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ABSTRACT

ACTIVE VIBRATION CONTROL OF BEAMS AND CYLINDRICAL
STRUCTURES USING PIEZOELECTRIC PATCHES

Gengoglu Caner
M. Sc., Department of Mechanical Engineering
Supervisor: Prof. Dr. H. Nevzat Ozgiiven

January 2014, 202 pages

Airborne structures are required to be lightweight in today's designs. However this
lowers the overall stiffness of the structure and causes low frequency vibration
problems for which passive vibration control techniques are inadequate. Active
vibration control using piezoelectric patches is a promising technology to solve
vibration problems of aerospace structures. Many studies were done on beam and
plate geometries, however studies on cylinder geometry which is used extensively as

engineering structure, is relatively rare.

In this study, first a cantilever beam is studied to verify the analysis, modeling and
control concepts to be used in the cylinder structure since cantilever beam has
simpler dynamics. Finite element model of the beam with piezoelectric patch is
generated. Control simulations are done on the mathematical model of the cantilever
beam derived from the finite element model. Experimental works are carried out on

the beam to verify the controller designed in the simulation stage.

The second structure studied is a hollow cylinder with piezoelectric patch actuator
and sensor pair. This study is an extension of the beam study with the addition of
determining the optimal piezoelectric patch placement. Optimal location of

piezoelectric patch actuator is determined based on a method that uses the



controllability Gramian of the system with piezoelectric patch for the target modes to
be controlled. After patch placement control simulations are made to design the
controller and verify the placement of actuator. Experimental works are also made

over the cylinder to verify the designed controller and the patch placement.
Keywords: Active vibration control, vibration control with piezoelectric patch,

hollow cylinder structure, piezoelectric patch actuator and sensor, optimum patch

placement, modal test

vi



(0Y4

PIEZOELEKTRIK YAMALAR KULLANILARAK KiRISLERIN VE SILINDIRIK
YAPILARIN AKTIF TITRESIM KONTROLU

Gengoglu Caner
Yiiksek Lisans, Makine Miihendisligi Boliimii
Tez Yéneticisi: Prof. Dr. H. Nevzat Ozgiiven

Ocak 2014, 202 sayfa

Gliniimiiziin tasarimlarinda havacilik yapilarinin hafif olmasi gerekmektedir. Fakat
bu durum yapmin toplam direngenligini diisiirmekte ve pasif titresim kontrolii
yontemlerinin yetersiz kaldig1 diisiik frekansh titresim problemlerine yol agmaktadir.
Piezoelektrik yamalarla aktif titresim kontrolii havacilik ve uzay yapilarinin titresim
problemlerinin ¢dzmede gelecegi olan bir teknolojidir. Kiris ve plaka
geometrisindeki yapilarda c¢ok sayida calisma yapilmis olsa da miihendislik
yapilarinda siklikla kullanilan silindir geometrisi iizerindeki calismalar gorece

enderdir.

Bu ¢alismada silindir yapida kullanilacak analiz, modelleme ve kontrol kavramlarini
dogrulamak icin once ankastre kirig iizerinde ¢alisilmistir. Bunun nedeni ankastre
kirigin silindire gore daha basit bir dinamiginin olusudur. Uzerinde piezoelektrik
yama bulunan kirisin sonlu elemanlar modeli olusturulmustur. Ankastre kirisin sonlu
elemanlar yontemiyle elde edilen modeli lizerinde kontrol simiilasyonlar1 yapilmistir.
Simiilasyon agamasinda tasarlanan kontrolciiyii dogrulamak i¢in deneysel ¢alismalar

yapilmistir.

Caligilan ikinci yapi, tizerinde piezoelektrik yama eyleyici ve sensor ¢ifti bulunan igi

bos silindirdir. Bu ¢aligma kiris ¢aligmasinin optimum piezoelektrik yama yerlesimi
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konusu eklenmis bir uzantisidir. Optimum piezoelektrik yama eyleyici konumu,
kontrol edilecek hedef modlar i¢in farkli konumlarda piezoelektrik yamaya sahip
sistemlerin kontrol edilebilirlik Gramian'larin1  kullanan bir ydnteme gore
hesaplanmistir. Yama yerlesiminden sonra, kontrolcii tasarimi i¢in ve eyleyici
yerlesimini dogrulamak amaciyla kontrol simiilasyonlari yapilmigtir. Tasarlanan
kontrolciiyii ve yama yerlesimini dogrulamak igin silindir iizerinde deneysel

calismalar yapilmstir.
Anahtar Kelimeler: Aktif titresim kontrolii, piezoelektrik yama ile titresim kontrolii,

i¢i bos silindir yapi, piezoelektrik yama eyleyici ve sensor, en uygun yama yerlesimi,

modal test
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CHAPTER 1

INTRODUCTION

1.1 Literature Survey

Reduction of the weight has the key importance with the increasing speed and
performance requirements in today's design of aerospace structures. As a result of the
efforts to reduce the weight of the airborne structures, the structural members are
weakened and this reduced the overall stiffness of the structure. Reduced stiffness of
the structure caused low frequency oscillation problems to arise. Together with that
increasing speed and maneuverability of modern airborne structures cause many
types of aerodynamic problems to solve. Due to interactions of the inertia and
stiffness of the airborne structure with the aerodynamic loads, dynamic instability
problems of the airborne structure may arise. The interactions between inertial,
elastic and aerodynamic forces on the airborne structure are studied under

aeroelasticity [1].

Dynamic instability problems cause unwanted vibrations on an airborne structure.
Control of vibrations for the aerospace systems such as aircraft wings, helicopter
rotor blades and propellers of turboprop engines have the key importance for
satisfactory operation of the aircraft [2]. Many types of aerospace structure namely
fighter aircrafts, missiles, satellite launch vehicles, helicopters and turboprop engine
propellers suffer from vibration problems [3-7]. There are many ways to tackle with
the structural vibration problems, but these methods can be gathered under two
topics: passive vibration control methods and active vibration control methods.
Engineers and scientists may apply different passive or active vibration control
technique, or they may utilize an hybrid method as a semi-active vibration control

technique.



Buffet and flutter are two big problems of today's high performance fighter aircrafts.
Buffet is caused by unsteady separating flows striking on the structural surfaces and
exciting vibration modes of the airborne structure [3,8]. Flutter, on the other hand is
usually caused by coupling of two or more structural vibration modes of the system,
i.e. wing bending and torsion. In this type of dynamic instability, the vibratory
energy is gathered from the flow stream [8]. For high performance twin tail fighter
aircraft such as F-14, F-15, F/A-18 and F22, tail buffeting can be a serious problem
reducing the service life and limiting the maneuvers in the flight envelope of the
aircraft. This was the case for F-15 and F/A-18 when tail buffeting caused fatigue
cracks shortly after the aircrafts were in service. These cracks led serious inspection
and maintenance costs, and many researchers studied the effects of tail buffets on
high performance twin tail aircrafts [3,9]. Not only twin tail aircrafts but also ventral
fins of F-16 aircraft suffered from buffet. After F-16 aircrafts were equipped with
LANTIRN pods, the wake induced by those pods caused more buffeting problems

for ventral fins and increased the number of ventral fin failures. A photo of F-16

aircraft with LANTIRN pods is given in Figure 1-1 and a ventral fin failure is given
in Figure 1-2 [9].

1 N \crtral Fins

Figure 1-1. LANTIRN pods and ventral fins of F-16 aircraft [9]



Figure 1-2. Ventral fin failure [9]

For the F-16 example, altering the flow direction can be attempted but this could
only solve the problem for limited flight cases [9]. For F/18-A example methods to
change the flow direction reduced the peak vibration levels at tail wing tips, however
this caused a 3% loss in lift and was not very effective at higher angles of attack [10].
On the other hand structural strengthening will increase the weight of the aircraft.
Considering the great potential of piezoelectric materials, active vibration control

technique can solve tail buffet problem without increasing the weight [9].

In the study of Browning [9], an active vibration control system is designed to reduce
the vibrations of the ventral fins of F-16 aircraft. Piezoelectric patch actuators are
mounted on a test fin of the aircraft are given in Figure 1-3. On board active control
system composed of a controller and a piezoelectric amplifier is built and placed on
the aircraft is given in Figure 1-4. The system reduced the vibrations according to the

flight test data.
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Figure 1-4. On board active vibration control system [9]

Another air vehicle suffering from mechanical vibrations is the helicopter. Low
passenger comfort due to cabin noise and vibration are still the problem of today's
helicopters [11]. Main rotor induced vibration has the key importance in helicopter
vibrations. Therefore effort is focused on developing systems to tackle with main
rotor vibrations [6,11,12]. There are many concepts, active and passive vibration
control and isolation methods to solve this problem. One of the concept is active

trailing edge, in which the flaps at the ends of the helicopter rotor blades are
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controlled by mechanically amplified piezoelectric actuators controlled by an
electronic system placed on top of the helicopter hub [11]. A picture of first flight
test helicopter with active trailing edge is given in Figure 1-5 and the illustration and
photo of the piezoelectric actuator controlling the trailing edge flap is given in Figure
1-6. Note that the hub electronics on the helicopter in Figure 1-5 is planned to be

made smaller for better aerodynamics [6,11,12].
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Figure 1-6. Amplified piezoelectric stack actuator controlling the flaps at the

helicopter rotor blade trailing edge [6,12]
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Other type of aerospace structures upon which piezoelectric actuators are used to
reduce the vibrations are the blades of aircraft engines. In the thesis study of
Bachmann [7], piezoelectric elements are used as shunt dampers to reduce the
vibrations of open rotor aircraft engine blades. This is a passive way of reducing
vibrations. In this method blade vibrations are damped by converting vibration
energy to electrical energy via piezoelectric elements. Piezoelectric elements are
placed at the highest strain energy locations to maximize the converted energy.
Composite rotor blades with piezoelectric elements in this study are given in Figure

1-7 [7].

Figure 1-7. Open rotor aircraft engine composite blades with piezoelectric

elements [7]

Missiles and rockets are also airborne structures which are subject to vibration and
shock loads. As all the airborne structures with wings and/or fins, missiles are also
susceptible to aeroelastic instabilities such as flutter and buffet. Yet, missile body
vibration modes can also get excited from the loads of flow stream. Missiles contain
high valued electronic guidance and/or navigation systems that are extremely
important for missiles that follow a specified path and hit the specific target. Those
electronic systems could be damaged if the vibration and shock loads are transmitted

to them by the missile airframe [4].



There are many types of loads on a missile to cause unwanted vibrations. The divert
thrust from propulsion system can cause the lateral bending modes of the missile to
excite, which causes missile seeker to move off its line of sight and this reduces the
performance of the seeker. All the missiles need to know its own position accurately
to hit the target. For this purpose missiles have Inertial Measurement Unit (IMU) to
determine its position and orientation. IMU is a very delicate instrument which
should be attached missile airframe very rigidly and precisely so that IMU does not
make a wrong measurement due to the flexibility of the airframe. Making the
airframe rigid is advantageous for IMU measurements since IMU can measure the
missile position and orientation correctly without suffering from airframe flexibility
issues. However making a rigid missile airframe requires a heavy airframe. Most
importantly a rigid airframe causes all the vibration and shock loads on the missile
due to motor ignition, aerodynamic buffet, stage separation and acoustic loads to be
transmitted to the high valued electronics at guidance section. Then IMU can fail due
to these vibration and shock loads. IMU should be isolated from the missile airframe
by some rubber dampers. At this stage a compromise should be made between
isolating the IMU from destructive shock and vibration loads from the missile, and

keeping the rigidity between IMU and the missile for the functionality of the IMU
[4].

As a result of missile flexible body vibrations, IMU may be effected and may
measure these vibratory motions and interpret them as rigid body motion. Since the
IMU is connected to the control surfaces of the missile by the control system, it may
try to command the wings to move the missile in the opposite direction. As a result
of this missile wings will begin to oscillate, which finally and catastrophically move
the missile out of its trajectory. This is the destabilizing effect of missile body
flexible modes on the IMU and missile control system. To solve this problem, some
filters are designed at the natural frequencies of the missile airframe and
implemented at missile's electronic control system. This will cancel the destabilizing
effect to the flexible modes of the missile, however those filters will reduce the
performance of the electronic devices on missile at these frequency bands. Tuning

the missile airframe and the airframe-IMU connection to solve this dynamic problem



is a long and iterative approaches and requires many detailed finite element analysis
[4,13]. At this stage, design of an active vibration isolation system between the IMU

and missile airframe is promising.

Launch vehicles, which are used in delivering payloads to orbits are the
environments that high levels of shock and vibrations are encountered. Isolating the
payload from the vibration loads coming from the launch vehicle is the key design
parameter. Payloads can be damaged by the excessive vibrations and shocks
resulting from motor ignition, engine shutdown, stage separations, fairing separations
and so on. Therefore the payload should be isolated from the launch vehicle. Payload
attachment fitting is the part on which payload is sitting and it connects the payload
to the launch vehicle. There are some passive isolation dampers on the payload
attachment fitting to protect the payload. However, those passive dampers lack two
important design request. The damper in fitting is required to provide low stiffness in
the vertical axis to absorb the effects of thrust load and high rigidity in lateral axis to
prevent rocking and tilting of the payload. Since the distance between the payload
and the fairing walls are limited, lateral motion of payload may result in hitting the
walls. Active systems have the ability to provide different stiffness for different axis.
The second drawback of passive systems is that their characteristics may change with
static load. Since the load that payload applies on the isolator changes during launch
due to the change of gravitational acceleration, the characteristics of passive isolator
alters. Active isolation systems does not have this problem [5]. Payload of a launch

vehicle is given in Figure 1-8.
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Figure 1-8. Payload of a launch vehicle [5]

All of these aerospace applications of active vibration control require design,
installation and implementation of a complete system consisting of sensors,
actuators, control computers and amplifiers. These systems can be installed on
operated successfully on aerospace vehicles by a team of engineers. Other than the
applications on aerospace vehicles, some laboratory research is also done on active
vibration control by many researches. Those kind of researches aim to increase
knowledge in the subject. In order to obtain basic knowledge about active vibration
control, some simple structures such as beams, plates and shells are studied rather

than complex real life engineering structures.

Cylindrical shell structures are used in several engineering structures. Aircraft
fuselage, submarines, pressure vessels and pipes can be modeled as hull structures.
For the beam and plate geometries a huge amount of research work has been done in
active vibration control with piezoelectric sensors and actuators, but studies about
active vibration control of cylindrical hull structures with piezoelectric sensors and
actuators are relatively rare [14]. A photo of two piezoelectric MFC actuators placed

on an aluminum cylinder can be seen in Figure 1-9 [15].



Figure 1-9. MFC piezoelectric actuators on an aluminum shell [15]

1.2 Objective and Scope of Thesis

The purpose of this study is to gain theoretical and practical knowledge about
piezoelectric actuators and their usage as actuators in active vibration control systems
the ultimate goal being active vibration control in cylindrical structures. The

following studies are made in the scope of this thesis:

e A literature survey about active vibration control systems that include
piezoelectric elements as actuators and/or sensors is done in Chapter 1.1. In
this survey examples of active vibration control by piezoelectric actuators in
aerospace platforms such as fighter aircrafts, helicopters, engine propellers,
rockets and missiles and launch vehicles are presented. Also example of

studies on cylindrical hull structures as a laboratory application is given.
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The background information about piezoelectric materials and state space
concepts are given in Chapter 2. Definition of piezoelectric materials and
their working principle is explained. Different ways of utilization of
piezoelectric materials as actuators is presented. Information about modeling
piezoelectric materials is given. Theoretical information about modeling in
state space, controllability and observability and controller design in state
space are also given in this chapter.

A beam model is studied in Chapter 3. In this chapter, a beam with
piezoelectric elements is modeled in finite element software ANSYS, The
system model of the beam generated in ANSYS is transferred to MATLAB
and Simulink environment for controller design. Finally the controller is
tested and verified on a real life model.

In Chapter 4, a hollow cylindrical part is studied using a similar approach as
in Chapter 3. The cylindrical part is modeled in ANSYS. The location of
piezoelectric patch is calculated by considering the vibration modes of the
cylinder to control. After selecting the optimal locations, the system model
of cylindrical structure with piezoelectric actuators is generated and a
controller is designed for this model. Design of the controller is also verified
by tests.

The concluding remarks are presented in Chapter 5 as a conclusion.
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CHAPTER 2

ACTIVE VIBRATION CONTROL USING PIEZOELECTRIC
MATERIALS

2.1 Piezoelectric Materials and Piezoelectric Actuators

2.1.1 Definition of Piezoelectricity

Piezoelectric effect is defined as the production of electric charge as a response to the
applied strain on the material. Generation of strain or dimension change on the
material as a response to the applied electric field is called inverse piezoelectric
effect [16]. Materials which are said to have the piezoelectric property exhibit both
piezoelectric and inverse piezoelectric behavior. Piezoelectricity is a linear reversible

phenomenon which allows exchange of electrical and mechanical energy [17,18].

2.1.2 Piezoelectric Materials

Some crystals such as quartz, tourmaline Rochelle salt found in the nature exhibit
piezoelectric property. Other than naturally piezoelectric crystals there are manmade
ceramic materials such as lead-zirconate-titanate (PZT), lead-titanate (PbTiO2), lead-
zirconate (PbZrO3), and barium-titanate (BaTiO3) and polymer material such as
Polyvinylidene Difluoride (PVDF) which can be equipped with piezoelectric
property. Manmade piezoelectric materials do not exhibit piezoelectric property until

they undergo a special process called poling [19].

2.1.3 History of Piezoelectric Materials

Piezoelectric effect was first demonstrated by Pierre and Jacques Curie in 1880 in an
experimental study. They were able to produce electric charges as a response to the

applied pressure on naturally piezoelectric crystal such as quartz, tourmaline,
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Rochelle salt etc. The inverse piezoelectric effect is suggested by Lippmann in 1881
as a result of principles of thermodynamics and confirmed by Curie Brothers. The
studies on piezoelectricity continued and in 1910 "Lerbuch der Kristallphysic"
published, becoming the first standard reference for piezoelectric crystals [18]. The
first application of piezoelectric materials was during World War 1 years. In 1917
Langevin and his colleagues developed first ultrasonic transducer by gluing thin
quartz crystal between two steel plates. This device is used as submarine detector and
it was the first application of sonar [17,18]. This invention opened the path of using
piezoelectric materials as sensors in underwater applications as hydrophones, and in
other important applications such as accelerometers, microphones and so on. During
the next two decades, studies on the applications of piezoelectric materials with
natural crystals continued. However since the piezoelectric properties of natural
crystals were limited, commercialization of the technology was also limited [18].
During World War 2 studies on the smart material technology was led by isolated
research groups in the United States, Soviet Union and Japan. Studies were focused
on improving the piezoelectric properties of the material and building man made
materials with piezoelectric property. As a result of these studies, sintered ceramic
materials with high dielectric constants and improved piezoelectric properties were
developed. Barium Titanate (BaTiO3) family and Lead-Zirconate-Titanate
Pb(Zr, T1)O3 alloy were two important materials developed in this era [18].
Development of Lead Zirconate Titanate (PZT), which is the most commonly used
piezoelectric material, was a milestone in the history of smart materials. Around
1965, studies started in Japan which led to the commercialization of piezoelectric

material [17].

