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ABSTRACT

Experimental and Theoretical Control Of A Smart Projectile Fin Using
Piezoelectric Bimorph Actuator

by
Venkat R. Mudupu

Woosoon Yim, Examination Committee Chair
Professor of Mechanical Engineering
University of Nevada, Las Vegas

and

Mohamed B. Trabia, Examination Committee Chair
Professor of Mechanical Engineering
University of Nevada, Las Vegas

The goal of this work is to develop efficient control algorithms for the control of a smart
projectile fin. Smart fins are deployed as soon as the projectile reaches the apogee and are
used to steer the projectile towards its target by controlling the rotation angle of the fin. The
fin is actuated using the piezoelectric macro-fiber composite (MFC) bimorph actuator which
is completely enclosed within the aero-shell. The actuator is composed of two Macro Fiber
Composites (MFC’s), manufactured by Smart Material Co. The presented smart fin design
minimizes the volume and weight of the unit.

Two different models of the smart fin are developed. One is mathematical model that uses
finite element approach to describe dynamics of the smart fin system. This model includes
the aerodynamic moment which is a function of the angle of attack of the projectile. Second
model is based on system identification approach. A linear model of the actuator and fin
is identified experimentally by exciting the system using a chirp signal. Comparison is done

iii



between these two models based on open-loop step response of the smart fin system.

In this dissertation, five kinds of control systems based on fuzzy logic, inverse dynamics
and adaptive structure theory are developed. The aerodynamic disturbances and parameter
uncertainties are considered in these controllers. The simulation results illustrate that asymp-
totic trajectory tracking of the fin angle is achieved, in spite of uncertainties in the system
parameters and presence of aerodynamic disturbance. A prototype model of the projectile fin
is developed in the laboratory for real-time control. The designed controllers are validated
using the subsonic wind tunnel at University of Nevada, Las Vegas (UNLV) for various wind

speeds. Experimental results show that the designed controllers accomplish fin angle control.
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CHAPTER 1

INTRODUCTION

The use of smart materials has become comnmonly accepted for the actuation and control
of a broad range of structural elements. Once the smart material is embedded or mounted on
the outer surface of the host structure, it provides the ability of electrically sensing or inducing
strains via the piezoelectric effect. The combination of the sensing and the actuating abilities
yields an ’intelligent’ structure that can both evaluate its structural state and response with
an adequate actuation. This feature makes the intelligent structure an attractive solution to
applications associated with dynamic actuation, vibration control, or attenuation of acoustical
noise, as well as applications that involve deflection control of structural elements such as
beams, plates, or shells.

The advantages of using smart materials in such applications are mainly due to their dual
structural functioning. On one hand, the smart material functions as an embedded actuator
that responds to electric loads and generate strains, deformations, and forces. On the other
hand, it functions as an integrated part of the structural skeleton and contributes to the
mechanical load carrying mechanism. This advantage is even more significant in the design
and construction of subscale aircraft such as unmanned aerial vehicles, small missiles, guided
munitions, and projectiles. In these cases, the active structural skeleton avoids the usage of
servomotors, force transmissions, or hydraulic systems, saves the space required for installation
of these systems, and reduces the overall weight of the vehicle.

For conventional projectiles, electric or hydraulic actuators are mounted inside the projec-



tile fuselage to activate the acrodynamic control surfaces. These internally mounted actuators
occupy considerable volume which otherwise can be used for payload or additional fuel. Re-
ducing the size of the internal actuators and hence lowering the total actuator weight may
improve the overall performance of projectile significantly. The goal of this research is to
develop a light-weight, low cost smart missile fin capable of surviving the subsonic operating
environment while providing necessary performance comparable to existing projectile fins.

The use of intelligent materials in aircraft structural elements mainly focuses on bending or
twisting actuation of the structural skeleton of wings, fins, canards, stabilizers, or rotor blades.
Piezoelectric twist actuation that is based on anisotropic straining of the host structure can
achieved using directionally attached isotropic actuators or, alternatively, using piezoelectric
fibers integrated into the composite structural member. The smart material actuator con-
cept allows the actuator to be incorporated into the control surface structure minimizing
volume intrusion and weight within the munition body. Over the past several years, several
design concepts have been developed and analyzed and limited bench top testing has been
performed. Based on succuss of previous work, recently, the development of a smart fin has
been considered.

The goal of this work is to enhance accuracy of extend range of smart munitions and
guided projectiles by providing real-time servo control capability of smart fin on a projectile

airframe.

1.1 Review of Literature
The use of surface-mounted or bonded piezoelectric actuators for shape control of in-
telligent structures has increased due to the low-cost and flexibility of a new generation of

composite piezoelectric actuators. Piezoelectric fiber composite actuators were originally de-



veloped as a means of overcoming many of the practical difficultics associated with using
monolithic piezoceramic actuators in structural control applications [1]. These actuators use
inter-digitated electrodes for poling and subsequent actuation of an internmal layer of ma-
chined piezoceramic fibers. The fiber sheets are formed from monolithic piezoceramic wafers
and conventional computer-controlled wafer-dicing methods. This actuator retains most of
the advantageous features of the early piezocomposite actuators, namely, high strain energy
density, directional actuation, conformability and durability, yet incorporates several new fea-
tures, chief among these being the use of low-cost fabrication processes that are uniform and
repeatable. The complete delineation of the piezoelectric actuator used in this work can be
found in [2].

The use of piezoceramic (PZT) elements as sensors and actuators to control the deflection
of the centroid of a rectangular plate suddenly subjected to a uniformly distributed load is
studied in [3].

The most current trends in piezoelectric actuation architectures have been discussed in {4].
A new integrated grasping tool for minimally invasive surgery has been designed consisting
of two piezoelectric bimorph actuators in [5]. The design of a novel smart actuator with
controllable characteristics based on a magnetorheological elastomer (MRE) is introduced in
[6]. This actuator is composed of a piezoelectric layer bonded cantilever, whose free end is
attached to a MRE layer .

A finite element model for the analysis on deflection control of plates with piezoelectric
actuators has been presented in [7]. This model includes an eight-node isoparametric plate
element with shear deformation, a 16-node adhesive interface element, and a proposed actuator
element. The first-order shear deformation theory is used in conjunction with the eight-node

isoparametric element in the proposed actuator element. The capability of FE to accurately



model the behavior of two piezoelectric devices is investigated in [8]. In this, the details
of how an FE model for piezoelectric material is constructed are explained. Finite-eclement
modeling and design of piezoelectric flap actuators are discussed in [9]. In this work, two
different finite element models are developed. One is a beam model that assumes a perfect
bond exists between the piezo and shim, and second extends the perfect bond model by
incorporating a shear element for the bond layer. Finite element formulations for the modeling
of a laminated composite plate with distributed piezoelectric sensors/actuators are presented
in {10]. This formulation is based on the first-order shear deformation laminated plate theory.
The stiffness and mass effects of the piezoelectric sensors and actuators are also considered in
the formulation.

A procedure for modeling structures containing piezoelectric actuators using
MSC/NASTRAN and MATLAB is presented in [11]. It also describes the utility and function-
ality of one set of validated modeling tools. The tools described herein use MSC/NASTRAN
to model the structure with piezoelectric actuators and a thermally induced strain to model
staining of the actuators due to an applied field. The modeling of a non-symmetric bimorph
constituted by a piezoelectric material deposited on an alumina substrate and used either
as an actuator or a sensor is presented in [12]. Theoretical modeling based on the flexural
modes of the structure is carried out in [12] and the influence of the electrode characteristics
(geometrical dimensions and elastic parameters) is introduced in the modeling for calculat-
ing the bimorph bending displacement. Piezoelectric heterogeneous bimorphs have extensive
applications in the MEMS area. In order to formulate their displacement more conveniently,
a concise analytical solution is described in [13]. The method is subsequently shown to be
capable of quickly estimating the displacement in a bimorph beam, making it a useful tool

for designing piezoelectric structures. The numerical modeling of a plate structure containing



bonded piezoelectric material is described in [14]. In this work, Hamilton’s principle is em-
ployed to derive the finite element equations using the mechanical energy of the structure and
the electrical energy of the piezoelectric material.

The properties of directionally attached piezoelectric (DAP) elements and a low aspect
ratio DAP torque-plate wing is investigated in [15]. A servoflap that uses a piezoelectric
bender to deflect a trailing edge flap for use on helicopter rotor blade was designed, built,
and tested in [16]. This design utilizes a new flexure mechanism to connect the piezoelectric
bender to the control surface. The preliminary design of aeroelestically tailored adaptive
missile fins for supersonic speeds is presented in [17]. A systematic approach for the design of
a active piezoelectric fins developed for a small-scale flight vehicle is presented in [18]. This
proposed design approach uses analytical and computational tools that are based on the high-
order theory and provides a graphical representation of the response spectrum of the active
fin. A numerical study of a twist-actuated smart fin is also presented. An experimental,
theoretical and computational evaluation of a remote control morphing wing aircraft using
smart materials is discussed in [19]

A position tracking control of a smart flexible structure with a piezo film actuator is
presented in [20]. The research presented in [21] includes robust force tracking control of
a flexible gripper driven by piezoceramic actuator characterizing its durability and quick
response time. A new type of an optical pick-up for CD-RIM drive feeding system is proposed
in [22]. This optical pick-up is activated by a pair of bimorph piezoceramic actuators in order
to achieve fine motion control of the objective lens. Following the derivation of the governing
equation of motion, a control model, which takes into account the hysteresis behavior of the
actuator and also parameter variation such as frequency changes, is established in a state

space form. A robust controller is then formulated and experimentally realized.



A new tracking control method for piezoelectric actuators is dealt in [23]. When actuating
in an open-loop manner, in order t§ compensate for the creep effect of the piezoelectric trans-
ducer as well as hysteresis, a new concept of 'voltage creep’ is proposed. Finally, a tracking
control experiment of piezoelectric actuators for an arbitrary desired trajectory is performed
giving greatly improved results coxﬁpared to other open-loop actuating methods. Genetic
algorithm is used to optimize the membership functions of a fuzzy logic controller for smart
structure systems. The effectiveness of the genetic algorithm is demonstrated with a cantilever
beam attached with piezoelectric materials in [24]. An active flow control concept utilizing
miniature deployable structures for advanced weapons control is presented in [25]. The ulti-
mate goal is to provide pitch and yaw control to weapons (slender bodies) that operate at low
angles of attack, where the baseline control is primarily provided by tail-fins. The analysis of
a closed-loop control law for vibration reduction in helicopter blades using piezoelectric fiber
composites that provide both bending and torsional actuation capabilities is presented in [26].
A simple aeroelastic model incorporating lead-lag, flapping and torsional degrees of freedom
is chosen to evaluate a reduced-state sequential velocity feedback law.

Lyapunov’s second method for distributed-parameter systems was used to design a control
algorithm for the damper in [27]. The study in [28] deals with the utilization of piezoelectric
actuators in controlling the structural vibrations of the flexible beams. A Modified Inde-
'pendent Modal Space Control (MIMSC) method is presented to select the optimal location,
control gains and excitation voltage of the piezoelectric actuators.

The fuzzy-logic based vibration suppression cont;ol of active structures equipped with
piezoelectric sensors and actuators is discussed in [29]. The control methodology is based on
the fuzzy logic control of the variable structure system type. A neural network control system

based on experimental data was designed and simulated for vibration suppression of a flexible



fin with piezoelectric actuators in [30].

An adaptive force trajectory control of a flexible beam using a piezoceramic actuator
is discussed in [31]. An adaptive control scheme based on a fuzzy-logic algorithm and its
application in vibration suppression of smart structures is discussed in [32]. Here, a fuzzy-
based adaptive controller is considered due to its simplicity and the fact that it does not
require expression of the controller in terms of the system parameters, as is necessary in the
case of self-tuning regulators.

Active control via fuzzy logic is assessed as a means to suppress the elastic transverse
bending vibration of a slider crank mechanism in [33]. Several pairs of piezoelectric elements
are used to provide the control action. Sensor output of deflection is fed to the fuzzy con-
troller, which determines the voltage input to the actuator. A three mode approximation is
utilized in the simulation study. Computer simulation shows that fuzzy control can be used
to suppress bending vibrations at high speeds. A new discrete-time, fuzzy-sliding-mode con-
troller with application to vibration control of a smart structure featuring a piezofilm actuator
is presented in [34]. The investigation in [35] deals with the application of an Adaptive Fuzzy
Control Algorithm for active vibration control of an experimental flexible beam. However,
the uniqueness of this approach is that the damping parameters of the emulated absorber are
continuously varied by means of a fuzzy logic control algorithm to provide near minimum-time
suppression of vibration. It is demonstrated that application of this methodology allows for
its real-time implementation and provides relafively quick settling times in the closed-loop.
In [36], the shape control of curved beams using symumetric surface bonded piezoelectric actu-
ators, excited out of phase, is studied. To predict the deflections accurately, a finite element
model using a three-noded isoparametric curved beam element has been implemented. To

model the piezoelectric layers, coupled finite element equations have been used and solved



using iterative approach.

