four elements from the wing root were used for the 

actuation in order to achieve a cost-effective gust alleviation with a lower energy consumption. 

Such a scheme of actuation could reduce the state cost by 34.35% compared to the uncontrolled 

vibration under strong gust, while saving energy consumption by 18.75% than compared to the 

actuation with full-span elements. The first, third, and fourth elements were used as 

interchangeable devices between an actuator and energy harvester. At the same time, the second 

element was a regular actuator for the flutter suppression to create the integrated optimal design 

of a constant flutter suppression and adaptive gust alleviation when a flight speed exceeded 

flutter boundary. A performance evaluation of the adaptively active control and energy 

harvesting for the multifunctional wing was conducted with strong and weak gusts at freestream 

velocity of 101.04 m/s. The multifunctional wing adaptively alleviated the wing vibration due to 

the strong gust, while allowing the small amount of vibration due to the weak gust. In addition, 

the flutter was constantly suppressed by the second element actuation even after the gust 
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encounters, while saving a lot of energy which would be expected in case the control in activated 

after an LCO is fully developed. Moreover, the wing generated more than 100 V during the 50 s 

flight. The output voltage could be used as an additional energy for aircraft operation. 

Finally, thin-film battery cells were integrated to the multifunctional wing to store the 

harvested energy from the piezoelectric harvesters by constructing multilayered composites. An 

energy to implement a short-duration gust alleviation under flutter boundary or a flutter 

suppression without gust disturbances can be accumulated during a flight in less than 2 minutes 

by performing energy harvesting. However, the thin-film battery cells should be highly charged 

before a flight to active adaptive active controls for the simultaneous flutter suppression and gust 

alleviation over flutter boundary because of high energy consumptions. With the proposed 

multifunctional wing design integrated with piezoelectric composites and thin-film battery cells, 

a partially self-sustained aircraft can be realized. 

 

6.3 Key Contributions of this Dissertation 

This dissertation provided several key contributions to the field in the areas of modeling 

and analysis of highly flexible multifunctional wings with piezoelectric materials for active 

control and energy harvesting. These are summarized as: 

1. An approach for the integral modeling of energy harvesting from wing transient 

vibrations and bending/torsional actuation with anisotropic piezoelectric materials was 

developed with the nonlinear aeroelastic model based on the lower order geometrically nonlinear 

strain-based beam formulation and the finite-state unsteady aerodynamic model. The 

development of the new electro-aeroservoelastic model offered advantages in piezoelectric 
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multifunctional wing models to accurately predict the piezoelectric effects under large 

deformations associated with the highly flexible wings. 

2. A foundation of the integral energy harvesting and active vibration control of highly 

flexible aircraft with multifunctional structures to optimize multifunctional performances, 

especially piezoelectric device configurations, was established. 

3. A new control algorithm, which is adaptive to uncertainties such as stochastic gusts, 

was developed. The algorithm provides the ability to change the number and position of 

activating actuators to achieve a cost-effective vibration control. By adjusting the bending 

curvature thresholds, one can specify the wing deflection amount under the control. The allowed 

wing vibration would be able to provide an output voltage from energy harvesting subsystem, 

which may be used as an additional energy for aircraft operations. 

4. Numerical studies demonstrated that the piezoelectric multifunctional wing can be 

properly designed to achieve the wing vibration control capability for active flutter suppression 

and gust load alleviation using the active and passive effects of the piezoelectric materials 

embedded in a highly flexible wing, while providing a certain level of electric energy output. 

Such multifunctional wings can improve aeroelastic performance and push the flight envelope. 

Moreover, by integrating the piezoelectric composites with thin-film battery cells, a partially 

self-sustained system can be designed similar to a hybrid system of the type used in automobiles. 

For example, the power output from energy harvesting can be accumulated in an energy storage 

when the control is turned off, and the stored energy can be recycled for a short-duration 

actuation to suppress/alleviate wing vibrations due to a flutter or gusts. 
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6.4 Recommendations for Future Work 

It is important to note that the amount of energy that, because the amount of harvestable 

energy depends on the amplitude of the residual vibration under the active control of the wing, 

the optimum performance of such active control and energy harvesting system is subject to 

further optimization of the layups of the active materials, control scheme, and electrical designs.  