2.1.4 Poling Process

For any material to have piezoelectric property, it should have unbalanced dipoles in
its crystal structure. Piezoelectricity is a result of asymmetric distribution of charge
in the unit cell of the material. Below a certain temperature called Curie temperature,
piezoelectric crystals have unbalanced dipoles. A unit cell of a PZT ceramic with

unbalanced charge is given in Figure 2-1 [16].
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Figure 2-1. Unit cell of PZT crystal [16]

Naturally piezoelectric materials are in single crystal structure and they have single
orientation of charge all over the structure. That is why they exhibit piezoelectric
property without the need of any further processes. However, manmade piezoelectric
materials are in polycrystal structure after sintering process. Since these polycrystal
materials are made up of many grains with random orientation of charge, this results
in the net cancellation of the macroscopic piezoelectric property of these materials. A
figure showing the difference between single crystal and poly crystal piezoelectric

material is shown in Figure 2-2 [16].

Monocrystal with single polar axis Polycrystal with random polar axis
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Figure 2-2. Difference between single crystal and poly crystal piezoelectric

materials [16]
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Above Curie temperature the orientation of unbalanced dipoles in the piezoelectric
crystal vanishes and the unit cell becomes symmetric. In order to produce man made
piezoelectric material, the piezoelectric material should undergo poling process. In
poling process, piezoelectric materials are heated above their Curie temperature and
a strong electric field is applied in a direction called polarization direction. By the
effect of the strong electric field, the random orientation of dipoles are aligned. Note
that it is not a full alignment of all the grains. After the alignment of dipoles in the
grains on the material, cooling of material while keeping the electric field is done.
Below Curie temperature, the surviving polarity on the material is permanent. By this
process a material that exhibits piezoelectric property below Curie temperature is
ready to use [16,20,21]. A figure describing the poling process is given in Figure 2-3
[16].

Direction of applied Polarization
electric field direction

T (+) electrode

AN IND ol N1,
Electrode \
N \/1\/'/—~ \T\ g \3 () \ \\ /X

Random Dipole (-) electrode
Surviving polarity
Before polarization Polarization after polarization

Figure 2-3. Poling process of piezoelectric ceramics [16]

2.1.5 Piezoelectric Actuators

Piezoelectric materials have the ability to deform upon the effect of an applied
electric field on them, this makes the use of piezoelectric materials as actuators
possible. But piezoelectric materials can be used as sensors at the same time. After
poling process, a man-made piezoelectric crystal gains its + and - electrodes. In the
sensor/generator mode of application, if the piezoelectric material is compressed in
the polarization direction (this also applies to tension in the direction perpendicular

to the polarization direction), the generated voltage has the same polarity with the
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piezoelectric crystal. If piezoelectric material undergoes tension in the polarization
direction (this also applies to compression in the direction perpendicular to the
polarization direction), then the voltage generated has the opposite polarity. On the
other hand in the actuator/motor mode of piezoelectric material, if the applied
voltage has the same polarity with the piezoelectric material, then the piezoelectric
material expands in the polarization direction and contracts in the directions
perpendicular to the polarization direction. If the applied voltage has the opposite
polarity, then the piezoelectric material contracts in the polarization direction and
expands in the directions perpendicular to the polarization direction. All of these

working principles are summarized in Figure 2-4 [22].
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Figure 2-4.0peration modes of piezoelectric material after poling [22]

Piezoelectric actuators enjoy some unique properties such as unlimited resolution of
motion, no wear or tear, fast response, no magnetic field effect thanks to their
unbalanced dipole structure at unit cell level [21]. The amount of motion generated
from piezoelectric actuator depends directly on the applied electric field on the
piezoelectric material. However piezoelectric actuators lack the stroke distance since
their motion is a result of the deformation of the unit cell structure. Also they cannot
be used above temperatures higher than their Curie temperature since they lose their
piezoelectric ability at those temperatures [21]. Each piezoelectric material has a
specific Curie temperature. PZT materials are commonly used popular piezoelectric
materials. Curie temperature of PZT materials ranges from 170 to 360°C [23]. A final
drawback of piezoelectric actuators is the requirement of high voltages, in the order
of hundreds of Volts. However they do not require high amount of current, it is in the

order of miliAmperes. This reduces the amount of power consumed by piezoelectric
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actuators. Piezoelectric actuators usually require a high voltage piezoelectric
amplifier to operate. This can be a problem when designing an active vibration

control system for an aerospace structure due to space limitation.

There are many forms of piezoelectric actuators namely patch actuators, bimorph
actuators, stack actuators, mechanically amplified stack actuators, MFC (Macro
Fiber Composite) actuators, piezo tube actuators, piezo motors and special design
type actuators. An appropriate type of actuator can be selected based on the need of
force and the displacement requirement of the application. A quick comparison chart
for the typical force and displacement values of different piezoelectric actuator types

is given in Figure 2-5.
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Figure 2-5. Typical force and displacement values for piezoelectric actuators

The piezoelectric phenomenon is exhibited as a result of applied electric field
between the electrodes of a piezoelectric actuator. To have high intensity of electric
field between the electrode surfaces, the thickness between the electrode surfaces

should be small for a fixed voltage since the electric field between two parallel plate

is:

. 2.1)
t
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where E is the electric field between the electrodes and t is the distance between the
electrodes [24]. That explains why building a piezoelectric actuator in the form of a

thin plate is advantageous.

A common practice in the application of this scientific fact is the piezoelectric patch
actuators. Those actuators are polarized in their thickness direction and exposed to
electric field also in their thickness direction. Usually the polarization direction of a
piezoelectric actuator is denoted as axis number 3, which is the thickness of a patch
actuator as shown in Figure 2-6 [25]. This makes the length and width of the piezo
actuator to be named as axis 1 and axis 2. Application of electric field in the
direction of axis 3 with the opposite polarity as the piezoelectric actuator contracts
the piezo in axis 3 direction and expands in axis 1 and axis 2 directions (see Figure
2-6). A photograph of piezoelectric patch actuators with different sizes is given in

Figure 2-7 [26].

Electrode
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Figure 2-6. Piezoelectric patch actuator [25]

Figure 2-7. Photo of piezoelectric patch actuators [26]

19



Bimorph piezo actuators are manufactured by placing two piezoelectric patches on
top of each other. Bimorph actuators consist of two piezoelectric layers that work in
opposite direction. This makes the bending motion possible. Bimorph configuration
can be achieved by parallel connection or series connection of piezoelectric layers. A

schematic representation of the bimorph bender actuators is given in Figure 2-8 [27].

Piezoelectric Flexure
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Figure 2-8. Bimorph bender actuators [27]

Another form of piezoelectric actuators is piezo stack actuator. Piezo stack actuators
are manufactured by stacking single layer piezo plates on top of each other. The
applied voltage to the piezo stack is divided individually for each layer. The electric
field applied to each piezo layer is in the polarization axis, namely axis number 3.
The motion of the stack is also utilized in the axis number 3. This is called 3-3
operation mode for each piezo layer. The cumulative force/displacement generated
from the stack is the summation of the force/displacement coming from each layer.
This makes higher force levels and/or displacement levels possible from
piezoelectric materials by stacking a number of piezo layers. An illustrative drawing
of a piezo stack actuator is given in Figure 2-9 and a photo of piezo stack actuator is

given in Figure 2-10 [28-29].
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Figure 2-9. Piezo stack actuator [28]

Figure 2-10. Photo of piezo stack actuators [29]

Another enhancement to increase the stroke displacement of piezoelectric actuators
is called mechanically amplified piezoelectric actuators. The travel distance of the
actuator is enhanced thanks to some specially designed compliant mechanisms.
Those mechanism increase the stroke of the actuator in the price of decreased force.
A photo of an example piezoelectric actuator with amplification mechanism is given

in Figure 2-11 [30].
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Figure 2-11. Mechanically amplified stack actuator [30]

PZT is the one of the most common material used in the piezoelectric actuators, but
since it is in the form of a ceramic, it is brittle. Brittleness of hard piezoelectric
materials is a disadvantage in terms of usage. It is impossible to deform and apply a
hard PZT plate on the surface of a curved member. PVDF is a polymer type soft
piezoelectric material, yet it is soft to be used as actuator and is rather preferred to be
used as sensor. Here comes a necessity for a type of material which is hard enough to
be used as actuator and soft enough to be bend and applicable to curved surfaces.
That is the motivation behind the development of composite piezoelectric actuators.
In those actuators PZT fibers are reinforced and supported by some soft layers. That
makes application of MCF's to curved surfaces possible. An illustrative drawing of
the internal structure of a MCF is given in Figure 2-12 and a photo of a MFC is
given in Figure 2-13 [31].
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Figure 2-12. Internal structure of MFC [31]

Figure 2-13. Photo of MFC [31]

Piezo tube actuators are in the form of hollow cylinders. Those type of actuators are
used in scanning microscopy, ultrasonic applications, piezoelectric pumps, ink jet
printers and nano-positioning. The inner and outer surfaces of piezoelectric material

are the electrodes. A schematic drawing of a tube actuator is given in Figure 2-14
[32].
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Figure 2-14. An illustration of piezo tube actuators [32]

A different type of piezoelectric actuator is piezoelectric motors. Those type of
actuators have moving parts inside, so their motion is not limited to the deformation
of piezoelectric material due to electric field. Piezoelectric motors works as a
combination of piezoelectric elements with other mechanical parts. There are many
different types and designs of piezo motors to generate linear or rotary motion. One
example for the illustration of the concept is called piezo inchworm motor whose
working process is given in Figure 2-15 [33]. The piezo motor in this example
consists of 3 sets of piezo element. In the initialization phase, piezoelectric elements
placed on the right side hold the motion rod. In step 1, the piezo elements placed
laterally moves the motion rod from left to right. In step 2 piezoelectric elements on
the left secure the motion rod. In step 3 piezoelectric elements on the left release the
motion rod and on step 4 they are moved back to left by lateral piezoelectric
elements. In step 5 piezoelectric elements on the left hold the motion rod again to
move it right further and in step 6 piezoelectric elements on right release the motion
rod to allow its motion to right. This comes back to the initialization step of the loop

of operation of piezo inchworm motor.
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Figure 2-15. Working process of piezo inchworm motor [33]

2.2 Piezoelectric Properties and Modeling of Piezoelectric Actuators by

ANSYS

Piezoelectric materials have the ability to generate electric charge as a response to
the applied strain. They also have the ability to deform upon an applied electric field
[16]. The amount of electric charge generated per unit electrode area of the
piezoelectric material as a response to applied strain and the amount of deformation
of the piezoelectric material as a response to applied electric field between its
electrodes can be computed using piezoelectric constitutive equations. The material
properties of piezoelectric materials are the coefficients in those constitutive
equations. The piezoelectric constitutive equations are defined in ANSI/IEEE 176

standard [34] in 1987 and presented as follows:
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{$} = [s* T} + [d]{E} (22)
{D} = [d]{{T} + [e"{E} (2.3)

In these equations, these terms can be explained as follows [34,35,36]:

{S}: Mechanical strain vector, unit: m/m

{T}: Mechanical stress vector, unit: N/m?

{E}: Electric field vector, unit: V/m

{D}: Electric displacement (electric flux density), unit: C/m*

[sE]: Compliance matrix evaluated at constant electric field, unit: m’s/N
[d]: Piezoelectric constant matrix for strain/electric field, unit: m/V

[€T]: Dielectric permittivity matrix evaluated at constant stress, unit: F/m

There is also an alternative form of those equations in which applied strain on the
piezoelectric material is linearly related to stress and the electric displacement
[34,36]. Piezoelectric materials are anisotropic, so their material properties change
with direction [34,35]. If the poling axis of the piezoelectric material is denoted as 3,
a coordinate axis as given in Figure 2-16 can be defined [37]. The constitutive
piezoelectric equations can be written in this axis system as given by the following

equations [19].

(Sl\ _Slzl Sliz 5123 0 0 O (Tl\ 0 O d13

Sz | S12  S11 S23 0 00 T, 0 0 dis E

<53}= sty sby sk EO 00 1Tl 1o 0 dy [)g 2.4)
S4| 0 0 0 544 0 0 |T4,| O d15 0 E3

Ss ) 000 0 si O kTSJ dis 0 0

S 000 o o s&led Lo 0 0
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Figure 2-16. Axis system of a piezoelectric material, polarized in axis 3 [37]

ANSYS software has the ability to model piezoelectric materials by SOLID 226, 20
Node Coupled Field solid element [34,38]. In modeling piezoelectric material
properties in ANSYS an important point to notice is that the order of vectors of
piezoelectric materials in the manufacturer's datasheet is {x,y,z,yz,xz,xy}. However
ANSYS accepts the material properties in the order {X,y,z,xy,yz,xz}. Therefore
equations (2.4) and (2.5) are modified as follows when entering material properties

into ANSYS [36].
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(S1) Sti Stz Sis 0 0 O (Tﬂ 0 0 diz
Ss Stz ST1 533 0 00 T, 0 0 dis E
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4 000 S 0 0T 0 0 0
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5 0 0 O 0 sk o0 k 5) 15
\S¢/ 0 0 O 0 0 Sf4_ Te ldis 0 Ol
(T1)
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Ds diz dyz dsz 0 0 0 T5| 0 0 elL|\Es
LT6J

ANSYS SOLID 226 element is a coupled filed element which has piezoelectric
option. This element has 20 nodes. Geometry options of this element is given in
Figure 2-17. The degree of freedom of this element is translation in x,y and z axes
and voltage (UX,UY,UZ and VOLT) if piezoelectric option is selected. In
piezoelectric option, force in X,y and z axes and charge (FX,FY,FZ and CHRG) can
be applied to the element. This element can be used in static, modal, full harmonic

and full transient analyses [38].

M,N,O,P,UV.W.X

Tetrahedral Option
M,N,O,B,U,V.W.X

Pyramid Option

X
M " OPW

Y AB
I K.LS
R
Q
J
Prism Option

Figure 2-17. SOLID 226 element in ANSYS [38]
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2.3 Modeling Plant in State Space

A linear vibratory system can be expressed in state space as a dynamic system. To
obtain a state space representation of a linear vibratory system, the equation of

motion of the system is written in the first step.

M + C4f + Kr = F (2.8)

In this equation, r is the generalized coordinate vector, M is mass matrix, Cq is
damping matrix, K is stiffness matrix of the system. F is the forcing vector on the

system. Note that equation (2.8) can be written in modal domain as follows [39]:

Mij+ Cqiq+ Kn=F (2.9)

In this equation n is the modal coordinate vector, which is a function of time. M is
the modal mass matrix, Cq is the modal damping matrix, K is the modal stiffness
matrix and F is the modal forcing vector. If the mass normalized modal matrix of the
system is @, then modal mass, damping, stiffness matrices and the forcing vector can

be calculated as follows [39]:

M= ¢ Mg (2.10)
Ca=q@"Caep (2.11)
K = @Ko (2.12)

F=¢'F (2.13)

To express the vibratory system in state space, the system states are taken as the
modal coordinates and their time derivatives. State space form of a dynamic system

is as follows:

x = Ax + Bu (2.14)
y = Cx+ Du (2.15)
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In state space representation, x is the state vector, u is the system input vector and y
is the system output vector. If the system input is forcing on definite locations of the
system and the system output is the displacement at definite locations of the system,
then the state space matrices of the system and the system states can be expressed as

follows [39,40]:

X = [2] (2.16)
I
A=|_moig —lVl_lCd] (2.17)
B= [l\_/l_l(()pTFu] (2.18)
= [Uyep 0] (2.19)
D = [0] (2.20)

In the above equation U, is a matrix of size number of outputs by number of degree
of freedom (dof). The elements at the rows of matrix U, is 1 at dof where the output
of the system is requested. Other elements of U, is zero [40]. As an example if the
system has 6 dof and the system output is required to be the 1% and 5™ dof of the

system, the U, matrix will be
1 0 0 0 0 O
Uu = [O 0 0 01 0]

For the forcing matrix, F, is a matrix of size number of dof by number of input
forces. The elements at the columns of F, is 1 at dof where a forcing is applied.
Other elements of F, is zero [40]. To illustrate this with an example, for a 6 dof

system if the forces are applied at 1, 3" and 4™ dof, then F, matrix will be

1.0 0
|[000]|
1o 1 ol
Fa=lo 0o 1]
[oooJ
0 0 0
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Since mode shapes of a linear vibratory system is orthogonal, the following

expressions can be written for a system modeled with n modes [40,41].

0 0 0 1 0 0
0 0 0 0 1 0
o o0 - 0 0 0 1
S R L T o I
0 —ws 0 0 —20,w, 0
0 0 —(1)121 00 _Zann
0
B=[ ] 2.22
(pTFu ( )

For mass normalized eigenvectors M = L. It should be noted that in A matrix o; is

the natural frequency and { is the damping ratio of the i mode.

2.4 Concepts of Controllability and Observability
2.4.1 Concept of Controllability

A system is said to be controllable if it is possible to move the system from any
initial state to any final state by means of the control inputs in a finite time interval
[42]. Controllability concept plays an important role of the controller design problem
since it is impossible to solve this problem if the system is uncontrollable. Given a
linear dynamic system in state space representation with n number of states and r
number of inputs, the controllability matrix of this system can be calculated as

follows [42]:

R=[B AB A?B .. A" (2.23)

The controllability matrix is n by n*r. If the controllability matrix has full rank, i.e

Rank(R) = n then the system is said to be controllable [42].
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2.4.2 Concept of Observability

A system is said to be observable if it is possible to observe all of the states of the
system by only observing the system outputs for a finite time interval [42]. The
observability and controllability are dual concepts. Given a linear dynamic system in
state space representation with n number of states and q number of outputs, the

observability matrix of this system can be computed as follows [42]:

(2.24)

Dimension of the observability matrix is n*q by n. If the rank of observability matrix

isn, i.e Rank(Q) = n then the system is said to be observable [42].
2.5 Placement of Piezoelectric Patches by Controllability

Using controllability matrix, it can only be detected whether a system is controllable
or not. Controllability Gramian is used to measure the degree of controllability of a

system and it is defined as follows [43,44]:
t T
G.(t) = j eA"BBTe? “dr (2.25)
0

Controllability Gramian matrix is a way to know the degree of controllability of a
system. By changing the locations of the actuator, controllability degree of states of a
system can be changed. If determinant of controllability Gramian matrix is
maximized, then the energy required to control the vibrations of a system will be
minimized. Eigenvalues of controllability Gramian matrix are also important
measures of controllability for different states of a system. Since vibration modes of
the system are taken as states when modeling vibratory systems, then the eigenvalues
of controllability Gramian matrix correspond to the degree of controllability of each

vibration mode. Among the eigenvalues of controllability Gramian matrix, if there is
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a low eigenvalue, this means the corresponding vibration mode of the system is
difficult to control with the existing actuator configuration [43]. Therefore it is
possible to generate a placement criteria for piezoelectric actuator placement
utilizing the eigenvalues of controllability Gramian matrix. A placement criterion

utilizing the eigenvalues of controllability Gramian matrix is given below [44,45,46].