Fuzzy logic based velocity feedback control for active vibration control of beams is pre-
sented in [37]. The controller is first developed for a single degree of freedom spring mass
system. Rule base consisting of three simple rules based on velocity is used. The feasibil-
ity of using piezoelectric actuator and fuzzy logic control to create a smart fin is thoroughly
studied in [38]. Most of the fuzzy logic controllers proposed in most of these publications are
valid only for specific system parameters and/or motion variables. This is obviously a severe
restriction on general implementation of these controllers since extensive re-tuning will be
required whenever there is a change in the specifications of the fin, actuator, and/or motion
parameters. A novel hybrid genetic algorithm that has the ability of the genetic algorithms
to avoid being trapped at local minimum while accelerating the speed of local search by using
the fuzzy simplex algorithm is developed in [39]. The new algorithm is labeled the hybrid
fuzzy simplex genetic algorithm (HFSGA). [40] proposes to replace fixed parameters of search
strategy by adaptive ones to make the search more responsive to changes in the problem by
incorporating fuzzy logic in optimization algorithms. The proposed ideas are used to develop
a new adaptive form of the simplex search algorithm whose objective is to minimize a function
of u variables.  The new algorithm is labeled Fuzzy Simplex. The search starts by generating a
simplex with n+1 vertices. The algorithm then repeatedly replaces the point with the highest
function value by a new point. This process has three components: reflecting the point with
the highest function value, expanding, and contracting the simplex. These operations use
fuzzy logic controllers whose inputs incorporate the relative weights of the functions values at
the simplex points. Genetic Algorithms (GAs) have been successfully used to eliminate the
vibration of beams and plates by several investigators. In addition to proposing fuzzy rules

and formulas for spacing the fuzzy variables, [41] also presents a novel method for calculating



the ranges of the variables of the controller based on the inverse dynamics of the smart fin
and the parameters of its desired motion. ‘The proposed control strategy can thus be easily
modified to work with any modification of desired or system parameters.

The feasibility of using smart material to control the rotation angle of a subsonic projectile
fin during flight is studied in [42]. A feedback linearizing adaptive control system is designed
for the trajectory control of the fin angle. The controller consists of an inverse system and a
high-gain observer. Simulation results are presented which show the fin control is accomplished
in spite of uncertainfies in the system. The necessary development of systematic modeling and
design tools for the active control of large space structures (LSS) that has occurred over the
past decade is focussed in [43]. First reviewed are the aspects of the model formulation, model
implication, and system identification that form the basis for the control design activities.

The models of flexible structures are generally obtained by solving the eigenvalue problem
resulting from finite element methods. However, it is well known that the resulting fidelity
of model parameters degrades drastically for higher modes. Researchers have considerable
effort to design controllers for the control of flexible structures. A good review of literature is
provided in [43] in which readers will find several references for controller designs. For flexible
structures, controller designs based on feedback linearization, passivity concepts and adaptive
techniques have been attempted by [44], [45], [46], [47], [48], [49]. An adaptive controller has
been designed in ,[50], based on command generator tracker concept. In order to synthesize
of this controller, adaptive loop tunes three parameters and requires sigma or dead-zone

modification of the adaptation rule in order to avoid parameter divergence. Modifying the

adaptation law may give terminal tracking error.



Figure 1.1: Schematic of a Projectile with Smart Fin

1.2  Objectives of Research Work

The U.S. Army Research Laboratory is investigating the feasibility of smart materials
for use as actuators and/or aerodynamic control surfaces for smart munition guidance and
control. The smart material actuator concept allows the actuator to be incorporated into
the control surface structure minimizing volume intrusion and weight within the munition
body. The performance of a smart materials canard actuator has been investigated using a
multi-disciplinary design approach.

A schematic of a projectile with a smart fin is shown in Fig. 1.1. The smart fins are deployed
as soon as the projectile reaches the apogee. These fins are used to steer the projectile toward
its target. The smart fin contains a rigid hollow aero-shell that rotaﬁes about a rotational
hinge that is attached to the projectile body and smart fin as shown in Fig. 1.2, [51] and [52].
The hinge is strategically located to minimize the hinge moments.

The specific objectives of this research work are:
e to obtain a swing angle of +10 degrees of smart fin.
¢ to develop efficient control algorithms to control the rotation angle of the smart fin.

¢ to validate the developed control algorithms at different angle of attack and for different

wind speed.
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Figure 1.2: Smart Fin Components

1.3 Overview of the Dissertation
| This dissertation is organized as follows to present the details of design, dynamic modeling,
development, and validation of the control algorithms for a smart projectile fin and conclusions
of the current research.

Chapter 2 provides an introduction to piezoelectirc macro fiber composite(MFC) actuator
and different, configurations of the actuator which is used in this work. This chapter also
includes the mechanics of the actuator. |

Chapter 3 presents the configuration of the smart fin. It also includes experimental setup
for the real-time tests in the laboratory and in the subsonic wind tunnel.

Chapter 4 discusses two different ways of modeling of smart fin system. One is based on
finite element approach. This model also includes aerodynamic moment which is based on
CFD analysis in [53]. Second model is based on experimental data using MATLAB System
Identification Techniques. The obtained linear model is compared with the mathematical
model.

Chapter 5 describes two kinds of fuzzy logic controllers for the smart fin. The results are

11



also included in this chapter. This chapter also includes a method for tuning the controller
using a hybrid fuzzy simplex genetic algorithm and defining the ranges of the variables using
inverse dynamics.

Chapter 6 provides three different adaptive controllers, which are used to control the
rotation angle of the smart fin. Simulation results are presented in this chapter along with
experimental validation done using the subsonic wind tunnel.

The salient features of developed control algorithms are discussed in Chapter 7. Conclu-
sions of the present work are summarized in Chapter 8 and some recommendations for future

work are discussed in Chapter 9.
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CHAPTER 2

PIEZOELECTRIC MACRO FIBER COMPOSITE ACTUATOR
2.1 Macro Fiber Composite

The Macro Fiber Composite (MFC) was developed at NASA Langley Research Center
[2]. The MFC is layered, planar actuation device that employs rectangular cross-section,
unidirectional piezoceramic fibers (PZT 5A) embedded in a thermosetting polymer matrix.
This active, fiber reinforced layer is then sandwiched between copper-clad Kapton film layers
that have an interdigitated electrode pattern. Figure 2.1 shows an exploded view of the MFC
layers, where the PZT fibers are aligned in the 3-direction and the copper electrode fingers
are parallel to 1-direction, according to standard piezoelectric notation [54].

A comprehensive manufacturing manual for the MFC can be found in {2]. The in-plane
poling and subsequent voltage actuation allows the MFC to utilize the ds3 piezoelectric effect,
Fig. 2.2, which is much stronger than the ds; effect used by traditioﬁal PZT actuators with
through-the-thickness poling [55]. MFC has a uniform geometry, including PZT fiber and
electrode spacing and continuity, as well as the absence of air voids or particulate inclusions.
The use of rectangular fibers also promotes improved contact between the piezoceramic and
adjacent electrode finger, thus ensuring more efficient transfer of electric field into the fibers.

There has been extensive analytical and experimental research focused on utilizing MFC
as an actuator (or sensor) for structural control. Applications for the MFC range from vi-
bration reduction to shape-changing structures, from micropositioning to dynamic structural

health monitoring or force-sensor applications. The benefits of MFC include flexible, durable,
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Figure 2.1: Layers of Macro-Fiber Composite [54]

increased strain actuator efficiency, directional actuation/sensing, damage tolerant, conforms

to surfaces, readily cmbeddable, environmentally sealed package, demonstrated performance.

2.2 Bimorph Actuator: Principle of Operation
The piezoelectric bimorph actuator is completely enclosed within the shell. One MFC is
activated in tension by applying positive voltage (along the fiber axis) while other MFC is

activated in compression by applying negative voltage (against the fiber axis). The tensile and

Figure 2.2: Arrangement of Electrodes in d33 MFC Actuator [56]
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Figure 2.3: Cross-section of the Piezoelectric Bimorph Actuator

compressive strains induce a distributed couple that causes the actuator to bend and rotate
the fin at the same time. The fin can be rotated in the opposite direction by changing the
polarity of the voltage.
2.2.1 Mechanics of Bimorph Actuator
The strain induced by the bimorph actuator when a control voltage u(z,t) being applied,
is given by

Ep = d33uf(:n, t) (21)

where ¢, is the piezoelectric strain and ds; is the piezoelectric strain constant. ug(z,t) can be
expressed in terms of the voltage applied to the two individual MFC actuators, u(z,t) and

ua(z, t), as follows,

uq(x,t)

ug(z,1) = —
) &

(2.2)

where e, is the electrode spacing within the actuator and u, is an effective voltage, which is
the average of absolute sum of two individual voltages u; and u;. The above induced strain

generates the bending moment m that is expressed (21] as

m = cugs(z,t) (2.3)
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Figure 2.4: Cross-section of the Piezoelectric Bimorph Actuator without substrate

The constant ¢ can be obtained by considering geometrical and mechanical properties of the
piezoelectric bimorph actuator. Considering the cross-sectional geometry ,Fig. 2.3, and force
equilibrium equation along the axial direction, the constant ¢ can be expressed as [18]

Ephpb,
2e,

C= d33 (hp + hb) (24)

where E, is the elastic modulus of the macro fiber composite, h,, is the thickness of MFC, h,
is the thickness of the substrate and b, is the width of the actuator. The constant ¢ in case
of bimorph actuator without substrate is dggl—gpz—tféﬂhp. The cross-section area of the bimorph
actuator with no substrate is shown in Fig. 2.4. The analytical deflection of cantilevred
piezoelectric bimorph is estimated using the expression

_ MI?
T 2EI

(2.5)

where L is length of the actuator and FT is the stiffness of the actuator.

2.3 Configurations of MFC Actuator
One of the objectives of this work is to increase the rotation angle of the smart fin or
increase the deflection of the actuator. Various configurations of actuator are considered in

this work as shown in Figure. 2.5 to increase the deflection of the actuator. Based on analytical
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Figure 2.5: Various MFC Actuator configurations

deflection, Eq. 2.5, the effect of substrate on the deflection of actuator is shown in 2.6(a).
The maximum thickness value of the substrate is chosen here as 0.5 mm. FEarlier studies
and analytical solution suggested that using a substrate under two actuators decreases the
flexibility, therefore it decreases the fin rotation angle. In this study, it was found that gluing
the two MFC’s directly increases the resulting displacement of the actuator by reducing its
rigidity.The actuators are supported by gluing them to a fiber glass frame at either end of the

actuator to mount it within the fin aero-shell. The resulting actuator is shown in Fig, 2.6(b).
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CHAPTER 3

CONFIGURATION OF SMART FIN
This chapter deals with the configuration of smart projectile’s fin. It also presents the

experimental setup for the laboratory tests and also for the wind tunnel tests.

3.1 Configuration
The smart fin is actuated using cantilevered piezoelectric bimorph actuator, Fig. 3.2.The
discussion about this actuator is found in chapter 2. The fin and the right end of the actuator
are connected using a hinged connection, as shown in Fig. 3.1. This figure also shows the

placement of the actuator within the aero-shell.

3.2 Prototype of Smart Fin

A prototype of the smart fin is developed as shown in Fig. 3.3. The aero-shell of the fin is
created using a rapid prototyping machine. It has a N ACA0026 profile with a chord length
and a span of 177.8 min and 106.7 mm respectively. Two MFCs (Model No. M8557P1—5H2)
[56] are bonded using adhesive epoxy(3M’s DP 460 Epoxy). The actuators are attached to
two strips of fiber glass on either side. Table 3.1 summarizes the geometrical properties of the
actuator as shown in Fig. 3.4(a). The MFC can operate between -500 V to +1500 V. Two
differential amplifiers, which can supply -1000 V to +1000 V, are used to apply the voltages

to MFC’s. Due to symmetry, V2 is set to be equal to -V1 in Eq. ( 2.2).
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Figure 3.1: Schematic Diagram of the Smart Fin

3.3 Encoder -

A through—shaft incremental encoder, Fig. 3.4(c), (15T-05SB-2500N5QHV-F03, Encoder
Product Co.), is used to measure the rotation angle of the smart fin. This encoder requires
external hardware to setup home position of the smart fin. The encoder gives a quadrature
signal with 2500 counts of pulses per quadrature, which gives a resolution of 0.036 degrees for

angular measurements.