To complete the process of further optimization of a multifunctional wing, a detailed 

specification is needed to be determined. Electrical circuit components for the piezoelectric 

actuation, energy harvesting, and energy storing should be designed to realize an efficient energy 

management system in multifunctional wings. The electrical energy regulation circuitry may 

include a rectifier to convert an alternating (or random) current from directly harvested energy 

because of the intermittent behavior of gust into a direct current, a voltage regulator to maintain a 

constant voltage level, and a high voltage amplifier to drive piezoelectric actuators. Charge and 

discharge performance including cycle life of thin-film battery cells with the detailed electrical 

circuitry is to be evaluated to precisely understand the energy management capabilities and 

limitations of multifunctional wings. In addition, actual fabrication of piezoelectric materials and 

thin-film battery cells should be considered and tested. Fatigue, fracture, and mechanical 

characteristic of the multifunctional structures should also be evaluated for practical design 

purpose. Once the fabrication of the multifunctional composites and energy management 

circuitry are realized, experimental validations of the full multifunctional system need to be 

performed. 

Another work is in-flight performance evaluation of multifunctional wings with full free 

flight aircraft model. In the current work, the multifunctional wing is modeled as a cantilever 

beam. No rigid body dynamics of flight aircraft are considered. The free-flight aircraft model 
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would allow a flight dynamic analysis of full adaptive morphing aircraft under the influence of 

piezoelectric effects. It is worth exploring potential benefits of the multifunctional wing for 

improved flight control (maneuver) and performance. 
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APPENDIX A 

LINEARIZATION OF SYSTEM EQUATIONS OF MOTION 

 

According to the current approach, stability analysis is taken with the linearized 

equations about a nonlinear equilibrium state. In addition, a set of adaptive control 

configurations are calculated based on linearized initial conditions at steady state for each 

configuration. Due to its complexity, this appendix is dedicated to introduce the detailed process 

of linearization of the nonlinear system equations although simple explanation is given in 

Section 2.7. 

 

A.1 General Nonlinear Equation 

Take a generic nonlinear function 

  ( ) ( ) ( )y x f x g x=  (A.1) 

By defining a reference nonlinear equilibrium state where the linearization is performed as x = 

xeq and considering a small perturbation Δx about xeq, the equation can be written as 

  ( ) ( ) ( )eq eq eqy x x f x x g x x+ ∆ = + ∆ + ∆  (A.2) 
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In order to linearize the general nonlinear equation, the Taylor series expansion of the above 

equation can be used. Note that the operator [ ]
eqx

 denotes the evaluation at xeq. 

  ( ) ( ) ( ) . . . ( ) . . .
eq eq

eq eq eq
x x

df dgy x y x f x x H O T g x x H O T
dx dx

   
+ ∆ ∆ = + ∆ + + ∆ +   

      
 (A.3) 

If x is sufficiently close to xeq, the high-order terms can be neglected and Eq. (A.3) becomes 

  ( ) ( ) ( ) . . . ( ) . . .
eq eq

eq eq eq
x x

df dgy x y x f x x H O T g x x H O T
dx dx

   
+ ∆ ∆ = + ∆ + + ∆ +   

      
 (A.4) 

By subtracting Eq. (A.1) at x = xeq from Eq. (A.4), it yields the linearized equation 

  ( ) ( ) ( )
eq eq

0 0
x x

dg dfy x f x x g x x
dx dx

∆ ∆ = ∆ + ∆  (A.5) 

Finally, Eq. (A.5) becomes the following equation by removing the delta sign. 

  ( ) ( ) ( )
0 0

0 0
x x

dg dfy x f x x g x x
dx dx

= +  (A.6) 

 

A.2 Nonlinear Aeroelastic Equations of Motion 

The coupled nonlinear aeroelastic system equations of motion in Eqs. (2.28) and (2.29) 

are repeated here as 
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1

p p eC C R

+

= − −

aero
FF FF FF F vh h

1 2 3
T
vh

h h

M ε C ε + K ε = R + B v
λ = F ε + F ε + F λ

Bv ε v

 



 

 

 (A.7) 

where 

  aero T aero T aero
F pε F θε MR = J B F + J B M  (A.8) 

The piezoelectric coupling matrix Bvh is for energy harvesting. 

The linearization is performed at the nonlinear equilibrium point 

{ }TT T T T T
eq eq eq eq eq heqx = ε ε ε λ v  . As discussed in Section 2.7, the generalized stiffness matrix 

is independent from the state variables, while the generalized damping matrices are functions of 

strain rates. In the inflow equation, F1, F2, and F3 are also assumed to be constants. Each 

equation is written with the perturbation as 

  

( ) ( ) ( )

( )

 ∂
 + ∆ + + ∆ + ∆ + + ∆
 ∂ 

∂ ∂ ∂
= + ∆ + ∆ + ∆

∂ ∂ ∂

∂
+ ∆ + + ∆

∂

eq
eq

eq
eq eq eq

eq

FF
FF eq FF eq FF eqx

x

aero aero aero
aero F F F
F x

x x x

aero
F

vh heq h
x

CM ε ε C ε ε ε K ε ε
ε

R R RR ε ε ε
ε ε ε

R λ B v v
λ

    



 

 