(2.26)

In the placement criterion above, A; are the eigenvalues of the controllability
Gramian matrix of the system and o (4;) is the standard deviation of the eigenvalues.
It is desired to find optimum actuator locations to control modes of the system from i
= 1 to n by maximizing the parameter J. It is desired to have high eigenvalues for the
controllability Gramian matrix, so summation of the eigenvalues is included. It
should be avoided to have a mode with very low controllability to ensure stability of
the system, so a multiplication term of all the eigenvalues is also included in the
criterion. Finally it is preferred to have similar controllability degree for each mode,
and this is the reason for having the standard deviation of the eigenvalues in the
denominator [45]. Ending up with a high J value means good and balanced actuator

placement for all the modes that are included in the calculation of the criterion.

In the study of placement of piezoelectric actuators, one approach is to place a
piezoelectric actuator to each possible actuator location and calculate a J value for
the corresponding system. Each possible piezoelectric actuator configuration will
constitute a different system in state space, thus will have a different controllability
Gramian matrix and a different J value. The system with the highest J value will be
the best system in terms of piezoelectric actuator placement. It is convenient to use
finite element method for this task to compute the structural matrices, modal
parameters and other required information for the system matrices required in

Gramian calculation [39,47].
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2.6 Placement of Sensors by Observability

Observability matrix only determines if a system is observable or not by the existing
sensors on it, however a mathematical tool is required to determine the degree of
observability of the system in order to develop a method which uses system
observability for optimal sensor location. This mathematical tool is called
observability Gramian matrix. Similar to controllability Gramian matrix, the
eigenvalues of observability Gramian of a vibratory system give information about
the observability of specific vibration modes. A similar placement criteria for sensor
locations using observability Gramian matrix can be derived from the duality
principle between controllability and observability. An expression of observability

Gramian matrix is given as follows [45,48]:

t

G,(t) = f eA' T CTCeATdr (2.27)
0

Maximizing the eigenvalues of the observability Gramian matrix maximizes the
observability of the modes, which are the states of vibratory systems. Similar
placement criteria as in the actuator placement can be used for sensor placement
using the eigenvalues of the observability Gramian matrix instead of the eigenvalues
of the controllability Gramian matrix [45]. Discussion in the placement criteria for

the actuators also applies for the sensor placement.
2.7 State Feedback, Observer Design and Pole Placement

For the system given in state space representation as in the equations 2.14 and 2.15, a

full state control signal will be chosen as follows [42]:
u = —Kx (2.28)
If equation 2.28 is inserted in equation 2.14, the result will be

x = (A — BK)x (2.29)
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Note that by this operation the system is modified and the stability and transient
response characteristics of the system is determined by the eigenvalues of (A — BK)
matrix. By choosing a proper K, the poles of the original system A can be placed on
any desired location on the s-plane if the system is completely state controllable [42].
Pole placement problem is finding a proper K matrix to place the system poles to

desired locations for the desired system performance.

If the controllability of all the states of the system are guaranteed, then any pole of
the system can be placed on any desired location on the s-plane. For a vibratory
system, the location of poles of the system are determined by the natural frequencies
and the damping ratios of the system. For each vibration mode of the system there
are two poles placed symmetrically with respect to the real axis of s-plane. Poles of
a vibratory system for a mode with a natural frequency w, and damping ratio { is
given in Figure 2-18 [49]. If there exists a vibratory system with actuator
configuration that presents full state controllability, then it is theoretically possible to
manipulate natural frequencies and damping ratios of each mode of the system. If the
poles are far from the origin, this mode has higher natural frequency. If the angle
between the negative real axis and the line from pole to the origin increases, then the
damping ratio of this mode decreases. To add damping to a vibratory system, poles
should be located to positions such that the angle between the negative real axis and
the line from pole to the origin should be smaller than the original value. It should be
noted that { defines the cosine of the angles of the poles. At { = cos (/4) the

system has critical damping for that mode.
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Figure 2-18. Poles of a vibratory system in s-domain [49]

In pole placement the control signal is calculated by using the system states.
However, in system models states of the system can be different from the system
outputs. In a vibratory system model, the states of the system can be the vibration
modes and all of the states may not be available from the system output
measurements. Then a dynamic system called observer should be designed to

estimate the unavailable system states [42].

Observer estimates the system states based on the control inputs and the system
outputs. An observer can be designed if the system is observable. Since the aim of
building the observer is to reconstruct the system states, it has a similar structure as
the plant except an additional term for the difference between the measures of system
output and estimated system output [42]. The block diagram of a system with an
observer and full state feedback is given in Figure 2-19 [50]. Estimated states by the

observer are denoted by X.
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open-loop plant

observer with perfect model

Figure 2-19. Block diagram of system with observer [50]

The equations of the full state observer are as follows [42]:

& = AR 4+ Bu + L(y — C®) (2.30)

(A—LC)X+Bu+Ly (2.31)

X

The observer dynamics is given by equation 2.31. Eigenvalues of (A — LC) matrix

greatly influence the observer dynamics.

If the reference input to the plant is zero, i.e. r = 0, and u = —KX then it is possible
to write the equation below for the system for which the block diagram is given in

Figure 2-19 [42]:

37



X—% =Ax— A% — L(Cx — C®) (2.32)
x—-X=A-LOx-%) (2.33)

Difference between x and R is called error vector and if e = x — X then [42]:

é = (A—LC)e (2.34)

The dynamics of the error between the system states and the estimated system states
is a dynamic system with eigenvalues of (A — LC) matrix. If those eigenvalues are
stable, then the error will converge to zero and the system will be successfully

observed by the designed observer [42].

Observer design problem is a kind of pole placement in which AT and CT matrices
are used instead of A and B as in the state feedback controller design [51]. In state
feedback controller design with pole placement, eigenvalues of (A — BK) matrix is
placed by choosing a proper K. In observer design problem the eigenvalues of
(A — LC) matrix will be placed by choosing a proper L. However in state feedback
controller design, K matrix is on the left of B matrix. To make the observer design

problem like the previous one, transpose of (A — LC) matrix will be taken [51].

(A—LC)T = AT — CTLT (2.35)

In observer design, same tools as in the state feedback controller design can be used
but AT and CT matrices should be used instead of A and B matrices and the transpose

of the resulting K matrix should be used as L, i.e. KT = L [51].

In designing a state feedback controller with observer, there are two pole placements
that the designer should realize, pole placement for the system by the controller and
the pole placement for the observer. There is a rule of thumb for the controlled
system poles and the observer poles such that the observer should be 3 to 5 times
faster than the system to be observed. Therefore the observer poles should be placed
such that the settling time of the observer system should be 1/3 to 1/5 of the settling
time of the controlled system [52].
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CHAPTER 3

ACTIVE VIBRATION CONTROL OF BEAM
USING PIEZOELECTRIC PATCHES

3.1 Introduction

Before studying active vibration control of a cylindrical structure by means of
piezoelectric patches, a simpler structure, a cantilevered beam is studied in order to
prove the methodology to be used in control of vibrations. In the study a thin, long
cantilever beam made of steel is used. A photo of the beam used in the study is given

in Figure 3-1.

Figure 3-1. Cantilevered beam as the test structure
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The beam structure has two American Piezo Company (APC) 850 piezoelectric
patches placed side by side at the beam root. On the other side of the beam there are
two strain gages located at the center of each piezoelectric patch. A photo of
piezoelectric patches bonded at the root of the beam is given in Figure 3-2, and a
photo of strain gages bonded at the opposite side of piezoelectric patches is given in

Figure 3-3.

Figure 3-2. Piezoelectric patches at the root of the beam

#2i

E et R

Strain gage

Figure 3-3. Strain gages at the opposite side of piezoelectric patches
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In addition to strain gages two laser displacement sensors are also used for data
acquisition of vibration of the beam. In designing an active vibration control system

for the beam the suggested approach is illustrated in a scheme given in Figure 3-4.

Finite element modeling of the beam

Tests and data acquisition
over the beam

N

/

Updating finite element

model to fit the test data

L—
Obtaining the plant model from updated
finite element model and verification of
plant by test data

) Voltage FRF

FFT [mm/Vol]

10' 10
Frequency [Hz]

.

Designing a controller for the verified model

Implementation of the controller
on the test structure
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Step 7 control off
Sco
Saturation plant pe L control on
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. . . . . . .
0 5 10 15 20 25 30 35 40
Time [s]

Figure 3-4. Controller design approach for beam structure
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3.2 Finite Element Modeling and Analysis of the Beam
3.2.1 Beam Model

A long and thin cantilever beam model is obtained by using in ANSYS finite element
software. Dimensions of the beam are 350x24x1 mm. The beam is made of steel. At
the cantilevered tip of the beam two root blocks are glued to 35 mm portion of the
beam, which makes the active length of the beam 315 mm. Two piezoelectric patches
are glued side by side close to the cantilevered end of the beam. On the other face of
the beam two strain gages are glued to the locations corresponding to the centers of

each piezoelectric patches. Dimensions of the beam are given in Figure 3-5.

35mm 315mm

25mm 25mm

24mm

Cantilevered! ~Piezoelectric Piezoelectric
Section i Patch#l Patch #2
(Root Block); 39mm

Snun

Figure 3-5. Dimensions of the beam with piezoelectric patches

On the front side of the beam, two piezoelectric patches are glued next to each other
and at the back side of the beam two strain gages are glued to the locations
corresponding to the centers of piezoelectric patches at the front face of the beam.
Locations of the strain gages at the back side of the beam measured from the root (x
= 0) is given in Figure 3-6.

Piezoelectric  Piezoelectric

: Patch #1 Patch #2

-

N T
Cantilc‘\'crcdi 20mm \\ K

Secti Strain Strain

Section ! ~ y - B
——  » Gage#l Gage #2

(Root Block):”  50mm & £

Z

Figure 3-6. Locations of strain gages at the back side of the beam
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Thickness of piezoelectric patches are 0.5 mm and the thickness of the glue layer
between the beam and the piezoelectric patches is approximately 0.25 mm; which is
measured by a micrometer after curing process of the glue. Thickness of the beam,

glue layer and the piezoelectric patches is given in Figure 3-7.

Piezo
thickness
0.5min

Glue
thickness
0.25mm

Beam
thickness
1lmm

Figure 3-7. Thickness of the beam, glue layer and piezoelectric patches

Beam is secured by a clamp which presses on the top and bottom sides of the root
blocks. The portion of the beam with root blocks is considered as the cantilevered
portion. In ANSYS, nodes on the areas of the beam where root blocks are glued are
fixed in x, y and z directions. Those nodes that are fixed in all 3 directions are

showed in Figure 3-8.

Z axis

Figure 3-8. Cantilevered boundary condition modeled in ANSYS
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As the axes defined on the beam, X axis is the longitudinal direction over the beam.
Z axis is the axis normal to the wider surface of the beam. Piezo patches are
polarized in thickness direction, which is Z axis. Y axis is the lateral direction of the
beam, which is normal to the thinner surface. The defined axes are also shown in

Figure 3-8.

Beam is prepared by gluing the root blocks at its fixed end and gluing the
piezoelectric patches and the strain gages. Cables of strain gages and piezoelectric
patches are secured by sticky tape for strain relief. The electrodes on the top side of
the piezoelectric patches are connected by simply soldering. Electrode on the other
side is connected to the cable by a thin connecting foil which is glued to the piezo
electrode surface with a small portion of Elecolit 325 conductive epoxy at its corner.
After gluing the conductive foil to the corner of the bottom electrode of piezo by
conductive epoxy, the bottom electrode is covered by 3M DP 760 glue for electrical
insulation. After the insulation of the bottom electrode surface, the piezoelectric
patch is glued to the beam by 3M DP 760 epoxy. Thus, the beam is electrically
insulated from the bottom electrode of the piezo. The bottom electrode is electrically
connected by means of a thin foil. This makes each piezoelectric patch electrically

independent. The beam ready to be tested is given in Figure 3-9.

Figure 3-9. Beam with sensors and root block, ready to be held by the clamp

The beam is held by a clamping mechanism by the top and bottom surfaces of the

root block. The beam on the clamp mechanism is given in Figure 3-10.
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Figure 3-10. Test beam held by clamp mechanism

The material properties of the beam are given in Table 3-1. Note that the material

properties of steel are taken as typical values for the beam in the first analyses.

Table 3-1. Material properties of steel

Flastic modulus 210 x10° Pa
Poisson's ratio 0.3
Density 7.85 x10° kg/m’

Piezoelectric patch used on the beam is made of APC 850 material and its properties

are given in Table 3-2 below and also given in Appendix B.

Table 3-2. Material properties of APC 850

Density 7.6 x10° kg/m’
Piezoelectric constants
dsi -1.75x10" m/v
dss 4.00 x10™" m/V
dis 5.90x10" m/V
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Table 3-2. Material properties of APC 850 (Continued)

FElastic constants

S 1.64 x10" m*/N
S35 1.88 x107"" m*/N
S*1 -5.74 x107 m*/N
SFi -7.22x107 m?/N
SFu 4.75x10"" m*/N
S 443 x10"" m*/N
Dielectric constants
K", 1900
K33 1900
€0 8.85x10"° F/m

The glue layer between the beam and the piezoelectric patch has a thickness of 0.25
mm and this layer is also modeled. The glue used is 3M DP 760 epoxy. Its material

properties are given in Table 3-3 and also given in Appendix B.

Table 3-3. Material properties of epoxy layer

Flastic modulus 6 x10° Pa
Poisson's ratio 0.35
Density 1.2 x10° kg/m’

After defining the material properties, element types to be used are selected using
ANSYS APDL. For piezoelectric materials SOLID 226 elements are used, while
SOLID 186 elements are used for the beam and the epoxy layer. A sweep mesh is
generated by APDL using a generic element size of twice the thickness of the beam.

The mesh over the beam has a total of 2760 elements and 18709 nodes.
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3.2.2 Static Analysis for Applied Voltage Load

Cantilevered beam, piezoelectric patches and the glue layer between them are
modeled in ANSYS using ANSYS Parametric Design Language (APDL). A static
analysis is done to find out the static deflection of beam upon applying electric
potential to the electrodes of piezoelectric patches. A voltage load of 70V is applied
to the piezoelectric patch #1 and piezoelectric patch #2 in two separate analyses and
the deflection of beam is calculated. The result of a static analysis in which 70V is
applied to the first piezo and OV is applied to the second one is given in terms of the
deformation of the beam in Z direction in millimeters in Figure 3-11. Note that the
deformation is exaggerated for better understanding. In this analysis, the maximum

deflection of the beam is calculated as 0.0936 mm.

e
-.225E-03 .020638 . 041501 . 062364 .083227
.010206 .031069 .051932 .072795 .093658

Figure 3-11. Deformation of beam in Z direction in mm for 70V

applied at piezo #1

Strain of the beam on the side where piezoelectric patches are not used is given in
Figure 3-12. Note that the strain on the beam at the back region of piezoelectric
patch#1 is noticeable. It corresponds to the strain that will be read by strain gage #1.
From analysis results strain at the node corresponding to strain gage #1 is 7.278

microstrain and strain at node corresponding to strain gage #2 is -0.513 microstrain.
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N I
-.315E-04 -.228E-04 -.141E-04 -.548E-03 .318E-05
-.271E-04 -.185E-04 -.981E-03 -.115E-05 .751E-05

Figure 3-12. Strain of beam in X direction in mm for 70V applied at piezo #1

In the second analysis OV is applied to the piezo #1 and 70V is applied to piezo #2.
The resulting deformation of the beam in Z direction in millimeters is given in Figure

3-13. The maximum tip deflection at this case is 0.0792 mm.

e I
-.373E-03 .017304 .03498 .052657 .070334
. 008465 026142 .043819 061435 .079172

Figure 3-13. Deformation of beam in Z direction in mm for 70V

applied at piezo #2

Strain on the beam in X direction for this case is also computed. Strain of the beam
on its side without piezo patches is given in Figure 3-14. It is seen from the figure
that the portion of the beam under piezo patch#2 which is loaded is the region with
the largest strain as expected. In this case the strain on the node of strain gage #1 is -

0.357 microstrain and strain on the node of strain gage #2 is 7.131 microstrain.
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I e
-.310E-04 -.224E-04 -.139E-04 -.542E-05 .309E-05
-.267E-04 -.182E-04 -.968E-05 -.116E-05 . 735E-05

Figure 3-14. Strain of beam in X direction in mm for 70V applied at piezo #2

Piezoelectric patches are glued only at one side of the beam and there is a glue layer
between the patches and the beam. This can make the deflection of the beam
different for applications of positive and negative voltage loads. However upon
making the analyses for the loads of 70 V and -70V it is seen that the difference is
small. In the third analysis a -70V load is applied to piezo #1 and the resulting
deflection is given in Figure 3-15. The maximum tip deflection at this case is -0.0936

mm.

I s
-.093666 -.072801 -.051837 -.031072 -.010207
-.083234 -.062369 -.041504 -.020639 .225E-03

Figure 3-15. Deformation of beam in Z direction in mm for -70V applied at

piezo #1
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In the case of -70V at piezo patch #1, the resulting strain at the face of beam without
piezo patches is given in Figure 3-16. Strain values at the nodes of strain gage #1 and

strain gage #2 are -7.273 microstrain and 0.513 microstrain, respectively.

o I
-.751E-05 .115E-05 .981E-03 .185E-04 .27T1E-04
-.318E-05 .54BE-05 .141E-04 .228E-04 .315E-04

Figure 3-16. Strain of beam in X direction in mm for -70V applied at piezo #1

Similar to the previous case, a -70V load is applied to the second piezo patch and the
deformed shape is given in Figure 3-17. The maximum tip deflection is -0.0792 mm

for this case.