Figure 3.2: Piezoelectric Bimorph Actuator
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Figure 3.3: Smart Fin Prototype

3.4 Test Setup
Real-time control software (Quanser WINCON4.1, Multi — Q3 Terminal board) is
used to control the smart fin. The layout of the experiment is shown in Fig. 3.4(b). In
addition to conducting bench-top experiments as shown in Fig. 3.3, testing is also conducted
inside the UNLV subsonic wind tunnel, Fig. 3.4(d). This wind tunnel can generate wind speed
up to 100 mph. A metric rotary stage, shown in Fig. 3.4(e), is used in this case to change the
angle of attack (@) of the fin inside the wind tunnel. Figure 3.4(f) shows a detailed view of

the setup.
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(a) Geometry of the Piezoelectric Bimorph Actuator

(b) Overall Setup for Experiment

(c) Through-Shaft Incremental Encoder
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(d) Experimental Setup inside the Wind Tunnel

(e) Metric Rotary Stage

(f) Detailed View of the Experimental Setup
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Table 3.1: Characteristics of the Piezoelectric Bimorph Actuator

Variable Glass fiber MFC
Length (mum) Ly =17 L =110
Active Length (mm) N/A Ly =85
Active Width (mm) ... N/A L,=125
Width (mm) by =175 b, =175
Height (mm) hy = 0.5 hy, =0.3
Modulus of Elasticity (GPa) E,=03 E,=03

Piezoelectric strain constant (m/V) N/A
Electrode Spacing (mm) N/A

das = 427.5X10712
e; = 0.5
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CHAPTER 4

MODEL DEVELOPMENT

There are basically two ways of building models of systems— the mathematical modeling
approach and the identification approach.

Mathematical modeling is the most common and conventional method in Western science
and technology. By this approach one starts with decomposing the system into its subsystems,
and subsystems into their elements; then one writes down the equations for each element based
on first principles, e.g., physical laws; and finally one forms the system model by putting the
equations together according to the interrelations between the elements and the subsystems.
Some people also call this approach physical modeling. From the methodological point of
view, this is typically a reductional, rational and analytical approach.

System identification can be defined as driving system models from observations and mea-
surements. In this approach, the system is viewed as a whole; there is perhaps no need or
intention to analyze each element of the system; the system’s behavior is observed by mea-
suring some relevant variables; and a model is chosen such that the behavior fits best the
measurement. By this approach one does not attempt to go deep into the system, the precise
physical knowledge of the system elements and their interrelations is not necessary; therefore
identification is also called black-box modeling. Identification is a new branch in the field of
dynamic systems and control; and is formally founded about 25 years ago.

This chapter includes the modeling of the smart fin using mathematical and system iden-

tification approaches and comparison between these two models with experimental results is
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Figure 4.1: Hinge location and Schematic of tapered fin

also included in this chapter.

4.1 Mathematical Model

This section deals with the mathematical modeling of the smart fin system. As shown in
Fig. 3.1, the fin is free to rotate about the hinge joint fixed to the projectile body and one
“end of the actuator is fixed to the projectile body and the other end is connected to the fin
using another hinge joint fixed to the tail side of the fin. The fin is considered as rigid and its
rotation angle is assumed to be small and planar.

4.1.1 Finite Element Approach

The dynamics of the flexible bimorph is described by using the finite element approach,
which is considered as composed of finite elements satisfying Euler-Bernoulli’s theorem. The
beam is divided into n elements with equal length of L;,(i = 1,..n). The displacement w of

any point on the element 7 is described in terms of nodal displacement, w;, and slope, ¢;, at
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Figure 4.2: Canard normal force versus canard deflection angle, Mach 0.5, —10° < & < 10°

node 7 and ¢ + 1, respectively and is expressed as

where ¢; = (w;, ¢4, wiy1,0i41)7 and N = (Ny, N, Ny, Ny) is the shape function with

Ny = H(2zf - 357 + L)

-

Ng = fg(mf‘Li —_ 216'?[1;2 + lsz)

—~
>
b

~—

(=23 + 327L))

Z
|
e

]V4 = flq(I?Lz—Z’E?Lzz)

where x; is the element local coordinate variable defined along the bimorph neutral axis. The

velocity of any point in element 7 can be expressed as

P = [Nlg; ' (4.3)
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and the kinetic energy of an element is

1 1.y
K'E,L = '2—/0 /),'.P’I PdT,_ = §qzl m,qa (14:)
where, p; is the combined density of the beam and piezoelectric film per unit length of element

7 and the mass matrix 1, becomes

Ly
m; = / piNTNd.’L','_ (45)
0 .
The complete 2D beam element mass matrix is [57]

13 2 9 —13 2
'3_5'piL'i 21()sz ’7T)PiLz‘ 120 PzL

'z_lilﬁszf 105piL3 Zlﬁ%sz? 140PLL3
m; = (4.6)
9 K 4 -

whili ekl BEeile Fgel?

—13, 72 —=1,73 =11, 12 3
120'01[” Pl Sl 105/"[‘

L -

The kinetic energy of the fin is
1 .. Jr,
KE; = §w,fv+qizw_w+l (4.7)

where, Jy is the mass moment of inertia of the fin.

The potential energy of an element is

. 1[5 Sw 0 w
PE; = 3 /0 ——(EI o+ eulz, 1) (4.8)

P4

where EI; is the product of Young's modulus of elasticity by the cross-sectional area moment
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Figure 4.3: Canard hinge moment versus canard deflection angle, Mach 0.5, —10° < o < 10°

of inertia for the equivalent beam for an element 7 in the x-y plane respectively. If the
piezoelectric actuator has a uniform voltage is applied along it’s length, u(z, ) can be assumed

to be function of time only. The potential energy of an element can be further expressed as,

PE; = Loy + L’(.zN)d ) (t))+1 . ul(t) (4.9
qz i qz(o g7 i) S ET, .9)

where, stiffness matrix of element i, k; is represented as

= [ e (410)
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The complete 2D beam element stiffness matrix is , [57]

12EL,  6El; —12EI, 6EL
f# L2 7 %]
4 . 1
6EL AEI; —6BL 2B
L L; L? L; :
~12EL; -6El; 12EL; —SEI;
L3 L7 3 L?
SEL 2EI; —6BL  4EI
| Iz L; L? Li |
Using Lagrangian dynamics, the equations of motion for an element, 7, are
SKE; ,
d( 3¢, ) OKE; JOPE;
—( )+ ( y=0 (4.12)
dt Ag; dg;

The terms with u are moved to the right hand side of the equation. They correspond to
the force matrix of a distributed moment that is replaced by two concentrated moments at

the two nodes. The equation can be expressed in matrix form as
M;g; + Kiq; = Bi(—cu(t)),i=1,..,n—1 (4.13)

where B; = (0,—1,0,—1)7 which represents two concentrated moments at two nodes of the
element ¢ and M; is the mass matrix. The equation of motion including the mass of the rigid

fin for the last element is

00 0 O
00 0 O
MyuGn + gn = Bp(—cu(t)),i=1,..,n—1 (4.14)
00 % 0
00 0 O

where J; is the mass moment of inertia of the fin. The equations derived for each element

30



|

g &

[

Effdctvi Vielage vy
&r

J

Figure 4.4: Excitation Signal

can be agglomerated after expansion and matrix reduction from the boundary conditions of
cantilever beam as follows:
MG+ Kq = Byu(t) (4.15)
where g = (wy, @2, ... Wny1, Pup1)? € R, M € RI:AZ K ¢ R B, € R X 4 =0
&
and ¢; = 0. Considering the hinge connection between the bimorph and the aero-shell, the

fin angle can be expressed as

5= tan (%)

(4.16)
where L is the total length of the beam and d;=wy,,, is the tip displacement of the beam. It
can be approximated as § = &;/L for small fin angle.
4.1.2 Aerodynamic Moment
The fin is subjected to an external aerodynamic moment induced by the incidence angle
of attaék, a, and the fin deflection angle, 8. Predictions of the external aerodynamic moment

have been made using computational fluid dynamics techniques to determine the entire flow

field over a generic smart projectile configuration, [53]. This allows a realistic determination
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of the aerodynamic moment due to angle of attack and fin deflection angle subjected to the
interference effects of the projectile body. Calculations were performed over a range of angle
of attack and canard deflection angles at a representative glide phase Mach number of 0.5.
From these aerodynamic predictions, the canard normal force, normal force center of pressure
and hinge moment were determined by integrating the pressure and shear forces over the
canard surfaces. In the predictions, both the top and bottom canards were deflected to the
same deflection angles in each computation and canard performance for both the upper and
lower canard were determined. In the analysis presented here, the canards are modeled with
a gap between the canard and the body, although no attachment hardware is modeled in the
simulations. The canards are placed in the x-configuration with respect to the pitch-plane (the
stable configuration with respect to roll). Flow symimetry across the pitch-plane is éssumed.

The schematic of the tapered fin and also the predicted normal force center of pressure
at M=0.5 for angle of attack of 0, 5, 10 degrees and cana.rd deflections between -10 and 10
degrees is shown in Fig. 4.1. The canard normal force versus canard deflection angle for angles

of attack of -10 to 10 degrees for the upper canard is shown in Figure 4.2. For zero degrees
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angle of attack, the canard normal force varies linearly with canard deflection angle up to 10
degrees angle of attack. Linear variation of the canard normal force with canard deflection
angle was also observed at higher angles of attack.

Figure 4.3 shows the computed aerodynamic hinge moments versus canard deflection angle
for angles of attack of -10 to 10 degrees. Although the trend is generally decreasing with canard
deflection angle, the variation is somewhat nonlinear with deflection angle. The curves of the
Figure 4.3, can be linearized to describe the external moment and it can be accurately modeled
as a linear function of the fin angle with a bias term and a reasonable model can be expresséd

as

me = Maola) + pa(a)s. (4.17)

= meo(@) + pafa)L e g (4.18)

where p,(a) is a polynomial in the angle of attack, a, p.(a) = po + pr&¥ + ..... + pra* (k is a
positive integer) and e*7 € R?" is a unit vector whose (2n — 1)** element is one and rest are

zero. The modified fin model including aerodynamic moment takes the form
Mg+ Kq = Byu(t) + Bym, (4.19)

where B, = (0, ....,O,I,O)T € R,

A stall is a sudden reduction in the lift forces generated by aerofoil. This occurs when the
critical angle of attack of the aerofoil is exceeded, typically about 14 to 16 degrees. The smart
fin can operated upto 10° angle of attack in real-time. So, there is less possibility to fall in
the stall effect. Still, studying stall effect of these fins and also including these effect in the

mathmematical model is of interest in the future work.
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Figure 4.6: Zoomed.view of 4.4 and 4.5

4.2 Model Identification
Model identification techniques are used to obtain a model of the smart fin prototype. An
input excitation signal that is rich enough should be used to allow accurate representation of
the fin dynamics. Using MATLAB Signal Processing Toolbox,[58], a logarithmic sweep chirp
signal is generated and fed to the actuators. While other types of chirp signal are available,
logarithmic sweep is selected as it could generate a large range of frequencies starting from a
low frequency within a relatively short time. The input signal:

Yehirp = ‘4605(¢(t) + ¢O)
: (4.20)

(1) = A2 [§ ol g™

The definition and values of parameters used in Equation 4.20 for the target sweep are
shown in Table 4.1. The selected chirp signal (effective voltage in volts) is shown in Fig. 4.4.
The response of the system for the above signal (fin angle in degrees) is shown in Fig. 4.5.

A combined zoomed view of Fig. 4.5 and F1g 4.4 is shown in Fig. 4.6, which shows that the
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Figure 4.7: Bode plot of the identified smart fin model

fin exhibits a lag due to the hysteresis behavior of piezoceramic actuator. It is decided to avoid
the complexities of creating a nonlinear model that can accurately represent the fin. Instead,
a linear model that best fits the input and output data is used. The developed controllers
should have the robustness to account for any inaccuracy in this model.

The effective voltage and fin angle signals of the fin as shown in Fig. 4.5 and Fig. 4.4
are fed to MATLAB Systemn Identification Toolbox (V.6.0.1), [58], to obtain model of the
system. Various experimental system identification techniques, including the robust quadratic
prediction error criterion (ARMAX), are used to create the models of the smart fin system.
However, it is found that the prediction error method algorithm with using a 3" order model is
found to give the best estimation of the smart fin system. The obtained model can approximate
the first mode of the system. The resulting transfer function of the smart fin prototype is:

(s
G(s) = V((&)) (4.21)
3.3555 + 42.0717

= 4.22
83 4+ 12.71s2 + 133451 + 6656 ( )
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Figure 4.8: Comparison between measured and simulated data

where s is the Laplace variable, #(s) is the in fin angle in degrees, and V,(s) is an effective
voltage in volts, which is the average of absolute sum of two individual voltages Vi and V5.
The Bode plot of the smart fin system is shown in Fig. 4.7. The same input signal is fed into
Equation 4.22. The resulting output of the simulation is compared to actual output as shown
in Fig. 4.8. The correlation factor between measured and simulated data is found to be 65.4%

The variation in the results can be explained by the nonlinear nature of the MFC actuator.

4.3 Comparison: Mathematical Model and Identified Model
The comparison is done between two developed models i.e. mathematical model and iden-
tified model. The open-loop step response of the fin for the effective voltage 1000V is shown in
Fig. 4.9. The developed two different models predicted almost similar response for the step
signal. Therefore, we have the flexibility to use either model to design the controller for the ro-

tation angle of the smart projectile fin.
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Figure 4.9: Open-loop Step Response of Smart Fin

Table 4.1: Characteristics of the Excitation Signal

Variable Value
A (scale factor, Volt) 750
@o (initial phase, Rad) 0.0
t, (target time, sec) 335
fo (initial frequency, Hz)  0.003
fi(t,) (target frequency, Hz) 100
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CHAPTER 5

FUZZY LOGIC CONTROL
This chapter presents two kinds of fuzzy logic controller for controlling the rotation angle
of the fin. One is based on genetic algorithm and other one is based on inverse dynamics of

the smart fin.