 (A.9) 

  ( ) ( ) ( )1+ ∆ = + ∆ + + ∆ + + ∆eq eq 2 eq 3 eqλ λ F ε ε F ε ε F λ λ 

     (A.10) 
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  ( ) ( )1

p p eC C R
+ ∆ = − + ∆ − + ∆

T
vh

heq h eq heq h
Bv v ε ε v v     (A.11) 

By following the approach introduced in Section A.1, Eqs. (A.9) to (A.11) can be 

organized as 

  

 ∂
 + + +
 ∂ 

∂ ∂ ∂ ∂
= + + + +

∂ ∂ ∂ ∂

eq

eq eq eq eq

FF
FF FF eq FF

ε

aero aero aero aero
F F F F

vh h
ε ε ε λ

CM ε C ε ε K ε
ε

R R R Rε ε ε λ B v
ε ε ε λ



 

  



 

 

 (A.12) 

  = + +1 2 3λ F ε F ε F λ

   (A.13) 

  1

p p eC C R
= − −

T
vh

h h
Bv ε v   (A.14) 

Therefore, the linearized system equations are simplified as 

  

( )

1

p p vC C R

+ +

= + + + +

= − −

eq

eq eq eq eq

FF FF FF/ε eq FF

aero aero aero aero
F/ε F/ε F/ε F/λ vh h

1 2 3
T
vh

h h

M ε C + C ε ε K ε

R ε R ε R ε R λ B v

λ = F ε + F ε + F λ
Bv ε v



 

  

 



 

 

 (A.15) 

where ( )/ eqz
  denotes ( )

eqz

d
dz


 or ( )
eqz

z
∂
∂


 for different variables. 

To obtain the state-space form equations, Eq. (A.15) can be rewritten as 
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( ) ( )
( ) 0

0

1 0
p p eC C R

− + + −

+ − − − =

− − − =

+ + =

eq eq eq

eq eq

aero aero
FF F/ε FF FF/ε eq F/ε

aero aero
FF F/ε F/λ vh h

1 2 3
T
vh

h h

M R ε C C ε R ε

K R ε R λ B v

λ F ε F ε F λ
Bv ε v

  

  



 

 

 (A.16) 

As given in Eq. (A.8), the derivatives of the generalized aerodynamic loads can be expanded, 

which are evaluated at nonlinear equilibrium point xeq. For simplicity, the notation is omitted 

from the equations in the following equations. 

   

aero aero aero
T TF
p F M

aero aero aero
T TF
p F M

aero aero aero
T TF
p F M

R F MJ B J B

R F MJ B J B

R F MJ B J B

ε θε

ε θε

ε θε

ε ε ε

ε ε ε

ε ε ε

∂ ∂ ∂
= +

∂ ∂ ∂
∂ ∂ ∂

= +
∂ ∂ ∂

∂ ∂ ∂
= +

∂ ∂ ∂

  

  

 (A.17) 

Therefore, Eq. (A.16) can be modified as 

   

0

0
1 0

p p eC C R

+ + − − =

− − − =

+ + =

eq

aero
FF FF FF F/λ vh h

1 2 3
T
vh

h h

M ε C ε K ε R λ B v

λ F ε F ε F λ
Bv ε v

 



 

 

 (A.18) 

where 



 

168 
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= − −

∂ ∂
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= + − −
∂ ∂ ∂

∂ ∂
= − −
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aero aero
T T

FF FF pε F θε M

aero aero
T TFF
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APPENDIX B 

SYSTEM MATRIX 

 

Stability analysis and calculations of control gains are performed with a linearized state-

space model of a system. This appendix describes system matrices in a state-space model and 

how to obtain those matrices. 

 

B.1 System Matrices in State-Space Model 

The state-space model given in Eqs. (2.32) and (2.33) is repeated here as 

   x = Ax + Bu  (B.1) 

where 

   { }TT T T T
h ax = ε ε λ v u = v  (B.2) 

The linearized system equations of motion in Eq. (A.18) can be put into the state-space 

form 

     = +  
T TT T T T -1 T T T T -1

h 1 2 h 1 3 aε ε λ v Q Q ε ε λ v Q Q v

     (B.3) 

where 
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p p eC C R

 
 
 =
 
 
 
 
 
 
 =
 
 
 
 

=

0

FF
1

1

aero
FF FF F/λ vh

2 2 3
T
vh

3 va

I 0 0 0
0 M 0 0

Q
0 -F I 0
0 0 0 I

0 I 0 0
-K -C R B

Q 0 F F 0
B 10 - 0 -

Q B

 (B.4) 

Therefore, the system matrices A and B in the state-space form are 

   
-1
1 2
-1
1 3

A = Q Q
B = Q Q

 (B.5) 
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