[ |
-.079179 -.061501 -.043822 -.026144 -.008466
-.07034 -.052661 -.034983 -.017305 .373E-03

Figure 3-17. Deformation of beam in Z direction in mm for -70V

applied at piezo #2

Strain of the beam on its side without piezoelectric patches for the case of -70V

applied ap piezo patch#2 is given in Figure 3-18. The strain at the node of strain gage
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#1 is 0.357 microstrain and the strain at the node of strain gage #2 is -7.126

microstrain.

o I
-.735E-05 .117E-05 . 968E-03 .182E-04 . 267E-04
-.309E-05 .542E-05 .139E-04 .225E-04 .310E-04

Figure 3-18. Strain of beam in X direction in mm for -70V applied at piezo #2

It would be interesting to see the deformation of the beam for applying positive
voltage load on one piezo and negative voltage load on the other. For this purpose,
two analyses are done; in the first one 70V is applied to piezo patch #1 and -70V is
applied to piezo patch #2. The result of this analysis is given in Figure 3-19. Note
that each piezo bend the beam in different directions. The deformation of the beam is
given in Figure 3-19 in an exaggerated manner for better understanding. The
maximum tip deflection is 0.0145 mm, which is much less than the case that 70V is

applied to piezo patch #1 and OV is applied to piezo patch #2.

s _
-.217E-03 003048 006313 .009578 012843
.001415 .00468 .007946 .011211 .014476

Figure 3-19. Deformation of beam in Z direction in mm for 70V

applied at piezo#1 and -70V applied at piezo #2
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In the case of 70V applied on piezo patch#1 and -70V applied on piezo patch#2, the
strain distribution of the beam on its face without piezo patches is given in Figure
3-20. The strain on the node of strain gage #1 is 7.635 microstrain and -7.639
microstrain on the node of strian gage #2. Note that strain on the electrodes of piezo

patches are higher in this case.

e I
-.329E-04 -.183E-04 -.369E-05 .109E-04 .255E-04
-.256E-04 -.110E-04 .362E-05 .182E-04 .32BE-04

Figure 3-20. Strain of beam in X direction in mm for 70V applied at piezo #1
and -70V applied at piezo #2

As another analysis -70V is applied on piezo patch #1 and 70V is applied on pizeo

patch #2. The calculated deformation of the beam is given in Figure 3-21. In this the

case maximum tip deflection is -0.0145mm.

52



|
-.014494 -.011225 -.007853 -.004686 -.001417
-.012859 -.00959 -.006321 -.003052 .217E-03

Figure 3-21. Deformation of beam in Z direction in mm for -70V applied at

piezo #1 and 70V applied at piezo #2

As a result of this analysis, the strain of the beam on its face without piezo patches
are given in Figure 3-22. The strain on the node of strain gage #1 is -7.630
microstrain and the strain on the node of strain gage #2 is 7.644 microstrain. In the
case of loading both piezoelectric patches with opposite voltages, like in this case
and in the previous one, the strain values are higher than the case of loading single

patch at once.

N I
-.328E-04 -.182E-04 -.361E-05 .110E-04 . 256E-04
-.255E-04 -.109E-04 .369E-05 .183E-04 .329E-04

Figure 3-22. Strain of beam in X direction in mm for -70V applied at piezo #1
and 70V applied at piezo #2
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A total number of six static analyses are done on the beam, for six different cases.

Applied voltage loads on each piezo and resulting tip deflections are summarized in

Table 3-4.

Table 3-4. Summary of static analysis results

Analysis Load on Load on Tip Strain at Strain at
number patch#1 patch#2 deflection SG#1 SG#2

location location

1 70V ov 0.0936mm 7.278 us -0.513 ps

2 ov 70V 0.0792mm -0.357 ps 7.131 ps

3 =70V ov -0.0936mm -7.273 ps 0.513 ps

4 ov =70V -0.0792mm 0.357 us -7.126 ps

5 70V =70V 0.0145mm 7.635 ps -7.639 us

6 =70V 70V -0.0145mm -7.630 ps 7.644 us

3.2.3 Modal Analysis

Modal analysis is done to obtain natural frequencies and mode shapes of the beam
with piezoelectric patches. First five modes are obtained and the results are

summarized in Table 3-5.

Table 3-5. Results of modal analysis

Mode Number Definition Natural Frequency (Hz)
1 1* bending 9.865
2 2" bending 56.650
3 3 bending 150.96
4 1* lateral bending 206.14
5 1" torsion 236.29
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The mode shapes of the beam are given in Figure 3-23, Figure 3-24, Figure 3-25,
Figure 3-26, and Figure 3-27.

Figure 3-25. 3 bending mode shape, natural frequency 150.96 Hz
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Figure 3-27. 1% torsion mode shape, natural frequency 236.29 Hz

3.2.4 Mathematical Model Using State Space Matrices

In modeling vibratory systems, natural frequencies, mode shapes and damping ratios
are the key parameters. By using modal parameters, the mathematical models that
show the behavior of the system in frequency domain are easily obtained.
Unfortunately it is impossible to know the exact damping behavior of a system
without testing. In the first step of modeling the system with analysis, damping
behavior will be guessed. Since the model does not have any localized damping
elements such as dashpot dampers or mounting block etc., proportional damping

model fits to the purpose.
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As a first estimate of the damping of the beam, damping ratio will be assumed as
£=0.001. Later this value will be updated to fit the calculated results to the test data.

Other properties of the structure is kept unchanged.

To obtain a mathematical model of the system, state space matrices are needed.
ANSYS SPMWRITE command is a novel way to perform this task [53]. In state
space model of the beam as a vibratory system, the voltage applied to the
piezoelectric patches is considered as the input to the system. The modes of the
system are considered as states and the output is considered as the tip displacement.

Modeling of a vibratory system by state space is explained in Chapter 2.3.

By using SPMWRITE command, A,B,C and D matrices are easily obtained. By
these matrices transfer functions between the inputs and outputs could be
determined. ANSYS APDL codes required for obtaining the system matrices is given
in Appendix C.

Once A,B,C and D matrices are obtained, the system model will be complete, then
the frequency response and time response of the system to known excitations can be
obtained in a very fast way. However, the finite element model contains all the
modes of the system, but the state space model contains only the modes of interest
which are selected by user. Therefore the state space model is a truncated model of
the finite element model. Finite element model contains information about the
motion of all the nodes of the system, however its computation time is huge. The
state space model considers the motion of the selected dof's only, so it gives instant
response in terms of computational time, and it is very suitable for controller design
studies. However it is a truncated model and it needs to be verified by means of
transient analyses and harmonic analyses done on the full model in ANSYS. Results
of full harmonic analysis and full transient analysis are compared with the frequency

response and step response of the reduced state space model.

In the harmonic analysis a voltage load of 1V is applied on piezoelectric patch #1

and the results of tip displacement are obtained over the frequency range of 0 to 165
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Hz. For the peaks where the modes of the system are located, the frequency
resolution is kept much more finer than the rest of the frequency range. Then the
results of the harmonic analysis is compared with the frequency response of the state
space model. As shown in Figure 3-28, the two models are quite coherent for the first

two modes.

original vs reduced system

0 T T T T
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reduced

amplitude [dB]

250 ! ! ! ! ! ! ! !
20 40 60 80 100 120 140 160

frequency [Hz]

original vs reduced system
0 T T T T
original
reduced
2+ 1

phase [rad]

10 ! ! ! ! ! ! ! !
20 40 60 80 100 120 140 160

frequency [Hz]

Figure 3-28. Comparison of full harmonic analysis and frequency response of

state space model

Comparision of full and reduced model in the frequency domain shows the
coherence of the models for the first two modes. However when truncating the
dynamic model, it is assumed that the third mode of the structure has no importance

when compared to the first two modes. Only way of testing this assumption is
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making analysis in time domain. Therefore a transient analysis will be done in
ANSYS and its results will be compared to the results of step response of the state

space model which will be computed from Simulink.

In the beginning of modeling, a constant damping ratio is assumed as the damping
behavior of the system. As a damping ratio an initial value of { = 0.001 is taken. In
harmonic analysis this damping behavior can be used in the finite element model by
DMPRAT command. However this command is not available for the transient
analysis. Instead to that Rayleigh damping model should be utilized. This requires a

conversion between constant damping ratio and Rayleigh damping [53].

In Rayleigh damping, the damping of a structure is modeled by two coefficient, o
and f. In this proportional model the damping matrix of a structure is constructed by

its mass and stiffness matrices as follows:
C=aM+ K (3.1)

In the calculation of damping matrix, o is the coefficient of the proportion of the
mass matrix and B is the coefficient of the proportion of the stiffness matrix. The
viscous damping ratio { can be expressed in terms of a and B as a function of

frequency which is:

Bw (3.2)
2

The graphical representation of this equation is given in Figure 3-29 [54]. a damping
is effective at low frequencies, whereas J damping is more effective at high
frequencies. At mid frequencies both a and B damping are effective and the damping

in the structure is summation of them.
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Figure 3-29. Relationship between viscous damping and Rayleigh damping [54]

In a vibratory system the most important frequencies are the natural frequencies, so it
is very important to know the damping behavior of the system at its resonant
frequencies. Here a constant viscous damping behavior is being converted to o and f3
damping, since viscous type of damping is not supported by ANSYS transient
analysis. Damping curves cover a wide frequency band, however since the most
important modes of the system are the first two modes, it is a good approach to
calculate o and B values at the natural frequencies of first two modes. To compute
corresponding o and B values for a viscous damping ratio of { = 0.001, Equation
(3.2) will be used at frequencies f; = 9.865 Hz and f, = 56.65 Hz which correspond to
o = 62 rad/sec and w, = 356 rad/sec. For two natural frequencies there will be two

equations for unknowns a and .

~ B 62 (3.3)
0.001 = 5—— +~—
a B * 356 (3.4)
0.001 = 5——c +—
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If these two equations are solved simultaneously, the values of o and B are found as
0.1056 and 4.78x10°® respectively. Now a transient analysis can be done with this

values in ANSYS.

In the transient analysis a 70V load is applied on the piezo patch #1 on the beam and
then the simulation is solved for two time steps where the dynamic effects are turned
off. By this steps, the beam has come to steady state. Then at the next time step the
voltage load is suddenly released and the dynamic effects are turned on. The step size
is taken as 0.001 s and the simulation is run for 5 seconds. The tip displacement is
taken as the output of the analysis. The comparison between 5 seconds of transient
analysis in ANSYS and the step response of the reduced model computed in
Simulink are drawn side by side in Figure 3-30, Figure 3-31 and Figure 3-32. The

last two figures are closed versions of the first one.

full model vs reduced model
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Figure 3-30. ANSYS transient analysis results vs Simulink result
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full model vs reduced model
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Figure 3-31. Comparison of full and reduced model for first S seconds
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Figure 3-32. Comparison of full and reduced model for the first second of

simulation
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Examining the results of transient analysis and the Simulink results for the step
response to the state space model, it can be seen that the state space model represents
the full model quite accurately. So instead of using time consuming full finite
element model, the characteristics of the system could be determined by the state
space matrices obtained from ANSYS and a fast model can be generated in Simulink

and used instead of the full model.

It can be concluded from the above comparisons that the state space model computed
from ANSYS using the first two modes by means of SPMWRITE command is a fast

and accurate model to be used in the controller design studies.

Now this model will be updated so that the theoretical results will fit to the test data.

Thereafter a controller will be designed for the updated model.

3.3 Test and Data Acquisition Over the Beam
3.3.1 Test Setup

The test setup is composed of the test structure, laser displacement sensor heads and
controllers, strain gage conditioning units, piezoelectric voltage amplifiers, data
acquisition (DAQ) card and input/output connection blocks with xPC target and host

computers.

In data acquisition phase of the study, MATLAB xPC target is used. In the xPC
target configuration, there is a host PC and a target PC. Host and target PC are
interconnected via TCP/IP communication protocol. Host PC is the interface for the
user. Target PC is the PC which communicates with the DAQ card. The DAQ card is
National Instruments NI PCI 6289. This card is used in data acquisition and sending
the output signals generated by xPC target to drive the piezoelectric patches via
piezoelectric voltage amplifiers. A schematic view of the test setup is given in Figure
3-33. The test setup for the beam is installed in the Vibration Laboratory of
Department of Mechanical Engineering in METU. Photos of the test setup are given
in Figure 3-34 and Figure 3-35.
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Figure 3-34. A photo of the test equipments in METU
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Laser LK-G157

Measurement

Heads

Figure 3-35. Test beam and laser displacement sensor heads

Keyence LK-G37 and LK-G157 type laser measurement heads are positioned for the
ideal measurement distance to the test beam. The measurement signal output is taken
in voltage terms from the Keyence LK-G3001V laser controller unit and connected
to the analog input for the target PC. Photos of Keyence products are given in Figure
3-36.

LK-G3001V [ kG157

=

Figure 3-36. Keyence laser displacement sensor and controller unit
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For the strain gage measurements two separate quarter bridge configurations are used
for two strain gages. Details of quarter bridge measurement and coefficients of
conversion are given in Appendix A. The signal conditioning unit used in converting
bridge measurement to volts is Micro Measurement's Model A2 and its photo is

given in Figure 3-37.

Figure 3-37. Micro Measurement Model A2 Strain gage conditioning unit

The output signal is generated by the PCI card mounted on the target PC. Output
signal is generated at the output port of the connecting block, however it is limited
from -5V to +5V since it is generated by the card. Inherently this level of voltage is
not enough to drive the piezoelectric patch actuators. Actuators require higher levels
of voltage for significant levels of motion. For this purpose piezoelectric voltage
amplifies are required. The output port of the xPC signal is fed to the piezo amplifier
and the output of the amplifier is connected to the electrodes of piezoelectric patch
actuators. By the amplifier voltage signal from the output of the xPC target system is

amplified to the meaningful levels for the piezoelectric actuators.

The piezoelectric voltage amplifier used is American Piezo Company's (APC) model
SVR 350-bip bipolar voltage amplifier. This amplifier has three independent
channels. The input voltage for this amplifier should be between -5V and +5V. The

amplifier has the ability to increase the level of voltage 70 times, so its maximum
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output can be between -350 V and +350 V. In this study to prevent any potential
damage the input voltages for the piezoelectric patches are limited to 70V to be on
the safe side. The amplifier has offset and gain knobs. The offset is set to zero, the
gain is set to maximum and the input signal to the amplifier is limited to +1V in
Simulink by a saturation block. Thus the operational voltages for the piezoelectric
actuators is limited to 70V. A photo of SVR 350 bip amplifier is given in Figure
3-38.

Figure 3-38. APC SVR 350-bip piezoelectric voltage amplifier

The amplifier has also a monitor channel. This channel generates a signal which is
1/1000 of the voltage applied to the actuator. The monitor channel can also be used
as a input for the DAQ card. Since it is 1/1000 of the applied voltage load to the

actuator, it is safe to connect the monitor channel to the analog input port.

The duty of target PC in the system is to contain the NI's PCI card. PCI card is
mounted inside the target PC. The connection block which serves as the analog
input/output port is directly connected to the PCI card. All the output of the sensor's

control units are connected to the analog input ports of the connection block.
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Target PC is connected to the host PC via ethernet connection. The target PC is slave
and the Host PC is the master. User interfaces with the host PC, and target PC
realizes the data acquisition and control actions. In the target PC, only the
MATLAB's xPC target software runs and no other operating system is required.
However Windows operating system runs on the host PC. MATLAB and Simulink
are installed on the host PC and the communication of target and the host are done by
MATLAB and Simulink. A Simulink model can be operated by host PC after
building it properly for the target PC. This is done by converting Simulink blocks to

C codes by "incremental build" action in Simulink.

Communication of Simulink model and the input and output of the xPC target system
is done by PCI card block in Simulink. These blocks serve as the gate between the
real analog system and the digital controller in the Simulink environment. Input for
the real system, which is the voltage input to the piezo amplifiers, is the output for
the controller and the output of the real system, which is the output of the laser
displacement sensor, is an input to the controller in Simulink environment. The
digital to analog and analog to digital converter blocks for the PCI card are shown in
Figure 3-39. These blocks carry out sampling of analog input signals and converting
the digital output of the controller to analog signal to drive the piezoelectric voltage
amplifier. They simply carry out digital to analog and analog to digital conversions.

Note that the number of input and output channels can be increased via these blocks.

PCI-8282 PCI-8289
—— |1 HNaticnal Instr. Mational Instr. 1 —
Analog Output Analog Input
PCHE2EI DA PCI-8289 AD

Figure 3-39. Simulink blocks for NI PCI card

Before designing the controller, the test setup will be used for data acquisition over
the test structure so that the finite element model and thus the state space model
could be updated for a more realistic one. Updating the model and generating a more

accurate model has a key importance in the success of the designed controller.
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3.3.2 Static Deflection for Applied Voltage Load

In the static deflection tests, constant voltage loads are applied on piezoelectric patch
actuators #1 and #2 respectively, and beam deformation is measured in terms of tip
deflection and strain at gage locations #1 and #2. In the static deflection tests, two
input channels and two output channels are used. Output channels are used for
driving piezoelectric patch #1 and #2 although only one patch is loaded at a time.
However, since there are limitations of number on the measurement channels, static
deflection tests are carried out in two parts. In the first part of the test, data
acquisition from monitor channel of the piezoelectric voltage amplifier and output of
laser displacement sensor is obtained. In this part of the test, applied voltage on the
loaded piezoelectric patch, either piezo patch #1 or piezo patch #2, is measured
together with the tip deflection. Tip deflection of the beam is measured by the laser
displacement sensor. In the second part of the test, data acquisition from strain gage
#1 and #2 is realized. In each part of the tests, each test is done twice for
repeatability. Voltage load applied on the actuators and the data acquisition from
various types of sensors in the static deflection tests are summarized in Table 3-6 and

Table 3-7 for part 1 and for part 2 of static deflection tests respectively.