5.1 A Structure for the Fuzzy Logic Controller

A PD-like fuzzy logic controller is proposed in this work. The controller uses errors of
the fin angle, 3, and its angular velocity,ﬁ . with respect to reference time-history, 3, and 3,
respectively, as the inputs to the controller. These errors are defined as eg and €45 respectively
in the remainder of this work. The proposed fuzzy logic controller determines the desired
change in vdltage required for both MFC actuators bonded each other to reach the desired
fin angle trajectory, Au(t), which is added to the voltage of the previous sampling interval
u(t — At). Figure 5.1 shows the structure of the proposed fuzzy logic controller for the fin
angle.

In this chapter, couple of controllers are designed. One controller is based on Genetic

Algorithm (GA) and other one is based on inverse-dynamics.

5.2 GA-Based Fuzzy Logic Control
Five membership functions are used to describe each of the three variables: negative big

(N B), negative small (NS), zero (Z), positive small (PS) and positive big (PB).
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Figure 5.1: Structure of the Smart Fin Fuzzy Logic Controller

5.2.1 Rules for the Controller

The rules for the controller are based on intuition and observations of inertial systems.
The goal of the fuzzy controller is to maintain the fin along a desired trajectory. The rules of
the fin fuzzy controller, Table 5.1, are selected such that if the fin angle is approaching the
correct position or if the fin angular velocity error belongs to the zero function, the controller
will produce no change in voltage. Rulés are selected such that the controller produces change
in voltage only when the tip is moving away from the desired target position.

The degree of membership of a controller output can be related to those of the controller

inputs by the following relationship,

wu(y;) = min(pa(Xa), pp(Xa)....-ic(Xom)) 1)

The centroid method is used in this article for defuzzification. Discussion at the remainder

of this work is limited to Gaussian curve membership functions, whose form is,
wfz—-c)2
u(z,0,¢) = e 372 (5.2)
The Gaussian curve membership function has the advantage of being described using only
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Figure 5.2: Block Diagram of the Algorithm used for Tuning Membership functions of Fuzzy
Controllers

two parameters. These parameters are ¢ that determines the center of the function while o
controls its shape.
5.2.2 Tuning of the Fuzzy Controller Using Genetic Algorithm

The performance of a fuzzy controller depends on the range of its input and output vari-
ables and shape of the membership functions. While a good estimate of these membership
functions may be available through experience in some cases, such estimates may not available
or may be only obtained by operating the system extensively. An automated method to tune
the membership functions of the fuzzy controller is therefore proposed.

Genetic Algorithms (GA’s) can be useful to achieve this objective. Classical optimiza-
tion algorithms, which start from a given point and proceed toward the minimum based on
pre-defined criteria, suffer from the tendency to be trapped in a local minimum, especially
for problems with a large degree of dimensionality. On the other hand, genetic algorithms
are stochastic methods that are based on natural selection and genetics. While genetic al-
gorithms can be effective in optimizing systems with a large number of variables and many
local minima, they are computationally intensive. Hybrid genetic algorithms address this de-

ficiency by combining genetic algorithm with traditional, nonlinear programming to improve
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performance. GA’s have been successfully used to eliminate vibration of beams and plates
by several investigators, such as, [35], [36], [32], [33], [34], [59]. [37]. A bybrid GA is used in
this work. The algorithm is labeled, Hybrid Fuzzy Simplex Genetic Algorithm (HFSGA) [39].
This algorithm accelerates the search while maintaining the ability of genetic algorithms to
avoid being trapped at local minima.

A fuzzy controller may have many, or an infinite number of, "acceptable” designs. Evalu-
ating the claim that a certain controller is good depends on some criterion that measures the
performance of the system. Therefore, the tuning process starts by defining a performance
index that measures the controller’s performance. Different forms may be more appropriate

for other problems. The performance index chosen in this case is

nt
PI = (e + Qelg,) (5.3)

4=1

where, nt is the total sampling time divided by sampling interval. () is a weighing factor

that is used to give more importance on angle or angular velocity errors.
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In the absence of gravity, it is fair to assume that membership functions are Symmctrical.
The problem is then modeled as having fifteen variables (genes) that correspond to the
shapes (Z, PS,andPB) and centers of the membership functions (PSandPB) of: and and
Au(t) respectively. Each variable is represented by real numbers. The objective is to minimize
a performance index in the form of the above equation.

The Tuning process of the fuzzy logic controller can he represented by the block diagram

of Fig. 5.2. The system has three blocks:

1. Plant: The system that will be controlled. It receives controller inputs and produces

sensors outputs.

2. Fuzzy Controller Trainer: This trainer uses Hybrid Fuzzy Simplex Genetic Algorithm
(HFSGA) to evaluate the system performance index. It suggests modifications of the
membership functions to minimize this performance index. An overview of HFSGA is

presented in the following section.
3. Fuzzy Controller: Fuzzy controller produces the inputs for the plant.

42



Ji
3

S,

Degres of rmembesstin
[ E:

Figure 5.5: Membership Functions, Au

5.2.3 Tuning the Smart Fin Fuzzy Controller Using Hybrid Fuzzy Simplex Genetic
Algorithm (HFSGA)

The model of Equation 4.22 and Table 5.1 is used to train the fuzzy controller. The
desired angular rotation of the fin is from zero to —3 degrees within one-time step. The
number of samples, nt, is equal to 1000 samples over the simulation period of fifteen seconds.
(Jis assigned a value of 0.1 based on several trials.

An initial population of 225 chromosomes is randomly generated. The algorithm selects
50 % of the population with the best fitness value as parents, as well as members, of next
generation. The rest of the new population is generated by crossing over two randomly chosen
parents using the weighted average operator. A mutation rate of 0.01 is selected. The positions
of the mutated strings are included in an array of random integers that are selected from the
array:

[1,2,, Populationsize * Numberofstrings]. The values of these mutated strings are ran-
domly generated. The member with the best fitness in cach generation is used as the initial

point in a search using Fuzzy Simplex algorithm. The controller was tuned for the case when
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Figure 5.6: Surface of the Fuzzy Output Variables, Au

angle of attack is equal to zero. The membership functions of the member with the best value
of the performance index at the final generation are shown from Figs. 5.3 through 5.5. The
surface of the fuzzy output variable, Au, is shown in Fig. 5.6. Membership functions and
surface of the controller has greater sensitivity to es than to esg within the considered ranges
of the angle and angular velocity that are under consideration.
5.2.4 Simulation Results

A computer program is developed to simulate the system with designed fuzzy logic con-
troller. Figure 5.7 shows simulation results for the proposed controller, which results in 11 %
overshoot and a zero steady state error after 1.5 seconds. Figure 5.8 shows the corresponding
effective voltage of the controller.

5.2.5 Experimental Results
This section discusses the validation of the developed fuzzy logic controller by testing it

within a subsonic wind tunnel under no-wind and wind conditions.
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Performance under no-wind conditions

The proposed fuzzy controller is verified for no-wind inside the wind tunnel. The refer-
ence fin angle, 5;, is set to be —3°. Experimental data is collected at every 0.015 second.
The experimental results are shown in Fig. 5.9 and Fig. 5.10. The controller successfully
accomplishes the desired fin angle with zero steady state error after 2.0 seconds with 6.8%
overshoot. Figure 5.10 shows that steady state value of the required voltage needed to reach
the desired fin angle is significantly below the value obtained during simulation, while the
peak voltages in both cases are comparable. This difference may be explained by the higher
level of non-linearity of the actuator at low frequencies as shown in Fig. 4.6 and Fig. 4.8.

Assessment of the Controller’s Robustness

As the smart fin will be operated under different circumstances, the controller should
be robust enough to reject the disturbances. Two experiments are conducted to assess the
performance of the proposed controller. In the first experiment, a disturbance is created using
a compression spring (spring constant 74.60 N/m) and XY Z stand as shown in Fig. 5.11. After

the target angle, 34, is reached, the XYZ stand is used to push the spring against the middle
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of the smart fin. As Figure 5.12 shows, the controller is able to overcome the disturbance
and return the fin to the target angle within five seconds. Figure 5.13 indicates that the
effective voltage reaches the saturation value (—750V") for a brief period while overcoming the
disturbance. Figure 5.13 also shows that steady state voltage after the introduction of the
~disturbances is higher than in the case without disturbance as can be expected.
Performance under Wind Loading

The second experiment details the performance of the proposed controller in the wind
tunnel under varying operating conditions. As stated earlier, model identification is conducted
under no-wind conditions. It is assumed that the fuzzy controller is robust enough to handle
disturbances caused by wind pressure that induce aerodynamic moments on the fin.

The smart fin is therefore tested under various angles of attack, a, Fig. 1.1. The following
values of & are used: 15,10,5,0, —5, —10, —15 degrees. A wind velocity of 40.23meter /second
(90mph) is used to test the controller. The reference fin angle, By, is set to be —3° for
all cases. The time histories of the fin angle for different angles of attack are shown in

Figs. 5.14, 5.16, 5.18. The corresponding effective voltage results are shown in Figs. 5.15, 5.17, 5.19.
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Figure 5.9: Fin Angle Response under No-Wind Conditions

The results are plotted in separate figures for clarity. The controller is able to successfully
track the target angles even in the presence of aerodynamic disturbance. The results show
that as the angle of attack increases, the response time and effective voltage required to reach
the target angles increases. Target angle is reached in less than a second in all cases. The
effective voltage to the MFC’s indicates a gradual increase in power demands as the angle of
attack increases. Effective voltage reaches saturation value (—750V) for momentarily in all
cases except when angle of attack, «, is equal to 0, —5, and —10 degrees.
5.2.6 Conclusions

The identified model is used to design a fuzzy logic controller for the fin. Hybrid Fuzzy
Simplex Genetic Algorithm (HFSGA) is used to tune the performance of this controller by
varying the ranges and shapes of the membership functions of its input and output variables.
Several experiments are conducted inside and outside the wind tunnel to assess performance

of the fuzzy logic controller. Results show that experimental results are comparable to sim-
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Figure 5.10: Effective Voltages to the MFC’s under No-Wind Conditions

ulation. Results also show that the fuzzy controller is robust enough to overcome various

operating disturbances and subsonic wind velocities.

5.3 Inverse Dynamics based Fuzzy Controller

Fuzzy logic control has an intuitive nature, which may work well in controlling simple
systems. However, Smart fins offer several challenges. Seven membership functions are used
to describe each of the three variables: negative big (N B), negative medium (N M), negative
small (NS), zero (Z), positive small (PS), positivé medium (PM), and positive big (PB).

5.3.1 Rules for the Fuzzy Logick Controller

The rules for the controller are based on a previous work, which showed that the control
surface is more sensitive to changes in es(t) than eqg(t). The rules of the fin fuzzy controller,
Table 5.2, are selected such that if the fin angle is approaching the correct position or if the

fin angular velocity error belongs to the zero function, the controller will produce no change
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Figure 5.11: Top View of the Disturbance Test Setup

in voltage. The proposed rules attempt to use the strain energy of the beam to dampen
vibrations. Rules are selected such that the controller produces change in voltage only when

the tip is moving away from the desired target position.

5.3.2 Gaussian Membership Functions
The membership functions for all variables are symmetrical about the zero value of each
variable. Membership functions for a variable an input or output variable of the controller, 7,

are arranged according to the following equatibns.

opBy = 1nCPBy (5.4)
CPxM,r; = 5r)CPB,'r; (55)
OpMagy = 5q0PB,n (56)
Cpsy = 0,Cpury (5.7)
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Figure 5.12: Fin Angle Response under Disturbance

(fps,-,, = ‘sncPi\rI,n (58)
Cz,r) =0 (5‘9)
Czn = 0,Cps, (5.10)

where 7, and 4,, are design parameters controlling the mean and the standard deviations
of the Gaussian membership functions. These two variables in addition to Cpg, control the
shape and distribution for other membership functions for a variable. These design parameters
are to be selected by the user to achieve best performance. Due to symmetry of membership
functions, equations similar to the above ones can be written for the NB, NM, and NS
membership functions. Fig. 5.20 shows typical distribution of mermbership functions for input

and output variables respectively.
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Figure 5.13: Effective Voltages to the MFC’s under Disturbance

5.3.3 Defining the Ranges of the Variables using Inverse Dynamics

The proposed controller depends on the ranges of input and output variables. Instead
of leaving these ranges static or empirically modify them, this work proposes a method for
adjusting these ranges whenever the characteristics of the smart fin and its actuator or the
desired path change. The ranges of input variables are chosen as a function of the desired fin
rotation history motion and system parameters.

The process starts by identifying a desired fin angle history, 4. In this work, bang-bang
profile for a time of ¢; with equal acceleration and deceleration periods, t,, is used. The

corresponding tip displacement of the piezoelectric actuator is,

Wnp+1d = ’LUd(L) - ;3dL (511)

Using the deflection equations for a cantilever beam with concentrated moment at the
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Figure 5.14: Fin Angle Response at Angle of Attack 0° and 40.23 m/s Wind Velocity

tip, the displacements and rotations of the other nodes can be described in terms of the

displacement of tip (node n) as follows,

2
x’
Wia = Wnt1d T3 A (5.12)

2
¢i+ld = Wptid 5 (513)

7

, T
Qir1d = ¢n+1d—l_l (5.14)

Based on the rearranging the dynamic equations of the smart fin, Eq. (4.19), the forces

needed to produce a desired path, can be expressed as,

Bo(ug(t)) = Mda + Kgq — Arga — Br (5.15)
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where, Ap = p,(a)L™'e*T, Bp = my

Ga = [Wag, P2, - Wny1d: Prird]” (5.16)

Since the elements of By matrix are all zeros except the last row, Eq. (5.15) can be reduced

to,

1 "
’U,d(t) = B()2 (A/Iand + K2nQd - A2n‘]d - B2n) (5'17)

The change in desired voltage is,

Aud(t) = ud(t) - ud(t —Ab) (5.18)

The maximum absolute value of Auy(t) corresponds to the center of gravity of the PB
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Figure 5.16: Fin Angle Response under negative Angles of Attack and 40.23 m/s Wind Velocity

membership function of Au. For this output variable, the maximum value of the PB mem-

bership function, Cpp A, can be calculated using the following equation:

2

- (I_CPD.Aex)

—y e
29pR.Au

Cpp.auze d
' Xz
CGppau = foo 3
= ~{z-Cpp Ay)
254
GPB,AMC PB.,Au
I i

Solving the above equation symbolically shows that,

CPB,Au = RAu(CGPB,Au)

where,
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Figure 5.17: Effective Voltage to the MFC’s under negative Angles of Attack and 40.23 m/s
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The ranges of the two controller inputs are,

Cpp.e, = Re,;maz(3y) (5.22)

CPB,(:a;a = Rﬁdﬁ max (/Bd ) (5.23)

To evaluate the effectiveness of the proposed controller, the following performance index chosen
n,
nt
Pl = Z(e?ﬁ + €35) (5.24)
P
where, nt is the total sampling time divided by sampling interval. Time to desired target,

which is defined at the time instant when angle error is permanently less than 0.01 degree is

also used to assess the performance of the controller.
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Figure 5.18: Fin Angle Response under positive Angles of Attack and 40.23 m/s Wind Velocity

5.3.4 Simulation Example
A computer program has been developed to simulate the dynamics of the fin and actuator.
The mass moment of inertia of the fin, J;, is equal to, 0.001 kg—m?. The physical parameters
and mechanical properties of the smart fin actuator and glass fiber used in this sirhulation are
listed in Table 5.3 & 5.4 respectively. The smart fin characteristics are different from chapter
3 and also from the above controller [53]. Dimensional moments have been obtained from the

CFD results presented previously are represented by following equation,
M, = (-0.7097 | a | —0.1212)3 — 0.189¢ (5.25)

where a and 3 are expressed in radians and the resulting moment is expressed in V — m.
The beam is modeled using five elements of equal length. The range of the angle of attack

a and the fin angle  are both 10 degrees. The desired acceleration profile is bang-bang with
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Figure 5.19: Effective Voltage to the MFC’s under positive Angles of Attack and 40.23 m/s
Wind Velocity .

0.5 seconds each for acceleration and deceleration. The number of samples, nt, is equal to
400 samples over the simulation period of twenty seconds. It is assumed that voltage is zero
at the beginning of the simulation. Initial fin angle is calculated based on deviation from the
zero position due to the aerodynamic moment.

In this vvqfk Res and R.45 are chosen as 0.005 and 0.20 respectively. 7.3, Veas, and yaq
are chosen to be, 0.4, 0.4, and 0.4 respectively. Similarly, d.s, 0eqs, and da, are chosen to be,
0.8, 0.8, and 0.8 respectively. These values are shown since they proved to result in a stable
controller over large range of opefa.ting conditions and system parameters which will be shown
later. Several case studies are considered as shown in Table 5.5.

The controller was successfully tested for the case studies of Table 5.5. The results, which
are summarized in Table 5.6, show that the controller moves the fin toward the desired angle.

Stable solutions are consistently produced in all cases. In each of these cases, a different
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controller was generated based on inverse dynamics and the motion characteristics in each
case. Fig. 5.21 and Fig. 5.22 show the controller surface for Case C and Case F respectively.
Comparing these two figures demonstrates that the range of e;(t) and ey5(t) decrease as the
desired travel decreases while the desired time remains unchanged. A similar reduction is
observed in the output of the controller. The results of Case C are shown in Fig. 5.23(a) and
Fig. 5.23(b) while the results of Case F are shown in Fig. 5.24(a) and Fig. ?? respectively.
The figures exhibit limited overshoot in both cases. The voltage signals in both cases are
smooth.

To further evaluate the advantage of the proposed approach, Case C was repeated when
the length of the fifth element was increased from 5 mm to 10 mm. The new control surface
is shown in Fig. 5.25(a), which shows that the range of ey(t) and ey3(t) slightly increase,
when compared to Fig. 5.21. As the flexibility of the actuator decreases, the output of the
controller is automatically scaled up. The performance index increases from 2.399e — 005 to

2.7295¢ — 005. The results of this case are shown in Fig. 5.25(b) and Fig. 5.25(c) respectively.
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Figure 5.21: Control Surface Case C

5.3.5 Robustness of the Controller

To assess the robustness of the proposed controller, Case C of the previous section is
subjected to disturbance by doubling the aerodynamic moment between 2 and 3 seconds.
As expected, the controller produced some angular oscillations that were eliminated by 4.6
seconds, Fig. 5.26(a). The performance index increases from 2.399¢—005 to 1.2693e—004. The
corresponding voltage to the piezoelectric actuator exhibits some overshoot when compared
to Case C, Fig. 5.26(b).

5.3.6 Conclusions

The mathematical model based on finite element approach is used to design a controller.
This work presents a method for adjusting ranges of variables for the inputs and outputs of
the fuzzy logic controller according to the system characteristics and desired motion using
inverse dynamics equations. The relative shapes and distribution of membership functions
with respect to each other are maintained fixed. The proposed method has the advantage of
avoiding guessing acceptable ranges of the variables.

Results show that the controller can successfully function under various operating condi-
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Figure 5.22: Control Surface Case F

tions. The robustness of the controller is verified. The procedures presented in this work can

be applied to other systems that are difficult to characterize.

Table 5.1: Rules for the fin fuzzy controller

est) = NB NS Z PS PB

eqp(t) §
NB NB NS Z Z Z
NS NS Z Z 7 Z
A Z Z Z 7 Z
PS 4 Z 7 7 PS
PB Z Z Z PS PB
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Table 5.2: Rules for the fin fuzzy controller

es)> NB NM NS Z PS PM PB
eqs(t) 4

NB NB NM NS Z 7 7 Z
NM NM NS Z Z 7 7 y/
NS NM NS 7Z Z 7 7 PS
Z NS Z Z Z 7 7 PS
PS NS 2Z Z Z 2 PS PM
PB y/ Z Z Z PS PM PB

Table 5.3: Characteristics of the Smart Fin Actuator

Variable Piezoelectric Actuator
L (mm) 25
p (kg/m3) 7500
b (num) 40
h (mm) 03
E, (GPa) 30.34
ds3 (m/V) 427.5e-12

Table 5.4;: Characteristics of the Glass Fiber

Variable  Glass Fiber
Ll (Imn) o
p (kg/m3) 1800

b (mm) 40

h (mm) 0.3

Table 5.5: Typical Case Studies

Angle of attack o (degrees) —10 0 10

0.725 to 10 (A) 0.0 to 10 (B) _ -0.789 to 10 (C)
Fin angle motion 3 (degrees) 0.725to 5 (D) 0.0 to 5 (E) -0.789 to -5 (F)
0.725 to -10 (G) 0.0 to-10 (H) -0.789 to-10 (I)
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Table 5.6: Results of the Case Studies

Case Study Performance Index (PI) Time to Desired Target (seconds)

A 1.6231e-5 2.35
B 1.8912e-5 2.40

7 2.2443e-5 2.45
D 3.4997e-6 2.30
E 4.728e-6 210
F 6.6273e-6 2.30
G 2.2071e-5 2.40
H 1.8912e-5 2.35
I 1.6005¢-5 2.35
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CHAPTER 6

ADAPTIVE CONTROL

This chapter starts with state variable representation of the smart fin model. It also
presents three kinds of adaptive control systems which can track the desired trajectory. All
three adaptive controllers are designed for the control of fin angle and rejection of aerodynamic
disturbance input. As smart fin is operated under various operating conditions, the designed
adaptive controllers can modify the control law by itself to the track the reference trajectory
by overcoming the disturbances. For the purpose of controller design, it is assumed that the
model parameters are not known. The input signal is the voltage applied to actuator and the

output variable is chosen to be the rotation angle of fin for all three controllers.

6.1 State Variable Representation
As derived in Chapter 3, the modified fin model including the aerodynamic force takes the
form

M{+ Kq = Byu(t) + Bym, (6.1)

where B, = (0, ....,0,1,0)T € ®2". Using (4.18) in (6.1) gives

§=—M"K,.q+ M7 Boult) + M 'e*v(a) (6.2)

where K, = K — p,(a)L'e*e”.

M and K, are positive definite symmetric matrices. As such there always exists a non-
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singular matrix V such that
VIMV = Lyyz2n. VTI{*mV = (0 (63)

where (2 = diag(22), i=1,.....,2n. In general, frequency {}; may not be distinct, but numerical
computation for the fin model shows that Q; # ;, 7 # j. (Of course the adaptive law design
of Section IV remains valid even when the frequencies are not distinct.)

Defining n = V14, one obtains from (6.2) and (6.3)

it = 0% + VT Bou(t) + VTe*v(a)
(6.4)

= 927] -+ Bl‘lL(t) -+ Fl’U

where B; = VT By € #2" and F} = V7¢*. The model form, (6.4), has no damping. However,
there is nonzero structural damping for any elastic body. As such it is common to introduce

a dissipation term proportional to the rate 7. Introducing a damping term of the form 2D},

where D = d'iag((i),i =1,.....2n,{; > 0, one obtains the system
fj = —2DQn — Q% + Byu(t) + Fiv (6.5)
The fin angle in new coordinates becomes
B=L1Tq=L"eTVny=Cy (6.6)

where Cy = L~ te*TV.

Defining the state vector z = (5,7)7 € R, a state variable representation of (6.5) takes
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the form

. OZnX 2n IZnXZn 0‘211,,-‘{1 O'Zn.X 1 -I
T = T+ U+ v
02 2D B F
(6.7)
= Az -+ Bu+ Fv

6.2 Adaptive Control: Nussbaum Gain Based
In this section, an adaptive control system based on Nussbaum gain is designed. It is
assumed that order of the model and its system matrices D, Q, By, Cy and F; as well as the
high frequency gain are not known. Furthermore, it is assumed that only the fin angle and
angular rate are measurable. Let y = 8+ po/3 be the controlled output variable, where g > 0.

Consider the reference trajectory generator of the form:

ﬂny111 = —Ym + y‘ (68)

where y* = 3* is the target value of the fin angle. We are interested in designing an adaptive
control system such that the y(f) asymptotically tracks the reference trajectory y,,. Note
that as y converges to y,,, [ converges to *. The complete closed-loop system including the

adaptive controller is shown in Fig. 6.1.

6.2.1 Control Law

A state variable representation of (??) can takes the form

i=AX + Bu+d (6.9)

where d = [0;x2.,, F¥v]T and B = [0yx2,, BY|T.
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Figure 6.1: Structure of the Adaptive Control System

There exists a coordinate transformation (not needed for design) such that (6.7) takes the

form
Xl B3 A14¥1 -+ b12y . da
(6.10)

Y=y X1 +bpy+ kpu + dy
where X; € R¥"-1 4, € Riv1X-1 4 € R js a constant vector, and d,, is a constant.