Table 3-6. Summary of input and output channels for part 1 of the tests

T Voltage load | Voltage load | Data acquisition | Data acquisition
est no
on patch #1 on patch #2 from input#l from input#2
Monitor channel Laser (tip
1.1 70V ov _ _
for piezo #1 displacement)
Monitor channel Laser (tip
1.2 70V ov . .
for piezo #1 displacement)
Monitor channel Laser (tip
1.3 ov 70V _ _
for piezo #2 displacement)
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Table 3-6. Summary of input and output channels for part 1 of the tests

(Continued)
Monitor channel Laser (tip
1.4 ov 70V . .
for piezo #2 displacement)
Monitor channel Laser (tip
1.5 -0V ov . .
for piezo #1 displacement)
Monitor channel Laser (tip
1.6 =70V ov _ _
for piezo #1 displacement)
Monitor channel Laser (tip
1.7 ov =70V . .
for piezo #2 displacement)
Monitor channel Laser (tip
1.8 ov -0V _ _
for piezo #2 displacement)

Table 3-7. Summary of input and output channels for part 2 of the tests

Voltage load | Voltage load | Data acquisition | Data acquisition
festno on patch #1 on patch #2 from input#1 from input#2
2.1 70V ov Strain gage #1 Strain gage #2
2.2 70V ov Strain gage #1 Strain gage #2
23 ov 70V Strain gage #1 Strain gage #2
24 ov 70V Strain gage #1 Strain gage #2
2.5 =70V ov Strain gage #1 Strain gage #2
2.6 =70V ov Strain gage #1 Strain gage #2
2.7 ov =70V Strain gage #1 Strain gage #2
2.8 ov =70V Strain gage #1 Strain gage #2
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In the static test, xPC target is used to generate the required signals. The offset of the
amplifier is set to zero and 1V output signal is generated for 70V static tests and -1V
output signal is generated for -70V static tests. At the beginning of the tests gain
knobs for both piezo patches are set to zero location. After some time the gain knob
of the related piezo patch is slowly turned up to its maximum, so the input signal is
amplified 70 times. After the static deflection of the bam, the related knob is turned
down and the voltage load on the beam is slowly removed. Reason for slow and
gradual motion on the amplifier knob is to avoid the dynamic response of the
structure. Simulink model used in part 1 of the static test is given in Figure 3-40 and
the model used for part 2 of the tests is given in Figure 3-41. Note that the constants
at the sink blocks are modified between the tests according to the voltage loads of the
tests in order.

Outl

-1
; 1 Target Scope
candtant 1 PCI-B289 PCI-6289 1 - 14 1
eneian Mational Instr. Mational Instr. z '

h 4

2 Analog COutput Analeg Input 2 Eain Unit Delay

Scope (xPC)

b PCILG220 DA PLCI-G220 AD

Constantt
1 Target Scope

- Id: 2

Unit Delayd

h 4

Scope (xPCY1

Outz

Figure 3-40. Simulink model on the Host PC used in static tests part 1
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Figure 3-41. Simulink model on the Host PC used in static tests part 2
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Data acquired in the first part of the static tests are given in figures from 3-42 to 3-
49.

Test 1.1 P1=70V P2=0V Tip Displacement & Voltage
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Figure 3-42. Data acquired at test 1.1, Tip displacement and voltage load

Test 1.2 P1=70V P2=0V Tip Displacement & Voltage
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Figure 3-43. Data acquired at test 1.2, Tip displacement and voltage load
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Figure 3-44. Data acquired at test 1.3
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Figure 3-45. Data acquired at test 1.4, Tip displacement and voltage load
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Figure 3-46. Data acquired at test 1.5, Tip displacement and voltage load
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Figure 3-47. Data acquired at test 1.6, Tip displacement and voltage load
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Figure 3-48. Data acquired at test 1.7, Tip displacement and voltage load
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Figure 3-49. Data acquired at test 1.8, Tip displacement and voltage load
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In strain gage measurements, the resistance change in the strain gage is read by using
a quarter bridge. The strain gage is connected to Micro Measurement Model A2
conditioning unit, which forms the rest of the Wheatstone bridge. The bridge circuit
generates an output voltage as a response to the resistance change in the strain gage
as a response to the strain. The voltage output of the bridge circuit is amplified by a
gain set by user at Model A2 conditioning unit. The strain measurement can be
computed from the output voltage of the bridge circuit by a simple formula. For this
compensation, a gain block is generated for the Simulink block in Figure 3-41 and a
corresponding coefficient is entered so that the acquired data is in terms of mm/mm

which is strain. Details are explained in Appendix A.

Results of the part 2 of the static tests are given in figures from 3-50 to 3-57.
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Figure 3-50. Data acquired at test 2.1, strain gage data #1 and #2 load
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Figure 3-51. Data acquired at test 2.2, strain gage data #1 and #2 load
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Figure 3-52. Data acquired at test 2.3, strain gage data #1 and #2 load
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Figure 3-53. Data acquired at test 2.4, strain gage data #1 and #2 load
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Figure 3-54. Data acquired at test 2.5, strain gage data #1 and #2 load
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Figure 3-55. Data acquired at test 2.6, strain gage data #1 and #2 load
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Figure 3-56. Data acquired at test 2.7, strain gage data #1 and #2 load
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Figure 3-57. Data acquired at test 2.8, strain gage data #1 and #2 load

One thing to note in these measurements is that the measurements of the laser
displacement sensor is much more precise than the measurements of strain gages

considering the relative noises of the measurements.

3.3.3 Measurement of Voltage FRFs

In the beam model the inputs are the applied voltage across the electrodes of
piezoelectric patches and the output is the deformation of the beam. The beam
deformation is measured by means of strain gages and laser displacement sensors.
The term voltage FRF (Frequency Response Function) refers to the FRF between a
measurement over the beam (whether displacement or strain) and the applied input

voltage to the piezo patches. FRFs are measured in the tests are given in Table 3-7.
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Table 3-7. List of measured FRFs

Notation | Input Output Explanation

Hpia Piezo 1 Tip FRF between piezol voltage and tip
Deflection deflection

Hpod Piezo 2 Tip FRF between piezo2 voltage and tip
Deflection deflection

Hpis1 Piezo 1 Strain @1 FRF between piezol voltage and strainl

Hpis2 Piezo 1 Strain @2 FRF between piezol voltage and strain2

Hpas1 Piezo 2 Strain @1 FRF between piezo2 voltage and strainl

Hposo Piezo 2 Strain @2 FRF between piezo2 voltage and strain2

In the measurement of FRFs, MATLAB xPC Target is used in both data acquisition
and generation the input signal for the piezoelectric patches. In the tests, due to the
limitations of the number of input channels of the system, the data required for
calculation of FRFs are obtained in two parts. In the first part of the data acquisition
process, tests for the FRFs that include the tip deflection of the beam as output are
carried out. In the second part, FRFs that include strain gage measurements as output
are obtained. For the two different parts of the data acquisition process, two different
Simulink models are used in the xPC Target system. Simulink model used in the first
part of data acquisition is given in Figure 3-58 and the model used in the second part

of the tests is given in Figure 3-59

In the generation of FRFs the voltage load applied as an input for piezoelectric patch
actuator is measured as well as the output of the sensors. The first channel of the data
acquisition block is allocated for the monitor channel of the piezoelectric voltage
amplifier. The monitor channel gives the 1/1000 of the voltage output supplied to the
piezoelectric patch actuator. By giving 1/1000 of the voltage used to drive the
piezoelectric actuator to the monitor channel, the data acquisition instrument can
safely record the applied voltage data to the actuator. In the recording, the output of

the monitor channel is multiplied by 1000 in the Simulink diagram.
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Figure 3-59. Simulink model on the Host PC used in dynamic tests part 2

In the measurement with strain gages, the output voltage of the strain gage
conditioning unit is multiplied by a definite coefficient to calculate the strain. The
calculation of the mentioned coefficient is based on strain gage formulas and it is
explained in Appendix A in detail. This coefficient is included in the Simulink model

in part 2 of the measurements.

In the tests, a chirp signal is generated in Simulink as an input for piezoelectric
patches. The output signal of the chirp block is multiplied by a coefficient smaller
than 1 for safety purposes. One piezoelectric patch is loaded at one time in the tests.
Since a modal analysis of the beam has been carried out earlier, the natural

frequencies for the first three bending modes of the beam are known to be 9.865 Hz,
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56.65 Hz and 150.96 Hz. The fourth and the fifth modes of the system are lateral
bending and torsion respectively and these modes are out of the consideration. Also
these modes cannot be detected by the current sensor placement of the beam.
Therefore in the test the excitation frequency is chosen to be starting from 0.1 Hz up
to 165 Hz to capture first three modes of the beam. The chirp signal is desired to
change 1Hz per second, so the target time is 165 seconds and the frequency at the

target time is 165 Hz.

In order to obtain the FRF between the applied voltage and the tip displacement, both
laser displacement sensor output channel and the monitor channel of the piezo
amplifier are connected to the data acquisition system. Fast Fourier Transform (FFT)
of both voltage data and tip displacement are taken. To formulate the voltage FRF
between the tip displacement and the applied voltage to piezo patch #1, the equation

below can be written:

d(w) (3.5)
Hy4(w) = ——
In the equation above, d(w) is the FFT of the tip displacement and V), (w) is the
FFT of the applied voltage to the piezo patch #1. Similarly the FRF between applied
voltage to piezo patch #2 and the tip displacement can be formulated as shown

below:

d(w) (3.6)
Hpzq(w) = ——=
p2d Vp2(w)

In this equation V,(w) is the FFT of the applied voltage to piezo patch #2. In
addition to tip displacements, strain gage data are acquired on the second part of the
tests. Two strain gages are located at the back side of the beam in the locations

corresponding to the mid points of the patch areas. The voltage FRF between the
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applied voltage to the piezo patch#1 and the strain gage #1 is formulated as shown

below:

s1(w) (3.7)
Vpl (w)

Hp1s1(w) =

In this equation s; (w) is the FFT of the strain gage data. Similarly, the FRF between
the applied voltage to piezo patch #1 and strain gage #2 is given below:

sy (w) (3.8)
Vpl (w)

Hp1sz (w) =

The FFT of strain gage data acquired from strain gage #2 is denoted as s,(w).
Similarly, FFT between applied voltage to piezo patch #2 and strain gage #1 is given

below:

s1(w) (3.9
sz (w)

Hp2$1 (w) =

Also the FFT between applied voltage to piezo patch #2 and strain gage #2 is given

below:

sy (w) (3.10)
sz (w)

Hp2$2 (w) =

In part 1 of the tests, data acquired from the laser displacement sensor pointed to the
tip of the beam and the monitor channel of the piezo amplifier channel used to drive
piezo patch #1. A chirp signal is generated by Simulink from 0.1 Hz to 165 Hz
increasing the frequency with a rate of approximately 1Hz per second in order to
detect first three bending modes of the beam. Time data acquired from laser

displacement sensor in the test for measuring Hy,4 1s given in Figure 3-60.
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Tip Dispacement Measurement, Patch 1 Loaded
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Figure 3-60. Tip displacement data acquired for H,q4 test

In Figure 3-60, the time values that the beam comes to resonance are apparent.
Knowing the rate of the frequency sweep, one can guess the resonance frequencies.
However the FFT related with the tip displacement signal will give a lot more
information about the structure. In order to calculate the FRF over two points of a
structure, one must measure the excitation signal. In this case, to calculate the
voltage FRF for various sensors on a beam with piezoelectric actuators, the input
voltage applied across the electrodes of piezoelectric patches should be acquired. The
chirp signal applied to the piezo patch #1 over 165 seconds in the tests is given in
Figure 3-61. For a better understanding of the chirp signal, the first 20 second of the
applied voltage data is given in Figure 3-62.
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Figure 3-61. Voltage applied to piezo patch#1 in the test for Hy14
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Figure 3-62. Chirp input voltage signal for first 20 seconds of H4 test
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After data acquisition phase, the FRFs defined by equations from 3.5 to 3.10 are
obtained and presented in terms of phase and amplitude. Voltage FRF between the
applied voltage to piezoelectric patch#1 and the tip displacement of the beam

measured by laser displacement sensor which is H,, 14 is given in Figure 3-63.

Voltage FRF between P1 and tip displacement
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Figure 3-63. Voltage FRF between tip displacement and
applied voltage to patch#1 (H,;»)

The voltage FRF of the beam is obtained by single test data. The first three
resonances of the beam at 9.8 Hz, 55.9Hz and 149.1 Hz are distinctive from the FRF
generated by single test data. Also phase changes n radians at frequencies where the
system has a mode. However the sections of the FRF between resonant frequencies
contains noise. The up and down lines at the phase plot at frequencies between
resonances is because of the fact that the phase plot is limited between - and +n. By
using multiple test data and averaging the result of each test, the noise that

contaminates the FRF will cancel out since it has random characteristic. In Figure
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3-64 voltage FRF between tip displacement and the applied voltage to piezoelectric
patch is obtained again by using the average of 10 FRFs generated from 10 tests. The
distinctive resonances are close to the previous FRF but the FRF computed by

averaging 10 FRFs is much more smooth than the previous one.
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Figure 3-64. Voltage FRF between tip displacement and
applied voltage to patch#1 (H,;») using 10 averages

Examining the plot for the voltage FRF between tip displacement and applied
voltage to patch#l1, the resonant frequencies of the FRF are spotted at 9.8 Hz, 56.2
Hz and 149.6 Hz. Comparison of these values with those found from finite element

analysis is given in Table 3-8.
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Table 3-8. Comparison of resonant frequencies found by test

and modal analysis results

Mode Finite Element Experimental Result Difterence (%)
Result
1* bending 9.865 Hz 9.8 Hz 0.6
2" bending 56.65 Hz 56.2 Hz 0.8
3 bending 150.96 Hz 149.6 Hz 0.9

The FRF between the applied voltage to piezoelectric patch#2 and the tip
displacement of the beam measured by laser displacement sensor is given in Figure
3-65. For this case averaging of 10 FRFs obtained from 10 tests is also obtained. The
voltage FRF between tip displacement and the applied voltage to patch#2 computed
by the average of 10 tests is given in Figure 3-66. Although more measurements are

required in this case, the peaks at resonance frequencies are distinct.
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Figure 3-65. Voltage FRF between tip displacement and
applied voltage to patch#2
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Figure 3-66. Voltage FRF between tip displacement and
applied voltage to patch#2 using 10 averages

In addition to laser displacement sensor, strain gages are also used in the
computation of FRFs. In the second part of the tests FRFs between strain gages and
the applied voltages to piezoelectric patches are obtained. Taking the applied voltage
to piezoelectric patch#1 as reference, voltage FRF between strain gage#1 and
piezoelectric patch#1 (H,;;) and voltage FRF between strain gage#2 and
piezoelectric patch#1 are obtained in the same test. The voltage FRF of Hy;4(w) is
given in Figure 3-67 and the voltage FRF of Hy;,,(w) is given in Figure 3-68. In the
second test voltage FRFs between strain gages #1 and #2 and the applied voltage to
piezoelectric patch#2 are obtained. The voltage FRF of H,s; (w) is given in Figure
3-69 and the voltage FRF of H,,(w) is given in Figure 3-70.
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Figure 3-67. Voltage FRF between strain gage#1 and applied voltage to patch#1

As seen on the figures of strain gage FRFs, the resonant frequencies can be detected
at 9.8 Hz, 56 Hz and 149.1 Hz. However the data contains much noise. The noise at
50Hz and its harmonics are visible in the amplitude plots, but it does not appear in

phase plots as expected. Modes are detectable from the strain gage voltage FRF
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plots, but signal to noise ratio of strain gage data is quite low.
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Voltage FRF between P1 and SG2
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Figure 3-68. Voltage FRF between strain gage#2 and applied voltage to patch#1
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Figure 3-69. Voltage FRF between strain gage#1 and applied voltage to patch#2
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Voltage FRF between P2 and SG2
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Figure 3-70. Voltage FRF between strain gage#2 and applied voltage to patch#2

By examining the data acquired by laser displacement sensor and the strain gages,
laser displacement sensor is decided to be used as a part of feedback control system

since it has higher signal to noise ratio than the strain gage.

Examining the FRF data gathered from laser displacement sensor and strain gages, it
is decided to use the FRF data from laser displacement sensor to compare with the
analysis results. Using the FRF of H,,; first three resonance frequencies can be

compared with the results of modal analysis.
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3.4 Updating FEM and State Space Model Using Test Data

The state space data is updated by using the test data in time domain. In updating
process, the relevant model parameters are changed in ANSYS ADPL code which
builds the model and includes the SPMWRITE command in the end for extraction of
A,B,C and D matrices. The APDL code used in building parametric beam model and
extracting state space matrices is given in Appendix C. The state space matrices are
used in Simulink for building the plant model to be controlled. This plant model can

be tested by any input signal.

By updating piezoelectric coefficient d3;, and the damping ratio of the beam, it is
possible to fit the test data with the state space model. By making tests over the
beam, voltage FRF's are collected along with some time domain data. In this process,
the input signal is applied to piezo patch#1. The Simulink model used in test and data
acquisition is given in Figure 3-71. In the test the monitor channel of the piezo
amplifier is connected to analog input #1 channel of the xPC Target system. Since
the monitor channel gives 1/1000 of the voltage applied to the piezo actuator, this
signal is multiplied by a gain of 1000 to acquire the applied voltage. The output of
the laser displacement sensor pointing at the tip of the beam is connected to the
analog input #2 channel and the measurement of SG#1 is connected to analog input
#3 channel of the xPC Target system. The gain of strain gage channel is computed

according to strain gage formulas given in Appendix A.
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Figure 3-71. Simulink model used in data acquisition to test the model in time

To compare time domain results of the ANSYS model with the test data, Simulink
model of the beam generated from the state space matrices from ANSYS are used.
Using transient analysis of ANSYS for time response of the beam will be time
consuming. Since it is shown in Chapter 3.2.4 that the transient analysis results are
identical to the results obtained from the Simulink model, the state space matrices
from ANSYS are directly entered into Simulink. The analysis model built using
Simulink is given in Figure 3-72. Note that a band limited white noise source is
added at the output of the model to simulate the sensor noise. The sensor noise will
be added to the simulation results at the final step of the process of updating the

model. In the model used to simulate the behavior of the beam, the input is the

domain

applied voltage to the piezo patch#1 and the output is the tip displacement.

95



Step

Step1

Band-Limited
White Noise
el

0 —»

Manual Switch

Constant

Integrator

Scope

Figure 3-72. Simulink model used to test the simulation model to compare

with the test data

In order to test the simulation model and the real life model, a test input is required.

In Figure 3-73 the input voltage signals to be applied on the piezo patch#l in

simulation and test model are given. Note that the input for the test model contains

some noise. The test and simulation runs for 165 seconds. In the 15" second a

sudden voltage load of 70V is applied and kept until 70™ second. At 70" second the

voltage load is suddenly removed.
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Figure 3-73. Voltage input used in simulation model and real life test model
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After completion of data acquisition, the result of laser displacement sensor pointing
at the tip of the beam is compared with the output of the simulation model. The
comparison of the tip displacement results for test and simulation is given in Figure

3-74.
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Figure 3-74. Comparison of results for the initial model and test result

By comparing the test results of the tip displacement with the simulation results of
the initial model, and looking the results in detail as shown in Figure 3-75, it is seen
that the peaks of two signals do not match after about 10-20 cycles. This is due to the
fact that the first few resonant frequencies of the real life test model and the initial
simulation model are close to each other but different in the 1/100's digit. To fit the
resonant frequencies it is decided to play with the Young modulus of the steel which
is the material of the beam since this material will have the largest effect on the
resonant frequencies. The Young modulus of steel varies between 200 GPa and 210
GPa depending on the quality of the steel. After few simulations with different
Young modulus values, the value for the model which fit best to the test data is found
for 207 GPa. After finding the correct Young modulus, so the correct stiffness of the
beam, other properties such as damping ratio and piezoelectric properties of the beam

will be modified to make the model fit the test data.