The parameter k, is the high-frequency gain. Furthermore, introduce a new vector z € Ri?

as
z=X;+ds (6.11)
where dj is yet to be selected. Then using (6.10) and (6.11) gives
2= Al(z - dg) +b12y+ da + d3
Y = az(z — d3) + by + kpu + dy (6.12)
Suppose we choose d3 to satisfy
ds = Ald‘; - da (613)
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that is

da(t) = — [y et d,dr

(6.14)
ds(0) =0
Then defining d;, — aads = dy, (6.12) gives
2= A1z + bioy ,
(6.15)

Y = aqz + bgz:lj -+ kp’l.t + d_f

Note that the zero dynamics of the system, when the output y is identically zero, have the

representation of the from

Since A, is Hurwitz, 2(¢) - 0 as t — oc.
Now following {60], the derivation of the adaptive law using the Nussbaum gain is consid-

ered. In view of (6.8), the reference trajectory is of the from
ym(t) = y* + (1) (6.17)
where §(t) is an exponentially decaying signal. Consider a signal z,,(¢t) which satisfies

Zn = A12Zm + b12Ym (618)

Defining Z = z — 2, and € = y — y,, we obtain the error equation

zZ= A12 + bioe

é = ap% + byge + kpu + [a22m + bo2¥m + df — Y (6.19)
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Since A; is Hurwitz, according to (6.17) and (6.18), z,, converges to a constant vector and

one has

Q2 + b22ym. + df —Um = kS + em(t) (6'20)

where kj is a constant and e,,(t) is an exponentially decaying signal. Using (6.20), (6.19) can

be written as

Z

.»4153 -+ blge

Il

€ = G9% + baze + kpu + k§ + en(t) (6.21)

Of course, the matrices A, b2, > and scalar parameters by, k,, kj are not known. Define a

regressor vector w and a parameter vector #* as

w=1le,1]T € N2

* o ky 1 2 6.22
6" = [ " € R (6.22)

where p > 0 is sufficiently large (yet to be determined). Let 6 be the estimate of 6* and
6 = 6 — §* be the parameter vector error. Since A, is a Hurwitz matrix, there exists a positive

definite symmetric matrix P satisfying the Lyapunov equation

ATP 4 PAy = =21 (6.23)

For the derivation of the control law, consider a Lyapunov function

V(e 2,0) = 1(ZTPs + €+ | k, | 67T10) (6.24)
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where [ is a positive definite symmetric matrix (denoted as I' > 0). The derivative of V along

the solution of (6.21) yields

V = 1T[ATP + PA,|Z + # Pbyse + efas? + base

+ kpu 4 k3 + e (D)4 | Ky | 67T 18 (6.25)

Now the control law and the adaptation law are chosen as

u = N(z(t))67 (t)w(t)
2(t) = 6T () w(t)e(t), Z(0)=z€R
N(z(t)) = 22(t) sin(z(t)) (6.26)

0 = Tw(t)e(t)

where N(z) is called the Nussbaum gain, which can take care of the sign of high-frequency
gain k.

Substituting (6.26) in (6.25) gives

V<= ZIF+ 11211 (I Poz+ a3 |1) | e | +bae?

+ kpeN (2)0Tw + kg + eem(t)+ | by | (87 — 0°T Ywe (6.27)
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Substituting for | k, | *Twe = pe? + kje and using the inequalities

2 {t
com < pie? + B2

I Z1lll Pb+af [l € |< pa || 7 |]P +1E0etedlle

where p; > 0 and p; > 0, (6.27) gives

. o a+all2
V< ~[1=po] | 5|2 —[u— | baa | —py — 12222102

+h,N(2)i+ | by | 54 2

Ip1

Choosing p, = %, p1 = 3(s— | bz |), one obtains

. . o7
V< —”22” _ [%(lﬁ_ i bos I) _ HPbm;- i ]e‘l
+EN(2)i+ | Ky | 5+ S

im

For the choice of the gain p
Ji) >| bao i + ” Pbys +ag1 ”2 +A

(6.30) yields

. 1 1 ez (t)
< 312 —Z)Ae? 3 k|3 m
V< 5 2] 2)\6 + kpN(2)24 | kp | 2+ “ipr

Integrating (6.32) both sides gives

V(e(), (1), 00) + 3 Jo (Il £ 117 +2e?)dr < T(x(1))
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where

1(2(8)) = V(e(0), £(0),B0)) + co + 2(£)(| by | +2ky5in(2))
+ 2kyc0s(z) — kpzicos(2) — 2] k,, | +2kpsin(zp))

— 2kycos(zp) + kpzEcos(zo)

For the computation of II(z),

/ N(2)zdt = / #*sin(z)dz ‘(6.34)

= 2zsin(z) — 2% cos(z) + 2 cos(z) (6.35)

has been used.

In view of {6.33), it follows that there exist a closed, bounded interval [z™, z*] containing
II(z) for which TI(z7) and II(z*) are negative. But the left side of the (6.33) is always
positive. As such z(¢) can not pass through =z~ or z*, émd thereforé 2(t) is bounded. Then
V'(t) is bounded which in turn implies that 6,5,6 € L™ and e,Z € L2. It can be seen that
all the signals in the closed-loop system are bounded. Then using Barbalat’s lemma [60], one
concludes that 7 and e converge to zero as ¢t — co.

6.2.2 Digital Simulation Results

The simulation results for the smart fin based on the theoretical model using the digital
computer are presented in this section. MATLAB/SIMULINK tool are used to simulate the
dynamics (including the adaptive control law) of the‘smaIt fin system. The mechanical and
geometrical properties of the of the simulated model are shown in Table 3.1. The mass moment
of inertia of the smart fin, Jy, is 0.0015 kg — m?. The bimorph is modeled using five elements

of equal length. A state-variable representation of the smart fin model of dimension of 20
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is obtained for simulation. The aerodynamic moment (4.18) is chosen for different angles
of attack of the projectile based on the CFD analysis. The parameters of the acrodynamic
moment are estimated by a linear approximation of the data obtained by the CFD analysis.
Those parameters of the aerodynamic moment are mg = —0.0022, p, = +-0.0005 for a = —5°,
and Mg = —0.0028,p, = +0.01 for a = +5° The value of T' is chosen as 2000(/,x;). The
initial value of § = (6;,6,)T and zy are chosen as zero. Simulation is done using the above
values for different reference commands and different angles of attack. The simulation results
are given for the reference fin angle 3* = —2° at angles of attack ,a = 5 and o = -5, in Figure
6.2 and Figure 6.12. Simulation results show that the fin angle asymptotically convergt‘es to
the target angle by adapting the estimated parameters ¢; and 6. The voltage required to
rotate the fin at angle of attack o = 5 is approximately —146V. In case of o = —5, the
voltage required is —200V. There is no overshoot in the results and the flexible modes reach

steady state values, in both cases. The estimated parameters remain bounded and converge

to certain constant values.

6.2.3 Experimental Results

The numerical simulation results of the previous section show that adaptive controller
accomplishes fin angle control and rejects constant aerodjnamic disturbance forces. But this
control law cannot guarantee closed-loop stability in the presence of time-varying disturbance
inputs encountered in wind tunnel tests and as such this control law must be modified to
compensate for disturbances which are not constant. We point out that the derivation of
system (6.15) from (6.10) remains valid if the terms d, and d, are time-varying; but now the
disturbance input dg(t) is time-varying and unlike Section IV does not asymptotically tend

to a constant value. To nullify the effect of dy(t) an additional signal is added in the control
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Figure 6.2: Fin Angle=+2° Angale of Attack=>5"

law (6.26). Following [60], one

u

z

2 3 4 5
Time {sec)

can show that the modified control law takes the form:

o

1 2 3 4 5
Time (sec)

= N(2)(67 (t)w(t) + sgnle(t)| Do)

=60Twe+ Dy | e |

N(z(t)) = 22(t) sin(z(t))

6

= Tw(t)e(t)
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Figure 6.3: Fin Angle=—2°, Angale of Attack=—5°

where Dy > sup | df(t) |, ¢ > 0 is a sufficiently large gain. It can be proven that in the
closed-loop system, including control law (6.36), asymptotic fin angle tracking is accomplished.
Although, the control law (6.36) can guarantee closed-loop stability and trajectory control, the
wind tunnel tests show inferior transient responses caused by the nonlinearity of the Nussbaum
gain. Therefore, experimental results are presented using a simplified control law obtained

from (6.36), by replacing the Nussbauimn gain as N(z) = —sgn{k,) [60]. The simplified control
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law is given by [60]:
u = —sgn(k,) (07 ()w(t) + sgnle(t)) Do)
(6.37)
0 =Tw(t)e(t) T=TIT>0

where Dy > (E-,};_)su.p | dg(t) |, t > 0 and k,n, <| k, |- The modified control law in (6.37)
accomplishes boundedness of all signals and asymptotic tracking.
Performance Under No-Wind Conditions

The adaptive controller (6.37) is validated by wind tunnel tests. First, the fin control is
considered for zero wind speed. The initial value of parameter vector 8(0) = (6,(0), 62(0))”
is chosen as zero. This is rather a worse choice of gains but is done to show the robustness
property of the controller. The value of I' is 0.1/5x2. The reference fin angle is set to be
g* = —2° for real-time simulation. ‘The feedback signal considered is of the form y = 3+ tof3,
where py is set to be 0.1. The experimental data is collected at every 0.001 second. The
rate of fin angle is obtained by digital differentiation. The experimental results are shown in
Figure 6.13 for zero wind speed. The modified controller possesses the ability to track the
target angle within 1.5 seconds by adapting the parameters 6; and #,. The voltage required
to reach the desired angle is —290V. The estimated parameters converge to constant values.

Performance Under Wind Loading

In order to examine the effect of the unknown aerodynamic moment in the real-time
control and also to verify the robustness of the designed adaptive controller, experiments are
conducted for wind speed 13.4 m/s in the UNLV’s subsonic wind tunnel. The controller is
tested for various angles of attack, a = (0, —5, ~10). The same reference .ﬁn angle is used for
all cases. The values of 8(0) and I" used for wind speed zero case are retained. The value of
Dy is choosen as 100. The real-time simulation is carried out at a time step of 0.001 seconds.

Test results are shown in Fig. 6.16. We observe that the controller is able to drive the fin
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Figure 6.4: Experimental Results at zero Wind Speed

along the desired trajectory even in the presence of aerodynamic disturbance.
6.2.4 Summary: Digital Simulation Results and Wind Tunnel Test Results

This section presents the summary of digital computer simulation and wind tunnel test
results. The same reference angle is chosen in both cases. The initial values of the parameter
vector (0) is zero in both cases. Even though the worst scenario of #(0) = 0 is chosen in both
cases, the closed-loop responses are good. Of course, some better transient response is possible
by tuning these parameters properly. In both cases, the #; converges to some positive value
and & converges to a negative value. The controller tracks the reference fin angle trajectories
and rejects the aerodynamic disturbance in both cases.

6.2.5 Conclusions

The model of the fin system includes the aerodynamic moment which is a function of the

angle of attack of the projectile. A state variable model using finite element method is ob-

tained. The dimension as well as the parameters of the model are assumed to be completely

80



Fin Angle {Ciegrees)

Tlme.(sec)

Figure 6.5: Fin Angle Response under Various Angles of Attack at Wind Speed 13.4 m/s

unknown for the controller design. An adaptive control based on Nusshaum gain is designed
for the control of the fin rotation angle. The developed adaptive control system is indepen-
dent of the sign of the high-frequency gain. Simulation results show that the designed control
system accomplishes fin angle control in spite of uncertainties in the fin parameters and the
aerodynamic coeflicients. The designed controller is modified for closed-loop stability for real-
time tests in the presence of time varying aerodynamics forces for real-time simulation. The
modified adaptive controller is validated using the subsonic wind tunnel at the University of
Nevada, Las Vegas. Experimental results show that the designed adaptive controller accom-
plishes fin angle control and also the proposed coutroller is robust enough in the presence of

time-varying disturbance.

6.3 Adaptive Control: Servoregulator
This controller is based on previous work done in [50]. This section deals with an adaptive

servoregulator is designed for the control of fin angle and the rejection of the disturbance
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input (aerodynamic moment). Similar to the above controller, it also assumes that order of
the model and its system matrices D, ), B,, Cp and F} are completely unknown. Furthermore,
it is assumed that only the fin angle and angular rate are measurable. We are interested in
designing an adaptive control system such that the fin angle asymptotically converges to any
preseribed fin angle 8%, a constant, and rejects the constaﬁt disturbance input v. The structure
of the adaptive servoregulator is shown in Fig. 6.6.

6.3.1 Control Law

We select the controlled output variable as

y=(3+B)
= Con+ ACon (6.38)

=Cx
where A > 0 is a design parameter. From 6.7 and 6.61, one obtains

§(s) = C(SI — A)'Bi(s) + C(SI — A" Fi(s)

IO
dp(s) (s)

s (6.39)
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where s is the Laplace variable and u and v denote Laplace transforms of % and v respectively,

and

np(s) = Cadj(SI — A)B
ng(s) = Cadj(SI — A)F (6.40)

dp(s) = det(sl — A)
It is easily seen that from Eq. 6.5 that

2
dp(5) = D n(s® + 20 s + 0F) (6.41)

=1

is a Hurwitz polynomial. Furthermore, computing the polynomial n,(s) for this model, one

finds that it is a Hurwitz polynomial. Therefore, the transfer function g:% is minimum phase.