97



From the comparison of the test data with the simulation results, it is observed that
the steady state deflection values are different. These differences are also apparent
when comparing the static analysis results in Chapter 3.2.2 and static deflection test
results in Chapter 3.3.2. The static analysis result of tip deflection for an applied load
of 70V is about 0.09mm, while the static deflection of the real beam when piezo
patch#1 is loaded at 70V is measured to be about 0.13mm. It is understood from
these results that the piezoelectric properties of the beam should be about %44
percent higher than the listed piezoelectric constants. To fit the analysis model with
the test data, the ds; property of piezoelectric material APC 850 is entered as about
1.43 fold of the original value.

It is also seen from the above comparison that the initially assumed damping ratio of
€ = 0.001 is lower than the actual value. Initially assumed damping ratio of
simulation model can be updated by some trial and error. To fit the test data, several

simulations are run and a proper damping ratio is found as { = 0.0022.
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Figure 3-75. Comparison of results for the initial model and test result, detailed

view
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After setting proper values for the Young modulus of the steel, damping ratio of the
structure, and piezoelectric constant ds;, the results of the simulation model
computed using the state space matrices from ANSYS fits to the test data both in
transient and steady state regimes. The comparison of the test data and the simulation
results of the final model is given in Figure 3-76. The results of final updated model
and the test data are also compared in detailed in Figure 3-77, which shows a pretty
good match between the resonant frequencies of test and analysis models. As a final
step of updating process, a random noise is added to the simulation results in

comparison with test data.
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Figure 3-76. Comparison of test data with simulation of updated model
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Figure 3-78. Comparison of test data with simulation of updated model

with added noise
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In test process, strain gage data is also acquired as well as laser displacement data.
The data from strain gage #1 is given in Figure 3-79. It is seen that the dynamics of

the beam is not captured by the strain gage.
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Figure 3-79. Data measured from strain gage #1 in the test
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3.5 Controller Design and Simulations for the Updated Model

Having the model state space matrices (A,B,C and D) updated to fit the test data, the
control simulation is expected to be more successful in predicting the controller

parameters that will be useful in practical application.

The beam model in state space has the applied voltage at piezoelectric patch #1
across its electrodes. The input voltage is the input in the state space model, which is
denoted as "u" in the equations. There is also a disturbance input which is taken as
the force applied on the beam at its tip and it is denoted as "d". The output of the
plant is taken as the tip displacement of the beam which is denoted as "y". The first
two modes of the system are considered as the states of the system. Since there is no
input which shows its effect directly in the output bypassing the system dynamics, D
matrix will be zero. And since there is a disturbance input as force, the state space

equations will be as given below
x = Ax + Bu + Ed (3.11)
y=0Cx (3.12)
Note that details of modeling a vibratory system in state space is explained in
Chapter 2.3. In that chapter, the calculation of A,B,C and E matrices are explained in
detail.
A band-limited white noise block is added to the output of the plant to simulate the

noise in the measurement of tip deflection by laser displacement sensor. The plant

model, which has two inputs and one output is given in Figure 3-80.
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Figure 3-80. Plant model

A Proportional Integral Derivative (PID) controller is desired to be used for the
system. Note that by the nature of controlling a real world system with the aid of a
digital computer, the plant models should stay in the continuous domain (s domain),
while the controller should be in the discrete domain (z domain). If a continuous
controller is designed for a continuous plant in the simulation environment, there
may be successful simulations, but the controller should be discretized before being
loaded to the digital computer it will run on. Otherwise the parameters designed for
the controller in the continuous domain will probably not fit to the parameters that
work on a digital computer and control the system in real life. The simulation model

used in tuning of control parameters is given in Figure 3-81.
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Figure 3-81. Simulink model of the PID controller simulation
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In the simulation model, there is a two input single output plant, which is the model
of the active beam. The input u is the control input voltage applied to the patch#1 and
d is the disturbance input which is the deflection force applied at beam tip. The
output y is the tip displacement of the beam and it is measured by laser displacement
sensor. Keyence LK-G3001V laser controller unit has a built-in moving average for
smoothing the displacement measurement and increase the stability of laser sensor.
Moving average measurement mode is set to a value of 256 averages. In Simulink,
the moving average feature of the laser sensor is created as discrete FIR filter.
Moving average is generated by summing the previous samples with the current one
and dividing the result by the number of samples included. When the input signal is
entered in the filter, the signal is routed through a number of unit delays and a branch
of signal is generated and added to the main stream. A block diagram of a moving
average filter is given in Figure 3-82. Here x[n] is the input signal and y[n] is the
output. The values of the gains depend on the number of averages included, so the

value of each of the gain blocks is (bg, b1, b, ..., by) equal to 1/N.

x[n]

A
N
\
N
4
N

Figure 3-82. Block diagram of moving average

In the test model there is a saturation block added at the exit of the controller. The
saturation block does not allow voltage outputs out of the bound of -1V to 1V. At the
exit of the saturation block there is a gain block of 70V, which represents the
piezoelectric voltage amplifier. By using saturation block, it is made sure not to send
piezoelectric actuator more than 70V to ensure safe operation. The limit in the

actuator voltage is also put in the simulation model.



The disturbance input for the model is decided to be a step input. It starts at time=0s
as 0.1N and drops suddenly to zero at time = 60s. This force deflects the beam about
1.8mm. After about 30 seconds the beam settles to steady state condition. At 60th
second the disturbance force is suddenly released and the beam is set to vibrate
freely. There is another step input block in the model which is related to the control
input. Until time = 60, the feedback coming into the controller block is kept zero. At
time = 60s the controller is activated. By preparing model in a manner explained
above, the condition of holding the beam and suddenly releasing is simulated. In the
simulation first 60 seconds are for the beam without control and the next 60 seconds

are for the beam with control.

Simulink Result (Contral Off)

Tip Displacement [mm]
i

1
0 20 40 60 80 100 120
Time [s]

Figure 3-83. Beam simulation result without control

The controller is desired to be a PID controller. Simulating with different controller
parameters and checking the result, it is observed that a P controller with a gain of
Kp = 3 would be sufficient for control purposes. In Figure 3-84, the simulation result
of the beam with control action is given. In Figure 3-85, the same simulation with
added sensor noise is shown. The noise on the laser displacement sensor data does

not affect the control action.
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Simulink Result (Control On)
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Figure 3-84: Beam simulation with control
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Figure 3-85. Beam simulation with control and with added noise

106



Pole placement method is another approach in controller design. In this approach, a
controller is designed such that the input to the actuator is u = —Kx where x is the
states of the system and K is the controller matrix. That is why this type of control is

called state feedback control. Details of this controller are explained in Chapter 2.7.

In the design of state feedback controller, the same plant model as in the PID control
design is used. State feedback control requires that all the states of the system are
known. However the states of the system are assigned to be the modal positions and
velocities of the model and they cannot be measured physically. In the model the tip
displacement is the only measured physical property. Here a virtual dynamic system
needs to be coupled with the plant model to obtain the states of the system that are
needed for the controller. That system is the observer and it is used to estimate the
states of the system based on measurements of the sensors, which are the system
outputs. The estimated states from the observer are input for the state feedback
controller. At the exit of the controller there is a saturation block to limit the applied
voltage to piezoelectric patches. In the simulation it is made sure that the voltage
applied on the patch actuator does not exceed 70V. A tip force is applied on the beam
as a step disturbance. Tip displacement of the beam is measured and the active
vibration control system is designed to suppress the vibrations. The Simulink model
of the whole system is given in Figure 3-86 and model of the observer is given in

Figure 3-87.
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Figure 3-87. Observer model for full state feedback controller

On the observer model and the controller model, two blocks are unknown, namely

the controller gain matrix K, and the observer gain matrix L. These blocks change
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the performance of the controller and they are part of the controller design.
According to the design requirements of the control system, the controller gain

matrix K and the observer gain matrix L are designed.

After plant model is generated, the poles of the plant model are plotted in the s-plane.
It is observed that the damping ratio of the poles of the original system is quite low,
and the poles are close to the imaginary axis, which reduces the stability of the
system and makes it very oscillatory. To improve the transient dynamics of the
system and reduce the oscillations, the damping ratio of the system and so the closed
loop poles should be increased. To increase the damping ratio of poles, they should
be rotated towards the real axis and their distance to the origin should be kept the
same as previous. The details of pole placement and observer design are given in
Chapter 2.7. In this controller design the poles are placed to a location such that they
make 45° with the real axis and their distance to the origin kept the same as previous.
This does not change the natural frequencies of the closed loop system but makes it
critically damped as desired. By placing the closed loop poles of the system to 45°
location, the damping ratio of the poles of the system is increased to { = 0.707. To
calculate the controller matrix K, MATLAB's "place" command is used. In "place"
command, A and B matrices of the plant are supplied together with the desired pole

locations. The plant poles and closed loop system poles are given in Figure 3-88.

In this system there is a state observer to estimate system states from measurements.
Note that the details of observer design is given in Chapter 2.7. For a proper
operation of observer, the observer poles should be 3 to 5 times faster than the
system poles. So the observer poles are designed to be at 45° angle with the real axis
but at a distance of 5 times more than the closed loop system poles. The observer
matrix L is calculated by MATLAB's "place" command supplying A' and C' and
designed observer poles instead of A,B and closed loop system poles as in the
controller design. The observer poles with the closed loop system poles and plant

poles are given in Figure 3-89.
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Figure 3-88. Uncontrolled plant poles and controlled system poles on s-domain
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Other than s-domain analysis, a frequency domain analysis of the designed control
system is also made. The Bode plots of the original plant and the controlled system
are given in Figure 3-90. Note that the first two resonances of the structure are
suppressed by the active vibration control system. By this procedure active damping

control is added to the structure.
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Figure 3-90. Frequency responses of uncontrolled and controlled models

As a final step of controller design, time domain analysis is carried out using
Simulink. A step disturbance is applied to the system as force. The simulations run
for two cases, with and without added noise. By this procedure robustness of the
controller for the noise is tested. The effect of step disturbance on the output of the
system for controlled and uncontrolled cases are simulated. In Figure 3-91 and in
Figure 3-92 the simulation results without added sensor noise is given. In Figure
3-93 and in Figure 3-94 simulation results with added sensor noise is given. Note that
the added noise to the sensor used in generating the feedback signal reduces the

performance of the controller. It is observed that the controller in the case without
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added noise suppresses the oscillations in 3 cycles, however in the case with added

noise it takes 6 cycles for the controller to stop the oscillations.

Simulink Result (without added noise)
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Figure 3-91. Simulation result without added noise
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Figure 3-92. Simulation result without added noise, detailed view
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Figure 3-93. Simulation result with added noise
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Figure 3-94. Simulation result with added noise, detailed view
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3.6 Implementation of Controller to Beam Structure

As a final step of the active vibration control study of beam structure, the designed
controller is implemented on the real life structure using MATLAB xPC Target. The
Simulink model used in the control studies is given in Figure 3-95. A discrete PID

controller is used with the parameters K, = 3, K; = 0 and K; = 0 as in the design

phase.
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Figure 3-95. Simulink model used in PID control implementation

PID controller works with the same coefficients that are predicted in the design and
simulation phase since the controller is designed in discrete domain in the first step.
The result of implementation for the rejection of disturbance force is given in Figure

3-96.
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Figure 3-96. Result of PID implementation, test data
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An interesting test to do is using one of the piezoelectric patches as the source of
disturbance and trying to control the beam vibrations with the other patch. A sine
input voltage signal at 9.8 Hz is applied to piezoelectric patch#2 as a source of
disturbance and the patch#1 is connected to active vibration control system to
suppress the effects from patch#2. Tip deflection of the beam measured by laser
displacement sensor is used as feedback signal. In the test, the disturbance is applied
first, and after reaching steady state, the controller is turned on with K, = 1. After
data acquisition for a while then the coefficient of P controller is increased to
K, = 2. This step by step procedure is kept until K, = 5 after which the system
starts to be unstable. In Figure 3-97 the tip deflection data of the beam is given until
it becomes unstable. It is seen from the figure that after K, = 3 the effect of
controller does not increase much. That coefficient is kept as the coefficient for the P

controller.
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CHAPTER 4

ACTIVE VIBRATION CONTROL OF CYLINDER
USING PIEZOELECTRIC PATCHES

4.1 Introduction

As a second part of active vibration control study a cylinder model is studied. The

thickness of the cylinder changes in 4 levels along the length. Schematic

representation of the dimensions of the cylinder is given in Figure 4-1.
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Figure 4-1. Dimensions of the cylinder
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The hollow cylinder part is made of steel. The part is a seamless hollow tube and it is
produced by a special technique called radial forging. The initial thickness of the
cylinder is about 11mm. In radial forging, the inner diameter of the cylinder is
supported by a mandrel and the thickness of the cylinder is reduced and the cylinder
is elongated by means of radial rollers punching to the outer diameter of the cylinder
in radial direction. This gives higher strength to the steel since it is manufactured by

compression.

A photo of the real cylinder and a 3 dimensional solid model of the cylinder prepared

in ANSYS are given in Figure 4-2.

Figure 4-2. Photo and 3-D model of the cylinder

For the cylinder structure to be used in active vibration control study, Physik
Instrumente Dura Act type piezoelectric patches are planned to be used. Those type
of patches are bendable, so they can be applied on curved surfaces. A photo of a

Dura Act type piezoelectric patch is given in Figure 4-3 [55].
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Figure 4-3. PI Dura Act type piezoelectric patch [55]

In this chapter of active vibration control study, same tools as in the beam study will
be used. The most important difference between the beam and cylinder study is the
placement of piezoelectric patches over the cylinder structure to control the desired
modes. In cantilever beam structure it is obvious to place the actuator at the root,
however mode shapes of the hollow cylinder are more complicated then the

cantilever beam, so placement of patches requires additional analyses.

4.2 Finite Element Modeling of Cylinder with Piezoelectric Patches

Finite element model of the steel hollow cylinder and piezoelectric patch on it is
generated in ANSYS using solid elements. Piezoelectric patches are modeled by
SOLID 226 coupled field elements and steel cylinder is modeled by SOLID 186
elements. Both SOLID 226 and SOLID 186 are 20 node brick elements, and they
have midside nodes so they can model the bending behavior quite well. Having 20
node element for both types of mesh serves the purpose of mesh connectivity. It is
not preferred to use shell to solid coupling or any coupling equation between the
steel cylinder and piezoelectric patch, so for the sake of mesh connectivity 20 node
brick elements are used for both piezoelectric patch and steel cylinder. The mesh size
chosen is ideal for this model for the analysis speed and accuracy considering usage
of 20 node elements. The finite element model of the hollow cylinder with a
piezoelectric patch has a total number of 7362 elements and 52049 nodes and is

given in Figure 4-4.
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Figure 4-4. Finite element mesh over the 3-D cylinder model

Cylinder part is made of steel and its material properties used in the analyses are

given in Table 4-1.

Table 4-1. Material properties of steel

Flastic modulus 210 x10° Pa
Poisson's ratio 0.3
Density 7850 kg/m’

The material of the Dura Act piezoelectric patch used in this study is PIC 255 and its
properties are given in Table 4-2 and Appendix B.
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Table 4-2. Material properties of PIC 255

Density 7.800 kg/m’
Piezoelectric constants
ds; -1.8x10"" m/vV
dss 4.00 x10"" m/V
ds 550 x10"° m/V
Elastic constants
St 1.61 x10"" m*/N
SF3 2.07 x10" m¥/N
St -5.70 x10™* m*/N
S* 13 -7.37 x10™"* mm*/N
SFu 449 x10 mm*/N
S 66 432 x10"" mm*/N
Dielectric constants

51T1/ €o 1650

el3/e0 1750
€0 8.85x10"° F/m

The cylinder model weighted approximately 23 kg. In finite element model the
cylinder is modeled to have free-free boundary conditions and laboratory test model

rests on soft foam rubber sheets.

As an initial approximation, the damping ratio will be estimated as ¢ = 0.001 for the

system.

4.3 Finite Element Analysis of the Cylinder Structure
4.3.1 Modal Analysis

Modal analysis is carried out as the first analysis of the cylinder. In the initial
analysis, natural frequencies and mode shapes of the steel cylinder are computed. An
important property of the cylinder is cyclic symmetry. Due to the symmetry, cylinder

has double modes, modes that occur at the same frequency but with a symmetric
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mode shape. Note that it is expected to have a slight change of the natural
frequencies of the cylinder after placing a piezoelectric patch. Adding a patch will
disturb the cyclic symmetry, so the natural frequencies of double modes will not be
exactly at the same frequency. The natural frequencies of first ten modes of the

cylinder are listed in Table 4-3.

Table 4-3. Analysis results of the cylinder model

Mode number Natural frequency (Hz)
1 114.80
2 114.80
3 204.06
4 204.06
5 313.88
6 313.88
7 484.74
8 484.74
9 589.13
10 589.13

In the modal analysis of the cylinder to obtain the first ten modes, breathing modes
are encountered. Those 10 modes are double modes and mode shapes are given in

Figure 4-5, Figure 4-6, Figure 4-7, Figure 4-8 and Figure 4-9.
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Figure 4-5. 1 and 2" mode shapes

Figure 4-6. 3" and 4™ mode shapes
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Figure 4-8. 7" and 8™ mode shapes
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Figure 4-9. 9™ and 10™ mode shapes

It is expected to have approximately 1 Hz increase in the natural frequencies of the
cylinder structure with a piezoelectric patch due to stiffening effect of the added
piezoelectric material. However the increase in each natural frequency is not exactly

known without determining the patch location.