The tracking error e; =y — yp,, is

“L4()s — Gm(s) (6.42)

where y,, is the constant reference trajectory. For a given angle of attack, the aerodynamic
moment component v acts as a constant disturbance input and it must be rejected by the
controller. In order to eliminate this unknown disturbance term v, let us filter each side of
Eq. 6.64 with ;ﬂ—f—ﬂg where p > 0. For constént signals v and yy,, one has sv = 0 and sy,, = 0.
Therefore, the filtered equation ( 6.64) yields

s _np(s), s

s+u)el— dy(s) s+ p

( )i (s) (6.43)

We note that we have ignored the exponentially decaying signal in (6.43).
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Defining the filtered input signal as

1as) (6:49)

w(e) = (7
(6.43) can be expressed as
_ (s + w)np(s) . a P .
=) us(s) = H(s)iy(s) (6.45)

In view of (6.43), it is sufficient to derive a control law ug(t) such that the tracking error e,
is regulated asymptotically to zero.

For the fin model, H(s) is minimum phase because n,(s) is Hurwitz and p > 0. Moreover,
by the choice of the output y, the transfer function has relative degree one. As such using a
simple argument from the root-locus technique, it is easily seen that a negative feedback law
of the form

uf(t) = —Kee (6.46)

can stabilize the system ( 6.43), where K, > 0. Indeed, as K, tends to co, the root loci of the
closed-loop poles converge to finite stable zeros of H(s) and one of the pole tends to —oc along
the asymptote with angle 7. This is interesting, because it is an extremely simple control law
and yet it accomplishes error regulation.

Consider a minimal realization of H(s) given by

Ty = Ay + Baug
(6.47)

e = Coz,
where A,, B, and C, are appropriate matrices. Of course, these matrices are not required for
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synthesis. Since H(s) is minimum phase with relative degree one, it follows that there exists

a gain K* > 0 such that [61]

P(A~ K*B,C,) + (A= K*B.C,)"P=-Q <0
(6.48)

PB,= (T

where P anmtl () are positive definite symmetric matrices. However, K™ is not known. Let K

be an an estimate of A™* and consider an output feedback law

u; = —Ke; (6.49)

The goal is now to adaptively tune K to accomplish error regulation. Using (6.49) in (6.64)
gives

£o = (A — K*BoC)zq + (K*B,Cozy — K Boey) (6.50)

Defining the parameter error K = K* — R’, (6.50) gives

£y = Az, + K Bge, (6.51)

where A = (A, — K*B,C,) is a Hurwitz matrix since (6.48) holds.

For the derivation of the adaptation law, consider a quadratic Lyapunov function

V = 2l Pz, + vK? (6.52)
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where v > 0. The derivative of V along the solution of (6.50) is given by
V = 21(PA, + ATP)zq + 20T PR Byey + 27K K (6.53)
Using (6.48) in (6.53) and noting that 7 PB, = zX CT = ¢, gives
V = -2 Qux, + 2.’{'(7[;( + ed) (6.54)
In order to eliminate K form, the adaptation law is chosen as

..K = __A,/—b

=
Il
>
—
M
- tg

(6.55)
Substituting (6.55) in (6.54) gives
V=-2'Qz, <0 (6.56)

Since V(zq, K ) is positive definite and V <0, z, and K are bounded. Furthermore, invoking
Barbalat’s Lemma [62], one can establish that z, tends to zero which in turn implies that
e; = C,x, converges to zero and /3 tends to 7”.

The control input u(t) now can be obtained using (6.43). In view of (6.43), one has

s+u
S

i = (=L)iiy (6.57)

which yields

u(t) = ug(t) + ,U/o us(t)dr (6.58)
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Figure 6.7: Simulation Results at zero Wind Speed
Using uy(t) = —K(t)e,(t) in (6.58) gives

u(t) = —K (t)es (t) — u/o K(Dey(1)(t)dr (6.59)

We notice that for a constant K , the control input simply uses proportional and integral
feedback of the tracking error.
6.3.2 Simulation Results
This section presents the simulation results for the qma.rt fin including the servoregulator.
The initial value of K is take;l as zero. Simulation is done for various reference commands.
Figure 6.7 show the simulation results for fin angle command of —3 degrees. It is observed
that the fin angle asymptotically converges to the desired value in 1 second. The control input

needed for the ﬁn to deflect to angle # = —3 deg is 485V . We observe that there is a overshoot
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in the responses. Extensive simulation has been done using various command inputs. These
results show that the regulator is effective to control of the fin angle in each case.
6.3.3 Experimental Results

The simulation results show that controller accomplishes fin angle control but this control
law can not guarantee closed-loop stability because of identified model is linear and approxi-
mate representation of the non-linear smart fin system. The adaptation law must be modified
to avoid parameter divergence. Therefore we have used ¢ modification yielding a modified
adaptation law given by

-

K =5"Ye? - oK) (6.60)

for the laboratory tests. It can be shown that’ in the presence of bounded disturbances, the
modified law prevents parameter divergence but may yield a finite terminal tracking error.
Performance Under No-Wind Conditions

The reference fin angle is set to —3 deg during real-time simulation. For feedback the
signal 6 + 0.10 is used. The initial value of K is taken as zero. The value of o is set to
0.01. The real—time simulation is carried at a time step of 0.001 s. Results are shown in Fig..
6.8. We observe asymptotic fin angle tracking is accomplished. The time taken to track the
reference trajectory is approximately less than 2 s.

Performance Under Wind Loading

The designed adaptive controller is evaluated under varying operating conditions. The
smart fin is tested under different angles of attack,a = (0, —5,—10), and wind speed of 40.23
m/s. The same desired angle is used for all cases. The value of K is taken as zero. The
real-time simulation is carried out at a time step of 0.001 seconds. Experimental results for

fin angle control is shown in Fig. 6.9. The control input required to reach their target values
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Figure 6.8: Experimental Results at zero Wind Speed

is shown in Fig. 6.10. The controller successfully drive the fin towards the desired trajectory
by overcoming the aerodynamic disturbance.
6.3.4 Conclusions
An adaptive servoregulator is designed for the control of fin angle. Simulation and ex-
perimental results shows that the designed adaptive control system accomplishes precise fin
angle control in spite of uncertainties in the fin parameters and the aerodynamic moment

coefficients.

6.4 Adaptive Control: Fin Angle Feedback
This section deals with an adaptive controller based on only fin angle feedback information.

For the derivation of control law, it is assumned system matrices D, 2, By, Cy and Fy are
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Figure 6.9: Fin Angle Response under Various Angles of Attack at Wind Speed 40.23 m/s

completely unknown, and only the fin angle is measured for feedback. Control using only the
fin angle measurement is very practical since measurements of the flexible modes is not easy.
Suppose that 5*(t) is a given smooth bounded reference fin angle trajectory, we are interested
in designing an adaptive control system such that the fin aﬁgle tracking error asymptotically
satisfles | é(t) |=| B(t) — 3*(t) |< €0, where the error bound ¢ is any given positive real
number, in spite of the action of disturbance input v(t).

6.4.1 Control Law

We select the controlled output variable as

(6.61)
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Figure 6.10: Effective Voltages to the MFC’s under positive Angles of Attack and 40.23 m/s
Wind Velocity

From (6.61), one obtains

§(s) = C(SI — A)™*Ba(s) + C(SI — A)"'Fi(s)

n,.(s) ( )+ "f(9)n(s)

=40 T (6:62)
_ "f( )

where s is the Laplace variable and 4 and ¥ denote Laplace transforms of « and v respectively;

and

ny(s) = Cladj(SI — A)|B
ns(s) = Cladj(SI — A)|F

(6.63)
dp(s) = det(s] — A)

H(s) = %f%

It is easily seen from (6.4) that d,(s) is a Hurwitz polynomial. Computing the polynomial

np(s) for this model, one finds that it is a Hurwitz polynomial, Therefore the transfer function
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H (s) is minimum phase and its relative degree is 2.

We make the following assumptions for the purpose of control law derivation.

e Assumption 1. Only output variable (fin angle) y(t) is measured for synthesis.

e Assumption 2. Reference signal y*(t) and its derivatives are smooth and bounded.
o Assumption 3. Disturbance v and its derivatives are bounded.

e Assumption 4. f/(s) is minimum phase and the high-frequency gain is positive.

The tracking error e =y — y* = 8 — B*(t) is

— E‘_P_(_‘ﬂ[ﬁ(s) _ nf(s),ﬁ (3) (s )]

) () mp(s)”
_ () i(s) 4 w 6.64
2 (o) [#e) + ) (6.64)

where y* = (*(t) is the time-varying reference trajectory and

w(t) = 286 — 28 (s)

is bounded function because n, is stable polynomial. So, it is possible to revise the problem

of output tracking of a reference trajectory 5*(t) as stabilization problem of the model (6.64).

So, Let us choose the control law as

u(t) = —x(s)(p + k)é (6.65)

where number & > 1, x(s) = (s + 1) and coefficient y are chosen so that polynomial y(s) =

dp(8) + pmy(s)x(s) is Hurwitz. The transfer function H(s) is of relative degree 2, as such the
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Figure 6.11: Simulated Fin Angle Response under no disturbance

signal é(t) is constructed using a first-order filter given by

dé . '
yri oki(e — é) (6.66)

where o > (12 -+ k) and %k; > 0. Note that for e = 0, £(0) is asymptotically stable.
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Substituting (6.65) into (6.64), one obtains

. %(»X(s)(u + K)é+ w(t))

a(5) X FRlex(s)u+ K)e +wlt))

where £ = ¢ — é.

Let us rewrite the (6.67) in the following way

dp(s)e + ufnp(s)x(s)e = n,(s)x(s) (1 + k)e — ke + w'(t))

where w'(t) = ()

By simplifying the equation (6.68)

¥ls)

e= ";(j) (—ke+ (p + k)e +w'(t))

where ¥(s) = n,(s)x(s), and ¥(s) = dp(s) + pn,y(s)x(s).

The state-space representation of Eq. (6.69)

o = AuZa + Ba(—ke + (u+ Kz +w'(t))

e = Clz,

(6.67)

(6.68)

(6.69)

(6.70)

where A,, B, and C, are appropriate matrices. It has been shown in [63] that there exists

a £ > 0 such that the transfer function, H, = CT(s] - A,) !B, is strictly positive real.

Exploiting the SPR property of H,(s), it has been established in [63] such that there exists

o > p+ k such that all trajectories of the system are bounded and that for a choice of
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Figure 6.12: Simulated Fin Angle.Response at Angle of Attack==—5°

parameter k, tracking error asymptotically satisfies | €(t) |=| y(t) — y*(¢) |< €, where the ¢
is the prescribed error bound. The matrices A,, B, and C, are not required for synthesis. For
the complete proof for closed loop stability, one can be refer to [63].

The control input u(¢) now can be obtained using Eq. 6.65. In view of Eq. 6.65, one has

u=—(s+1)}(u+k)é
— —(u+R)E+

(6.71)
= —(p+ k)[oki(e — €) + €]

.Since the parameters of the system unknown, the value of the & is not known. Let k be an

estimate of & + p. For tuning k, we can use the algorithm proposed by Bobstov and Nikolaev

[64].

=2 =) (6.72)

where £(0) > 1 and based on the tracking error e, the function A(t) is calculated in the



0 v -
5 : 1 - Desired ] VT
g\ (== s
= : : 2
S : ui
By b b ;
g” : §’
£ :
b g e, E
0 1 2 3 4 5 2 3 4 5
Time (sec) Time (sec)
[} 3
) : £
g E
N T O S S -
g; o
= 3
g BT, ] EEEEE ' V5  RESRETEEPPETREITRRRES k3
£ £
[>] : &
: : : : o : :
4] 1 2 3 4 5 0 1 2 3 4 5
Time (sec) Time (sec)

Figure 6.13: Fin Angle Response under No-Wind Conditions

following way

Ao for IC‘ > €,
O (6.73)

0, forle| <e
where \g > 0. The value of & is set to ook?, where g > 0.
The adaptive version of control law (6.71) is obtained by using the estimate of & for k + p

in (6.71). Using the estimate & in (6.71) gives

u=—(s+1)ké
‘ (6.74)
== —ké — ké — ke
Using the tuning law (6.73) and estimation equation (6.66) in (6.74) gives
u = —A(t)é(t) — k[ok, (e — &)] — €] (6.75)
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Figure 6.14: Fin Angle Response under Various Angles of Attack at Wind Speed 40.23 m/s

6.4.2 Simulation Results

The simulation results for tfle smart fin based on the theoretical model using the digital
computer (including the adaptive control law) are presented in this section. The mechanical
and geometrical properties of the of the simulated model are shown in Table 3.1. The mass
‘moment of inertia of the smart fin ,J;, is 0.001 kg—m?. The bimorph is modeled using the five
elements of equal length. A state-variable representation of the smart fin model of dimension
of 20 is obtained for simulation. The aerodynamic moment (4.18) is chosen for different angles
of attack of the projectile based on the CFD analysis. The parameters of the aerodynamic
moment are estimated by a linear approximation of the data obtained by the CFD analysis.
Those parameters of the aerodynamic moment are myy = —0.0022, p, = +0.0005 for o = —50,
and mgy = —0.0028, p, = +0.01 for @ = +5°. The value of ¢y and ¢ is chosen as 0.05 and 5
respectively. The initial value of £(0) is set to be 1.1.Simulation is doné using the above values
for different reference commands at no disturbance and also ar different angles of attaclk.

The simulation results are given for the reference fin angle 8* = —3° at no aerodynamic
moment acting on the fin and at angle of attack, @ = —5, in Figure 6.11 and in Figure

6.12 respectively. Simulation results show that the fin angle asymptotically converges to the
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target angle by adapting the estimated parameter k. The voltage required to rotate the fin is
approximately —375V". In case of a = -3, the voltage required is —350V".

There is no overshoot in the results and the flexible modes reach steady state values. The
estimated parameter remain bounded and converge to certain constant values.

6.4.3 Experimental Results

This section discusses the validation of the developed controller by testing it within a

subsonic wind tunnel under no-wind and wind conditions.
Performance Under No-Wind Conditions

The adaptive controller, Eq. 6.75, is validated by first testing it within the wind tunnel for
zero wind speed. The reference fin angle is set to 3* = —3° during real-time simulation. The
values of ¢y, o and %(0) are chosen similar to simulation results. The experimental simulation

is carried out at a time step of 0.001 sec. Results are shown in Fig. 6.13. The chattering in

98



Desired
o+ Acual{experimentaly

Fin Angle B, {deg)

3
Time (s60)

Figure 6.16: Comparison: Fin Angle Responses at No Disturbance

control input can explained by accuracy of the encoder and can avoid by tuning the estimated
parameter. Results show that controller has the capability of tracking the prescribed fin angle
trajectory. The time taken to track the reference trajectory is approximately 1.5 sec.
Performance Under Wind Loading
As the smart fin will be operated under different circumstances, the controller should be
robust enough to reject the disturbances. Wind tunnel experiments are conducted to assess
the performance of the designed adaptive controller. The smart fin is tested under various
angles of attack, a = 0°, 5%, —10°, —15°. The reference fin angle is set to be §* = —3° for all
cases. The initial value of parameter £(0) is set to 1.1. The value of o is chosen to be 10. The
experimental data is collected at every 0.001 second. The experimental results are shown in
Figure 6.16 for wind speed 40.23 m/s. The corresponding effective voltage results are shown
in Fig. 6.15. The controller possesses the ability to track the target angle within 1.5 seconds
by adapting the parameter k and it can reject the aerodynamic wind pressure.
Comparison: Simulation and Test Results at No Disturbance
This section presents the comparison between digital computer simulation and test results.

The same reference angle is chosen in both cases. The initial value of parameter I:( 0) is set to
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1.1 in both cases. In both cases, the & converges to positive certain value. The controller can
track the desired target angles in both cases.

The time taken to track the reference trajectory in case of computer simulations is faster
compared to test results. This can be explained by the fact that the theoretical finite element
model does not include amplifier and sensor dynamics. The voltage required to reach the
target angle is not same in both cases because the theoretical (ideal) model of the Section III
is only an approximate representation of the physical fin system.

6.4.4 Conclusions

An adaptive controller is designed to control the rotation angle of a smart projectile fin.
A piezoelectric bimorph is used to actuate the fin. The model of the fin system includes the
aerodynamic moment which is a function of angles of attack of the projectile. A state variable
model using finite element method was obtained. For the purpose of design, the dimension as
well as the parameters of the model were assumed to be completely unknown. Moreover, only
the fin angle is used for controller synthesis. An adaptive controller is designed for control of
fin rotation angle. Simulation and wind tunnel test results show that the designed adaptive
control system accomplishes fin angle control in spite of uncertainties in the fin parameters

and the aerodynamic coefficients.
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CHAPTER 7

SALIENT FEATURES OF DEVELOPED ALGORITHMS
Five kinds of control algorithms are developed in this work based on fuzzy logic and

adaptive techniques to control the rotation angle of the smart projectile fin. They are:
1. Fuzzy Logic Control: GA-Based (FLC-GA)
2. Fuzzy Logic Control: Inverse Dynamics Based
3. Adaptive Control: Nussbaum Gain Ba;sed
4. Adaptive Control: Servoregulator (Adaptive Servo)
5. Adaptive Control: Only Fin Angle Feedback (Adaptive Feedback)

The major advantage of fuzzy logic controllers is that it requires less complex mathematical
modeling because the controller rules are especially based on the knowledge of the system
behavior and the experience of the control engineer. The GA-Based controller uses HFSGA to
tune the performance 6f this controller by varying the ranges and shapes of the membership
functions of its input and output variables. Several experiments are conducted inside and
outside the wind tunnel to assess performance of this controller. Results also show that the
fuzzy controller is robust enough to overcome various operating disturbances and subsonic
wind velocities.

Inverse dynamics based controller presents a novel approach for automatically creating

fuzzy logic controllers for the fin. A method for adjusting ranges of the variables for the
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inputs and outputs of the fuzzy logic controller accérding to the system characteristics and
desired motion using inverse dynamics equations is presented. This method has the advantage
of avoiding guessing acceptable ranges of the variables. Simulation results show that the
proposed controller can successfully drive smart fin under various operating conditions. This
controller has to be implemented in real-time to check the performance.

As smart fin is operated under various operating conditions, the designed control law: has
to modified by the controller itself to reject the disturbances and also to track the desired
trajectory. The adaptive control has that capability by adapting the estimated parameters
to operating environment. Moreover, for the fuzzy cvontroller, the designer has to develop a
number of if-then rules which often are not easy to obtain for the design of the fuzzy controller.

The Nussbaum gain adaptive control system does not require the knowledge of high-
frequency gain. The fin angle and its derivative are used forithe synthesis of the controller.
This controller requires tuninfg of two gains and it can reject the aerodynamic disturbance
without any adaptive law modification. The fin angle converges to the desired value generated
by the command generator in the closed-loop system. Computer simulation results based
on theoretical model show that the designed adaptive control system accomplishes fin angle
control in spite of the uncertainties in the fin parameters and the aerodynamic coeflicients.
The numerical simulation results show that adaptive contr.oller accomplishes fin angle control
but this control law cannot guarantee closed-loop stability, because the theoretical fin model
is only approximate representation of the physical model, The adaptive law must be modified
for closed-loop stability in the presence of unmodeled dynamics and external disturbance
inputs. Although, control law can guarantee closed-loop stability and trajectory control, wind
tunnel tests show inferior transient response caused by the nonlinearity of the Nussbaum gain.

The modified adaptive controller is tested in the UNLV subsonic wind tunnel at different wind
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speed to validate the controller. Test results show that the proposed adaptive controller tracks
the desired fin angle even in the presence of aecrodynamic disturbance.

An adaptive servoregulator has been developed to control the smart fin angle. A linear
combination of the fin angle and fin's angular rate is chosen as the controlled output vari-
able similar to above controller. Here the controller requires tuning of only single gain, this
controller is capable of rejecting the constant aerodynamic disturbance torque without any
adaptive law modification. In the closed-loop system, the fin angle asymptotically converges
to the target fin angle generated by a command generator. This adaptation law must be
modified to avoid the parameter divergence for real-time simulation. The modification of
the adaptation rule may sometimes give terminal tracking error. The developed controller
is tested at different operating environment. Test results show that this controller is robust

enough to overcome the disturbances and accomplishes fin angle.

7.1 Comparative Analysis of the Fin Angle Response of Fuzzy Logic and Adaptive
Controllers

This section presents the comparative analysis of the developed controllers in this work.
An adaptive servoregulator requires tuning of only single gain to improve the performance
of the controller but this controller needs the knowledge of the sign of high-frequency gain.
Moreover, it cannot guarantee asymptotic tracking of the fin angle in the presence of time-
varying disturbance torque.

An adaptive controller based on Nussbaum gain does not require the knowledge of the high-
frequency gain and it can handle the time-varying disturbance, but this controller requires
two gain parameters to tune the perforinance of the controller. This controller can able to

track the up to —2° desired fin angle and also it can able to reject the disturbance only up to
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Figure 7.1: Fin Angle Responses for the Controllers (FLC-GA, Adaptive Servo, Adaptive
Feedback) for Various Angles of Attack (a = 0°,—5°,—10°) at 40.23 m/s Wind Velocity

14.23m /s wind velocity during real-time simulation.

An adaptive controller based on only fin angle feedback requires only one gain parameter
for tuning the controller and also only fin angle feedback is needed for controller design. Thus
we can save a rate sensor. This is important when space spacing is essential in small aerial
vehicles.

Fuzzy controller based on GA can track the desired fin angle and also reject the aerody-
namic wind force but the designer has t‘o develop a number of if-then rules which often are not

easy to obtain for the design of the controller. A fuzzy controller based on inverse dynamics

does not have a test result in this work.
The controllers FLC-GA, Adaptive Servo, Adaptive Feedback are tested at a wind speed

of 40.23 m/s for various angles of attack, o = (0° —5°, —10°), at conditions similar to each
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other. The same reference trajectory is used for all cases. The fin angle responses for three
controllers are compared in Fig. 7.1. While the response for FLC-GA controller is faster
to the other controllers, the controller Adaptive Servo and Adaptive Feedback produces less
deviation after steady state from the steady state target of the fin angle as compared to FLC-
GA controller. The controller Adaptive Feedback has less transient response when compared

to other controllers.
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CHAPTER 8

CONCLUSIONS

This dissertation considered the control of rotation angle of a smart projectile fin. These
fins, which are deployed when the projectile reaches fhe apogee, are used to either steer the
projectile toward its target or to stabilize it. The smart fin has a rigid hollow aero-shell that
rotates around an axle, which is fixed within the body of the projectile. The cantilevered
piezoelectric bimorph actuator is completely enclosed within the aero-shell of the fin.

The complete details of the actuator used in this work is discussed in second chapter.
This chapter also gives the various configurations of actuators which can give the maximum
deflection. The piezoelectric bimorph with no substrate found to be best configuration to
achieve more fin angle.

The third chapter discussed the configuration of the smart fin. It also included the proto-
type of the fin, which is developed usiﬁg rapid-prototyping machine. It is also presented the
complete test setup for the real-time tests in the laboratory and in the wind tunnel to validate
the developed controllers in real-time.

In the fourth chapter, two different models for the smart fin system are derived, i.e math-
ematical model based on finite element approach and identified model based on experimental
data. The mathematical model includes the aerodynamic moment, which is function of the
angle of attack of the projectile. MATLAB System Identification Tool Box is used to obtain
a identified ’model of the smart fin system based on experimental data that is acquired by

exciting the system using a chirp signal. Comparison is done between two models on the basis
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of open-loop step response of the smart fin system. The results show that both models are
comparable to the test results.

The fifth chapter considered the fuzzy logic control for the smart fin. T'wo fuzzy controllers
are developed in this work. One is based on Genetic Algorithm that uses third order linear
model. HFSGA is used to tune the performance of this controller by varving the ranges and
shapes of the membership functions of its input and output variables. Results show that the
fuzzy controller is robust enough to overcome various operating disturbances and subsonic
wind velocities. Second controller is based on inverse dynamics that uses the mathematical
model. A method for adjusting ranges of the variables for the inputs and outputs of the
fuzzy logic controller according to the é}'stem characteristics and desired motion using inverse
dynamics equations is presented. This method has the advantage of avoiding guessing accept-
able ranges of the variables. Results show that this controller can successfully function under
various operating conditions.

Finally in chapter 6, various adaptive controllers are designed for the control of the fin
angle and the rejection of disturbance input. For the purpose of design of these controllers,
the dimension as well as the parameters of the model are assume to be completely unknown.
A linear combination of the fin angle and fin’s angular rate is chosen as the controlled output
variable for two adaptive controllers. Other adaptive controller uses only fin angle for feed-
back. Computer simulations showed that in the closed-loop system, the fin angle is precisely
controlled in spite of uncertainties in the system parameters and aerodynamic moment co-
efficients. Experimental results show that the designed adaptive controllers accomplishes fin
angle control.

The salient features of the designed a.lgorithxhs in this research work are discussed in

chapter seven. The comparison is also done in this chapter. It is found to be each controller has
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it's own advantages and disadvantages depending upon the operating environment. Finall
g e} A (=] b

the future work of this research is discussed in chapter 9.
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CHAPTER 9

FUTURE WORK

The piezoelectric actuators are well suited elements in high precision positioning applica-
tions such as scanning probe microscopy (SPM), scanning tunneling microscopy (STM), opti-
cal alignments, diamond turning machines, active vibration control of rotor bearing systems
[65]. These actuators are used to meet the requirements of high resolution in displacement.
However, the existence of nonlinear multi-path hysteresis in piezoelectric material complicates
the control of a piezoelectric actuator in precision applications. So, there is a need to develop
the hysteresis model of the smart fin, actuated by piezoelectric actuator, to improve the track-
ing performance of the controller. The typical hysteresis of the smart fin system is shown in
Fig. 9.1. The developed controllers, as discuésed in chapter 5 and chapter 6, have controllers
have less tracking performance for tracking sinusoidal reference trajectory because these are
based on linear model of the system.

One of the future work includes modeling of a piezoelectrically actuated smart fin hystere-
sis and design a controller based on hysteresis model to track the sinusoidal reference trajectory

with minimum error based compared to earlier designed controllers.
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