4.3.2 Static Analysis

After modal analysis, a static analysis is desired to be made over the cylinder with an
added piezoelectric patch for curiosity. For this purpose a piezoelectric patch
actuator is placed on an arbitrary location over the cylinder and 150V static voltage
load is applied between its electrodes. Deformation in the radial direction is plotted

over the 50000 times exaggerated deformed shape of the cylinder in Figure 4-10.
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Figure 4-10. Result of static analysis over the cylinder

4.4 Placement of Piezoelectric Patches by Controllability Concepts

ANSYS Parametric Design Language (APDL) is a handy finite element tool in
design problems where programming skills are required. In the optimal placement of
piezoelectric patch actuator problem, the optimal location is selected based on the
controllability Gramian of the resulting system. Each model with a different
piezoelectric patch actuator is a different system. The best location is the one that
results with a system whose controllability Gramian is the highest. For this, state
space matrices of different systems with possible piezoelectric patch actuator
locations should be computed. In this study ANSYS APDL is used to model different
systems with piezoelectric patch actuators at different locations. After modeling
APDL is again used to compute the state space matrices of each possible system with
different patch locations. State space matrices of each system corresponding to
different patch locations are taken by MATLAB. Controllability Gramian matrices of
the corresponding systems and eigenvalues of those matrices are computed for each
possible actuator location using MATLAB. According to a placement criterion,

optimal actuator location for target modes is obtained.
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The possible locations for piezoelectric patch actuators are defined on the portion of
the cylinder with a 3.5mm thickness. This portion of the cylinder is further divided
into volumes for proper mesh generation in ANSYS. After this volume division, the
outer surface of the cylinder is also divided in areas. A piezoelectric patch can be
placed on any of these areas on the outer surface of the cylinder. The portion of the
cylinder is divided into 18 in radial direction and 15 in axial direction. Those
divisions are decided considering the size of the piezoelectric patch and the
dimensions of the cylinder. In total it makes 270 possible piezoelectric patch actuator
locations. In the patch actuator placement, a coordinate system is used over the
cylinder so that Q denotes the radial position and H denotes the axial position of the
patch over the cylinder. Orientation of Q and H positions over the cylinder is shown
in Figure 4-11. Note that Q and H coordinates are defined over the cylinder section

with 3.5 mm thickness.

H direction

Figure 4-11. Cylinder structure with divided volumes and a patch actuator

127



In Chapter 2.5 detailed theoretical information is given about the piezoelectric patch
actuator placement using a placement criteria based on the eigenvalues on
controllability Gramian matrices. In this study the target modes are decided as 1%,

2" 5™ and 6™ modes. Any other modes can also be selected.

In the calculation, as a result of the modal analysis by ANSYS, the radial angles of
motion of the breathing modes are at some fixed angles. However, the deflection
shapes of the cylinder breathing modes depend on the orientation of the excitation
force. This is a unique property of structures with cyclic symmetry. As an example to
illustrate this phenomenon, one can consider the 1% mode shape calculated from
ANSYS. If the task is finding the optimal piezoelectric patch location to control 1
mode of the cylinder exited by a force in X direction, then the current orientation of
mode shape coming directly from ANSYS will lead to wrong results. Reason of the
wrong calculation is that the orientation angle of the 1* mode shape coming from
ANSYS is any angle, but in reality the deflection shape of the 1% mode of the
cylinder excited as a result of a force in X direction will make 0 degrees with the X
axis. In Figure 4-12, the above explanation is illustrated by plotting the top views of
the deformed cylinder models. In Figure 4-12 - a) top view of the 1¥* mode shape of
the cylinder computed by ANSYS is given. Note that the orientation of motion is not
aligned with any coordinate axis. If the problem is finding the best locations to
control the vibrations as a response to a force in X direction, then one should align
the 1% mode shape coming from ANSY'S to obtain the 1* deflection shape as given in

Figure 4-12 - b).
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a) 1® mode shape b) 1* deflection shape
ANSYS result as a result of an Fy

Figure 4-12. Example of the difference between mode shapes and deflection

shapes in cylinder, a) 1st mode shape, b) 1st deflection shape for Fy

When working with structures with perfect symmetry, it is expected to have two
orthogonal mode shapes at exactly the same frequency. This is called "double
modes". In this case the nodal lines of those modes move according to the excitation
force direction. In real life, when working with cylinders that are not tuned, the
natural frequencies of "double modes" are slightly separated and the nodal lines of
those modes are fixed [56]. In the case of cylinder with imperfections, the direction
of motion of the double modes depend on the imperfection of the structure. A good
practice is to conduct tests to obtain the deflection shapes of the cylinder in the
operational conditions. If the cylinder will be subjected to loads in X direction, then a
modal test can be conducted in which the cylinder is excited in X direction to obtain
correct orientation of the mode shapes for the breathing modes. The example is given
for the 1¥ mode shape, but alignment should be done for the modes that are subject to
active vibration control. In this study the mode shapes of the cylinder to be controlled

will be aligned for a disturbance force applied in X direction.

After maintaining proper alignment for the modes to be controlled for an external
force in X direction, the placement criteria of possible piezoelectric patch actuators
are calculated according to the criteria given in Equation 2.26 which is based on the
eigenvalues of controllability Gramian matrices of each systems. Note that system
output matrix C is not required in the calculation of controllability Gramian matrix as

in Equation 2.25. System matrix A and input matrix B is required for this task. As a
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result of this computation, best locations of piezoelectric patches are Q = 3, H = 14
and Q = 12, H = 14. Those two best places are on the opposite sides of each other
over the cylinder. The placement criteria of all possible patch actuators are plotted in

Q and H coordinates in Figure 4-13.

actuator placement criteria

Q coordinate

H coordinate
Figure 4-13. Piezoelectric patch actuator placement criteria

according to coordinates

4.5 Mathematical Model Using State Space Matrices

Finite element model of the steel cylinder with piezoelectric patch is used in order to
obtain the mathematical model of the structure. SPMWRITE command of ANSYS
APDL is a good way to calculate the state space matrices of the system. As studied
before in Chapter 3 for modeling beams with piezoelectric patches, the mathematical
model of the cylinder with a piezoelectric patch actuator can be obtained by
calculating the state space matrices of the system from ANSYS SPMWRITE

command.

In active vibration control of the cylinder structure, the best type of sensors to detect
the motion of the cylinder are piezoelectric patches in sensor mode. So the control

system will be designed for piezoelectric patch sensors.
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It is desired to use collocated sensor/actuator pair for active vibration control
purpose. There will be one piezoelectric patch actuator on the outer surface of the
cylinder and there will be one piezoelectric patch sensor on the inner surface, just
behind the actuator. The voltage generated between the electrodes of the
piezoelectric sensor is linearly related to the strain that the piezoelectric material is
subjected to, according to piezoelectric constitutive equations of the linear

piezoelectric model, which is described in Chapter 2.2.

ANSYS SPMWRITE command is the method used in computing system matrix A,
and input matrix B so far. However the output matrix C, cannot be directly computed
using SPMWRITE, since this command does not have the ability to give VOLT or
CHARGE as output. Unfortunately the only types of outputs supported by
SPMWRITE are translations and rotations of nodes. An assumption should be made
to use displacements instead of the voltage output of the piezoelectric patch.
Tangential relative displacement of the inner surface of the cylinder will be used as
output instead of voltage readout. The model will be generated so that the control
input is the piezoelectric patch at the optimal location calculated before. The
disturbance input is the point force applied on the outer rim of the cylinder in the
direction of X axis. The output of the system is the relative tangential motion of the

nodes on the inner surface corresponding to the piezoelectric patch sensor location.

Piezo sensor Relative node motion

Figure 4-14. Relative tangential motion of the nodes corresponding

to piezo sensor
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The system model generated has the same architecture as in the one generated for the
beam in Chapter 3. There is one control input, one system output and one disturbance
input. The pole zero plot of the transfer function between control input and the
system output is given in Figure 4-15 and the frequency response of this system is

given in Figure 4-16.
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Note that since the sensor and the actuator are collocated, the frequency response of

the system shows drive point FRF characteristics.
4.6 Controller Design and Simulations

In the efforts for designing controllers for the plant, the method that is tried first is
the pole placement. In this method, the system poles are moved to desired location
by the proper design of the controller. This design method is used for beam geometry

in Chapter 3 before and it will be used in a similar logic as before.

In this study it is desired to control 1%, 2nd, 5" and 6™ vibration modes of the
cylinder. Each vibration mode has a pair of complex poles symmetric with respect to
the real axis on s-plain. The aim of active vibration control study is moving the

system poles to locations that they will have more damping.

Although it is desired to stop the vibrations for 4 modes, it can be hard to control the
vibrations of modes with high natural frequency. In pole placement the poles of the
observer should be 3-5 times faster than the poles to be controlled. Poles with high
natural frequency are already away from the origin of the s-plain. Placing 3-5 times
faster observer poles will result in a very fast dynamic system in overall. This will
require design of a system with very high sampling rate, which will bring many
problems such as high frequency noise and instability problems. The system is
designed to control 1** and 2™ modes. The pole zero map of the dynamic system is
given in Figure 4-17 and the frequency response of the system is given in Figure

4-18.
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Pole placement method can be hard to impalement and may require many number of
sensors and actuators for control purposes since in this system an observer is
employed to estimate system states. If more sensors are used, then the success of the

observer to estimate the states will increase.

Another way to control the vibrations of systems is called Positive Position Feedback
(PPF) control. In PPF control, each mode is controlled separately, by filters that are
tuned to the natural frequencies of each mode. In PPF control the filter designed to

th . .
control n™ mode is given as follows

K

fa(s) =17 20, @, + w2

(4.1)

In the equation above, w, is the natural frequency of the target mode, {, is the
damping ratio and K, is the gain of the PPF controller for the target mode. In this
control strategy, different controller gains can be assigned to different modes. In this
control study, 1, 2nd, 5" and 6™ modes are desired to be controlled. Four PPF
controllers are designed with natural frequencies tuned to each mode. A damping
ratio of ¢ = 0.1 is assigned for all PPF controllers. The Simulink model constructed
for PPF control is given in Figure 4-19and the simulation result for disturbance

rejection performance of the system is given in Figure 4-20.
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After designing a controller for the best actuator location, a verification of the best
location is made. For this purpose, the PPF controller designed for the best actuator
is kept fixed and the plant model used in the simulation is changed. In each
simulation a different plant model corresponding to a different actuator location is
used with the same controller. Note that since collocated sensor approach is
employed, the piezoelectric sensor is also moved together with the actuator, however
the location of the disturbance force is kept fixed. In the simulations the best
piezoelectric actuator location is found at Q = 3 and H = 14, the second best actuator
location is found at Q = 6 and H = 14 and finally the worst actuator location is at Q =
8 and H = 1. Results of the simulations done with different actuator locations and the
same controller is given in Figure 4-21. Note that the performance of the system
when the sensor is in the best location and in the second best location are close to
each other, however when the actuator is at the worst location, the performance of

the control system is reduced noticeably.

x 10 Simulations for different actuator locations
12 : : : : : T T T : T
; ; ; ; ; worst location
100---- T S T o second best location [
| | | | | .
| | | | | best location
| | | | |
BF----1----- e e e A i o B
| | | | | | | | |
6 l | | l : l l l l
""" - - - -~ -~ r--" """\ -~ -~"~“"~“"~°~ -~ “~"~“""™@“~"“"~“"~“"~“"»r-“"~"“"7"™“"~“""“" " °“"1°-"°"°"°"°9177°7°77™"™
| | | | | | | | |
§ 4 | | | | | | | | |
= T T A A o T o . T
S | | | | | | | | |
| | | | | | | | |
R e Rt
| | | | | | | | |
I N J | | I | | | | | | |
% 0 ‘”'I }i il I ‘“uélw, ‘H‘ it I““:,I.ng,\\. I "iiu‘l "j“I‘fiv»‘:!‘” i r;v('\"”“‘r.lei;l\‘ =“'|,‘""|;-; Nl ‘.'- it "'!-""‘u”"v”"“ et A""‘vv“ il 4 vv: W 4“ 4
i { | | | | | | |
> | | | | | | | | |
(2] ! | | | | | | | |
2y S T o I o oo I
| | | | | | | | |
e [ S e R A
“H | | | | | | | | |
| | | | | | | | |
] B i Rt T o R R
| | | | | | | | |
| | | | | | | | |
_8 L | L | L | L | L

time [s]

Figure 4-21. Simulation for piezoelectric actuators at different locations
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FFT of the simulations with different actuator locations is also computed and given
in Figure 4-22. On the FFT plot it is seen that the performance of the controller at
worst location is the worst of all for all modes. The performance of the system when
the controller is at the best location is lower than the performance of the system for
the second best controller location for 1** and 2™ modes (see Figure 4-23). However
for 5™ and 6™ modes the situation is different. For those modes the performance of
the control system is the highest when the actuator at the best location (see Figure
4-24). This result is not surprising since in placement criteria a balanced formulation

is used to find the location of the actuator that can control all the modes of interest.
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Figure 4-22. FFT of the response for different actuator locations
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4.7 Verification by Tests

Real life test model in the laboratory is used for verification purposes of the finite
element model. The test setup used in beam studies is also used for the cylinder. The
cylinder part is in free - free boundary condition. To simulate this condition cylinder
is put on soft rubber foam sheets. Photo of the test setup and the cylinder installed in

Roketsan is given in Figure 4-25.

Figure 4-25. Test setup and the cylinder in Roketsan
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A Dura Act piezoelectric patch is glued on the outer surface of the cylinder. This
piezoelectric patch will be driven by the piezoelectric amplifier. Unlike the beam
study, Dura Act patches are already electrically isolated from the surface that they

are glued, so a relatively thin glue layer exists between the patch and the cylinder.

55 o

SRS SRS

Figure 4-26. Piezoelectric patch on the outer surface of the cylinder
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Unlike the beam, the cylinder structure is thick and stiff. Its vibratory motion could
not be detected using strain gages. Laser displacement sensors could not be used in
cylinder case since the displacement of the cylinder is much smaller than that of the
beam and the cylinder is in free - free boundary condition. Sensor types that can be
used on the cylinder are piezoelectric patches and accelerometers. ICP
accelerometers are also piezoelectric based, so similar types of sensors in principle

can be used on cylinder.

Collocated piezoelectric patch sensor and actuator pair is desired to be used over the
cylinder. A piezoelectric patch is glued on the inner surface of the cylinder
corresponding to position just behind the patch on the outer surface. The patch on the
outer surface is used as actuator and the one on the inner surface is used as sensor. A
PCB model 352A24 teardrop single axis accelerometer is also placed at one corner of
the piezoelectric actuator on the outer surface of the cylinder. Photo of piezoelectric
patch sensor on the inner surface is given in Figure 4-27 and the photo of the
accelerometer at the corner of the actuator on the outer surface is given in Figure

4-28.

Figure 4-27. Piezoelectric patch on the inner surface of the cylinder
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Figure 4-28. Accelerometer placed at the corner of the piezoelectric actuator

All data acquisition and actuator diving tasks are done using NI-PCI-6289 DAQ card
mounted on the target PC in the xPC target system. Accelerometers and piezoelectric
patches are sensor that do not have ground connection, so those types of sensors are
called "floating" sensors. When using floating sensors, they should be used in
differential signal configuration. However in beam study, laser displacement sensor
is used in single ended signal configuration. Another adjustment done in order to
obtain healthy measurement with the accelerometer is using PCB model 480E09
signal conditioning unit to feed the internal circuit of the ICP accelerometer. Since
NI-PCI-6289 DAQ card does not have the ability to feed ICP sensors, it is impossible
to obtain correct ICP accelerometer measurements without using the signal
conditioner. Photo of PCB model 480E09 signal conditioning unit is given in Figure
4-29.

Figure 4-29. PCB model 480E09 signal conditioning unit
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As in the beam study, a chirp signal is generated to drive the piezoelectric patch
actuator and data is acquired by the accelerometer and piezoelectric patch sensor. A
70V sinusoidal chirp signal starting at 0.1 Hz at the beginning and moving up 450 Hz
in 450 seconds is used. Chirp signal moves approximately 1 Hz in 1 second in a
linear manner. Total duration of the signal is 450 seconds. Level of the voltage on the
piezoelectric actuator is given constant by the command, however the level of the
voltage read from the piezoelectric amplifier as the applied voltage increases as the
cylinder goes through a resonance. Monitor channel of the amplifier gives 1/1000 of
the voltage applied to piezoelectric actuator for safety purposes of the readout
equipment. This voltage is measured from the monitor channel of the amplifier and
multiplied with 1000 in Simulink and represented as piezoelectric drive voltage.
Voltage applied to piezoelectric patch actuator is given in Figure 4-30. Voltage read
from piezoelectric patch sensor is given in Figure 4-31 and voltage readout form the
accelerometer is given in Figure 4-32. Note that the voltage levels of the sensor

channels increase as the cylinder goes through resonances.

Piezo Patch Actuator Drive Voltage
150 ] ] ] ]

100

Voltage [V]
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Time [s]

Figure 4-30. Voltage applied to piezoelectric patch actuator from the amplifier

as drive voltage
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Figure 4-31. Voltage read from piezoelectric patch sensor
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Figure 4-32. Voltage read from accelerometer
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Using time domain data, the frequency content of those signals can be computed.
The drive voltage to piezoelectric actuator is taken as reference channel.
Piezoelectric patch sensor and accelerometer voltage readout channels are taken as
measurement channels. By computing FFT's of measurement channels and the
reference channel and dividing the FFT's of measurement channels to the FFT of the
reference channel, transfer functions between the measurements and reference can be
computed, as done in the beam study in Chapter 3. Transfer function (TF) between
piezoelectric patch sensor and piezoelectric patch actuator is given in Figure 4-33
and TF between accelerometer and piezoelectric patch actuator is given in Figure
4-34. Note that those TF's are computed using only 1 chirp signal data. The accuracy
of those results will increase by using more averages. Also note that the noise on the

piezoelectric patch sensor data is much less than the noise on the accelerometer data.

In addition to xPC target system, LMS SCADAS Recorder 07 Data Acquisition
System is also used in data acquisition over the cylinder. This system is a more
advanced data acquisition system with a more professional and dedicated software to
data acquisition and processing, LMS Test Lab. In the measurement with LMS a
random voltage load of approximately maximum 160 Volt magnitude (55 Volt RMS)
is generated and applied to the piezo actuator and data acquired from piezo sensor
with a maximum of approximately 5 Volt and RMS of 1.1 Volt. Acquired time data
of 100 seconds is given in Figure 4-35. Using this time data a transfer function is
computed in LMS Test Lab using time blocks of 1 second and overlap of %50. As an
average of 200 blocks, the transfer function between piezoelectric patch sensor and
actuator is generated more accurately than done by single chirp data. Transfer

function from LMS using random data of 100 seconds is given in Figure 4-36.
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Figure 4-33. TF between piezoelectric patch sensor and actuator
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Figure 4-34. TF between accelerometer and piezoelectric patch actuator

147



400
O F —— 1:monitor_amplifier
350— 0O B —— 2:piezo_sensor

300—

250

200

150

100

50

Real
o

-100]

-150)

-200

-250

-300—

-350—
-400 | | | | | | | | | | | | | | | | | |

|
N N w w &

—500e-3

0

—-500e-3
—1

—-2
—2

—-3

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

s

Figure 4-35. Time data acquired by LMS
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A modal test with impact hammer is carried out on the cylinder using LMS Test Lab.
In the modal test 12 accelerometers are placed on the upper outer rim of the cylinder
to detect the breathing modes. In modal test B&K type 8200 impact hammer is used
with 12 single axis accelerometers. Photo of the impact hammer is given in Figure
4-37 and photo of the modal test accelerometers on the cylinder is given in Figure

4-38.

Figure 4-38. Accelerometers placed on the cylinder for modal test
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In modal test, cylinder is excited at point 1 in radial inward direction by hitting with
the hammer. Mode shapes obtained from the modal test are given in Figure 4-39,

Figure 4-40, Figure 4-41, and Figure 4-42.

silinclir: 7

silindir: &

Figure 4-39. 1 mode shape, test result
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Figure 4-40. 2"" mode shape, test result
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Figure 4-41. 5™ mode shape, test result

Figure 4-42. 6™ mode shape, test result
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1%, 2" 5™ and 6™ mode shapes from the analysis are obtained by using the
accelerometers on the upper outer rim of the cylinder in modal test. It is not worth
the trouble to detect 3" and 4™ modes by tests. By using more accelerometers on
lower outer rim of the cylinder and exciting the cylinder from lower points, those
modes can be detected as well. However, considering the active vibration control
study scenario of this study, 1%, 2™, 5™ and 6™ modes are found to be sufficient. To
verify findings of the modal test, auto Modal Assurance Criteria (MAC) values are
computed in LMS Test Lab for the four modes detected by test. It shows in the MAC
graph in Figure 4-43 that a quite good job is done in the modal test since the

similarity of different mode shapes are very low and the mode shapes are orthogonal.

T
L

Processing A: Mode number :

1 122.39@
17B.918

¢ 325,364
226.519

3
4

— c

1 122.39d —

Z + 1ZB.%la —

g bursseooug

i 325,364

DoJaagqunu Spoy
w

zp
R

¢ 3F6.519 —

Figure 4-43. Auto MAC values of modes obtained from LMS

Natural frequencies from test and analysis are compared in Table 4-4. By this
comparison, it is seen that the difference between natural frequencies are about 5
percent except at the 2" mode. Note that 5 percent is an acceptable difference
between finite element analysis results and test results considering differences in the
analysis model and real life test model. Real model is made by radial forging and this
increases the stiffness, and so the natural frequency of the cylinder. There is also

another point to note: The real life model is not tuned. The double modes of the
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cylinder as a result of cyclic symmetry are not exactly at the same frequency due to
mistuning of the part. This can be result of cutting process after radial forging. Since
the part is not tuned its nodal points and the mode shapes for breathing modes should
be fixed. If the cylinder was "perfectly tuned" then its vibration mode shapes and
location of nodal points would depend on the excitation force direction and location.
However in this case the mode shapes are defined due to imperfection of the cylinder
and they are fixed. The level of excitation at each mode depends on the direction of

excitation force.

Table 4-4. Comparison of natural frequencies from test and analysis

Mode Number Natural Frequency | Natural Frequency | Percent Difference
Analysis Result Test Result (Hz) (%)
(Hz)
1 114.8 122.4 6.2
2 114.8 128.9 10.9
5 313.8 325.4 3.5
6 313.8 326.5 4

As a final part of this study positive position feedback controller is successfully
implemented over the cylinder by using one piezoelectric patch sensor and actuator
pair. The positive position filter target frequencies are set to the natural frequencies
of the cylinder measured by modal test. This is one of the differences between the
PPF controller in design stage and the one used in the implementation. Another
difference between the controller in design and the implementation is that the
designed controller is in the continuous domain (s-domain) and the one in the
implementation is in the discrete domain (z-domain). PPF filters are designed at the
target frequencies of the real cylinder and those filters are transformed in discrete
domain using MATLAB's "c2d" command and "tustin" transformation option. This
is the recommended discrete domain transformation method when the model has
[57]. in the

important frequency domain properties Simulink model used

implementation of PPF controller is given in Figure 4-44.
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Figure 4-44. Simulink block diagram of the cylinder test model

There is another difference to consider between the test and analysis models is the
orientation of the mode shapes. Recall that mode shapes were required to be aligned
according to excitation force before making further analysis for optimal patch
placement, since the cylinder breathing mode shapes from ANSYS are not aligned.
Actually a best practice in this case should be making a modal analysis on the real
cylinder part and in this test exciting the structure from the point where the excitation
force will be applied on. Later the mode shapes of the analysis results should be

aligned according to test results.

The angular differences between mode shapes are shown in Figure 4-45, Figure 4-46,
Figure 4-47 and Figure 4-48 side by side. If there is a big misalignment, then mode

shapes should be aligned and placement criterion should be computed afterwards. It
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can be seen that the 1* mode shape of the analysis is 90 degrees rotated version of
the 2" mode shape in test. Also the 2™ mode shape of analysis is 90 degrees rotated
version of the 1% mode shape. This case is also valid for the 5™ and the 6™ mode
shapes. Therefore the optimal locations calculated in the analysis should be rotated
about 90 degrees in Q coordinate. So the best location is Q = 7 and H = 14 and the

worst actuator location is Q = 12 and H = 14.

Figure 4-46. 2"" mode shape from analysis, 1* mode shape from test
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Figure 4-48. 6™ mode shape from analysis, 5™ mode shape from test

The best actuator locations calculated by analysis are updated according to the modal
test results. After finding the best location piezoelectric patches are glued on the
cylinder. Tests for trial of the controller performance are carried out. As a first test,
the cylinder is hit and the controller is turned on while the cylinder is still vibrating.
Results of this test in the form of sensor voltage is presented in Figure 4-49. Note
that the cylinder vibrations are stopped shortly after the control system is turned on.
As another test, the free vibration of the cylinder when the controller is off is
compared with the free vibrations of the cylinder when the controller is on. This
comparison is given in Figure 4-50. Effectiveness of the controller can be seen from

this figure.
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Figure 4-49. Controller started in the middle of cylinder motion
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The effectiveness of the placement of actuators is also verified experimentally. A
piezoelectric patch actuator and sensor couple were placed on Q =7 and H = 14. To
see the effectiveness of patch placement, an experimental comparison between the
responses for best and worst actuator locations is desired to be tested. The worst
location for the actuator is Q = 12 and H = 1. However for practical purposes, instead
of Q=12 and H =1, Q =12 and H = 14 is tested as worst location. Thus, the
piezoelectric patch is not required to be removed, and the tests can be completed by
only changing the impact location on the cylinder. The result of this comparison is

given in Figure 4-51.
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Figure 4-51. Cylinder sensor measurements for different actuator locations
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CHAPTER 5

SUMMARY AND CONCLUSIONS

This study is carried out in order to gain theoretical and practical knowledge on
active vibration control using piezoelectric patches. In the first chapter an
introduction to active vibration control by piezoelectric materials is made by
presenting the examples of active vibration control solutions applied to engineering
structures used in aerospace namely aircraft wings and fins, helicopter rotor blades
and turboprop engine propellers, missile airframe and launch vehicle payload
adapters. In addition to complex engineering structures, active vibration studies are
also carried out for simpler geometries such as beams, plates and shells in order to
obtain basic knowledge about active vibration control. An introduction to this type of

studies is made by giving an example study on cylinder structures.

In the second chapter of this study, information about piezoelectric materials are
given, from definition of piezoelectricity to definition of material properties and
modeling of piezoelectric materials. Information about different types of
piezoelectric actuators and their potential is also presented. After giving information
about piezoelectric materials and actuators, theoretical information about active
vibration control is given. Concepts of modeling a vibratory system in state space,
controllability, observability and pole placement are discussed. The placement
criterion used in finding optimum piezoelectric patch locations based on the

eigenvalues of the controllability Gramian matrix is introduced.

Third chapter of the study is dedicated to active vibration control of a cantilever
beam structure with piezoelectric patches. A cantilever beam has simple mode
shapes and it is obvious to place piezoelectric patch actuators close the root of the
beam to control its vibrations. At first the cantilever beam to be studied is

manufactured and then two piezoelectric patches were glued close to the root of the
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beam on one face of the beam side by side. Then the beam with piezoelectric patches
is modeled in ANSYS. A full model is created, by also modeling the piezoelectric
elements in finite element environment. Static analyses are carried out by applying
voltage load to piezoelectric patch actuators and beam deflections as a response to
the loads are recorded. Modal analysis is done on the beam to obtain the dynamics of
the structure. Based on those analyses, mathematical model of the beam that will be
used in control simulations is generated in MATLAB/Simulink environment. The
input of the beam is the control voltage applied to piezoelectric patch actuator,
whereas the output of the beam is taken as the tip displacement. The mathematical
model is a reduced state space vibratory model of the beam and the frequency
response of this model is the transfer function between the voltage applied to
piezoelectric actuator and the beam tip displacement. By this procedure a simple and
fast model of the beam is generated to be used in the controller design simulations.
The reduced mathematical model is verified by comparing the step response of the
model with the ANSYS full transient analysis results. Frequency response of the
reduced model is also compared with the ANSYS full harmonic analysis results. By
these comparisons it is concluded that the reduced mathematical model can
accurately replace the full finite element model. Without using a simple model and
instead by only using time consuming finite element simulations, it would be

practically impossible to develop a proper controller.

In the next step of the beam studies, static and dynamic tests are done on the beam to
verify and update the generated finite element model. The dynamic behavior of the
beam model showed a good agreement with the test results for the initially set of
parameters, so only slight changes were required to be done on the finite element
model to match the test results. For the static behavior ds; parameter of piezoelectric
actuator is needed to be updated to fit the analysis results of the model with the test
data. After updating finite element model the mathematical model to be used in
controller design simulations is also updated. By this approach the controller will be
developed for the updated model and the controller is supposed to work without any

further modifications.
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The controller design is made for the updated model by simple PID control and by
pole placement methods. Both controllers offered sufficient results of disturbance
rejection in the simulation. The PID control designed for the beam is implemented in
real life, and experimentally it is illustrated that it works successfully as it is

designed.

In the fourth chapter of this study active vibration control of a hollow cylinder is
studied. In the third chapter, finite element analysis, testing, modeling and control
strategies were developed for simple beam structure. Cylinder studies are presented
as the extensions of the beam studies. In active vibration control of cylinder
structure, the main difference (compared with active vibration control of beams) is
the requirement of optimal piezoelectric patch actuator placement study for desired
mode shapes. Mode shapes of a cylinder are much more complex than those of
cantilever beam. It is important to find the optimum piezoelectric patch actuator
locations in the active vibration control of cylinder. Placing piezoelectric patch
actuators to the locations where the strain energy is the highest is a fast and practical
method, however things can get complicated when multiple modes are desired to be
controlled with a single patch. A patch placement routine based on controllability
Gramian matrices and the mode shapes of the modes to be controlled is employed. In
this routine ANSY'S is used to obtain system matrices of the cylinder, and MATLAB
is used in the computation of the controllability Gramian matrices and patch
placement criteria. In this analysis an important point to note is that for cylinder
structures that are perfectly tuned, there are two vibration modes exactly at the same
frequency and the position of nodal lines of those mode shapes depend on the
direction of the excitation force for breathing modes. Therefore one should keep this
fact in mind and consider the excitation force direction and align the mode shapes
accordingly in the placement procedure since the locations of nodal points of mode

shapes depend on the excitation force direction.
After discussing how to find the optimum place for given piezoelectric patch,

mathematical model of the cylindrical structure with piezoelectric patch is generated

using a similar method as in the beam study. Controller design by using pole

161



placement is employed to control desired vibration modes of the cylinder. Positive
Position Feedback control strategy is also employed in designing a separate
controller to decrease the vibrations of target modes. In this point, the effect of patch
placement is shown by simulations using the same controller for models with
different patch locations. It is shown in the simulations that the actuator performance
comes out to be better when the patch is placed by using a balanced patch placement
criterion between the modes to be controlled. After simulations, experimental studies
are carried out to verify the finite element analysis results. In the experimental
studies piezoelectric patch sensor and accelerometers on the cylinder structure are
used in data acquisition. Modal test by impact hammer is made and mode shapes and
natural frequencies of the test cylinder are determined. Then, the mode shapes of the
analysis results are aligned according to test results and the optimum patch locations
are updated according to the mode shapes obtained by modal test. The designed PPF
controller is also updated for the actual natural frequencies of the cylinder. PPF
controller is successfully implemented and the vibrations of the cylinder is damped
by active vibration control method. The placement of piezoelectric patch actuator is
also verified by tests. In this study it is shown that multiple vibration modes of a
hollow cylinder can be controlled by using a collocated piezoelectric patch sensor
and actuator pair. The effect of piezoelectric patch placement is also demonstrated

experimentally.

In this thesis active vibration control of a hollow cylinder is studied both
theoretically and experimentally primary goal being to find the best location for the
piezoelectric patch actuators to minimize the vibrations. As a future work, this study

can be applied to one of real life engineering structures with a cylindrical shape.
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APPENDIX A

QUARTER BRIDGE STRAIN GAGE MEASUREMENT WITH SINGLE
STRAIN GAGE

Strain gage is a sensor that measures the strain of the surface it is applied on by
measuring change of resistance of the wire coil of the strain gage. Each strain gage
has a property called the gage factor which relates the strain of the gage and the

resistance difference of the strain gage and it is given as follows

AR
7:]{s>|<g (A.l)

In the above equation AR is the resistance change as a response to strain, R is the

resistance of the gage, Ks is a constant called gage factor and ¢ is the strain [58].

Strain gages are used with Wheatstone bridge circuits for measuring change in their
resistances. A single strain gage can be used in quarter bridge formation as shown in

Figure A-1 [58].

Figure A-1. Quarter bridge Strain Gage [58]
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In the bridge circuit E is the applied excitation voltage applied to circuit and e is the
measured output voltage from the circuit. By the equation given below, strain can be

derived from the voltage measurements of bridge circuit [58].

E=—-Ks*e*E (A.2)

In this study gage factor of the strain gage used is 2.1 and resistance of the strain

gage is 350Q.
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APPENDIX B

MATERIAL PROPERTIES

Material and piezoelectric properties of APC 850 is given below

APC Material: 840 841 B850 B55 BBO
Mavy Equivalent MNawy | -- Mawy Il MNawy VI Mawy 1l
Relative Dielectric Constant
K | 1250 | 13s0 | 1800 | 3300 | 1000
Dielectric Dissipation Factor (Dielectric Loss(%))*
tan & | o040 | o3s 140 | 130 | 035
Curie Point (*C)**
T | 325 | 320 | 30 [ 250 | 310
Electromechanical Coupling Factor
kp 0.59 0.60 0.63 0.68 0.50
ks 0.72 0.68 0.72 0.76 0.62
ks, 0.35 0.33 0.36 0.40 0.30
Ky 0.70 0.67 0.68 0.66 0.55
Piezoelectric Charge Constant (10™° C/N or 107 m/v)
ds; 290 300 400 630 215
-day 125 109 175 276 95
das 480 450 590 720 330
Piezoelectric Voltage Constant (107 vm/N or 107 m*/C)
£33 26.5 255 248 210 25.0
Ea 11.0 10.5 12.4 9.0 10.0
£1s 380 350 36.0 270 280
Young's Modulus {1Dm hlfmz]
¥, 8.0 7.6 6.3 5.9 9.0
¥ 6.8 6.3 5.4 5.1 7.2
Frequency Constants (Hz*m or m/s)
N, (longitudinal) 1524 1700 1500 1390 1725
N (thickness) 2005 2005 2040 2079 2110
N. (planar) 2130 2055 2080 1920 2120
Density [gfcm®)
b | 76 | 76 | 78 | 77 | 18
Mechanical Quality Factor
Q. | so0 | 1400 | 8 | & [ 1000

Figure B-1. Material and piezoelectric properties of APC 850
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Glue used when attaching APC piezoelectric patch to the steel beam is 3M Scotch-

Weld DP 760 and its Young's Modulus for different temperatures is given in Figure

B-2.

Compression strength (MPa)

Young’s modulus (MPa)

23+/-2°C:78.8

23 +/-2°C : 5972

80 +/-2°C:48.7

80 +/-2°C :48930

120 +/-2°C : 36.8

120 +/- 2°C : 3633

150 +/-3°C: 24.2

150 +/- 3°C : 2350

Figure B-2. Young modulus of Scotch Weld DP 760 glue

In PI Dura Act piezoelectric actuator, PIC 255 piezoelectric material is used and its

properties is given in Figure B-3.

e v [ | sz oo

Physical and Dielectric Properties
Density p [g/cm3]
Curie temperatura T_[*C]

Relativa permittivity in the polarization direction ,,7/g,
Parpendicular to the
polarization &,,/€,

Dielectric loss factor tan & [107]

Electro-Machanical Properties

Pigzoalectric deformation coafficient, piezo modulus®
d,, [pmi/V]
d,, [pm/V]
d, [pm/V]
Acousto-Mechanical Properties

Elastic compliance coefficient
g, [10'2m? N ]

5., [10"7 m?/N]

Mechanical quality factor G

7.80 7.60 7.80 4.70

250 185 350 =500

2400 4200 1750 60

1980 1650 B85

20 30 20 =1

-210 -180

500 GO0 400 40
550 B0

15.0 16.1

19.0 20.7

100 a0 80

Figure B-3. Material and piezoelectric properties of PIC 255
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APPENDIX C

ANSYS APDL CODES

Code used in generating beam finite element model

FINISH
/CLEAR
/PREP7

'Voltage
Voltl =1
Volt2=0

!Dimensions

beam dim x =315

beam dim_y =24

beam dim z=1

beambase dim x =35

piezol dim x =25

piezol dim_y=beam dim y

piezol dim z=0.5

piezol base x =9

piezol base y = (beam dim_y-piezol dim_ y)/2
epoxy dim z=0.25

piezo2 dim_x =25

piezo2 dim_y =beam dim_y

piezo2 dim z=0.5

piezo2 base x =39

piezo2 base y = (beam dim y-piezol dim y)/2
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sgl base x =20
sg2 base x =50

!Geometry

BLOCK,0,beam dim x,0,beam dim y,0,beam dim z,

BLOCK,-beambase dim x,0,0,beam_dim_y,0,beam dim z,

BLOCK,piezol base x,piezol base x+piezol dim x,piezol base y,piezol base
y+piezol dim_y,beam dim_ z,beam dim_ z+epoxy dim z

BLOCK,piezol base x,piezol base x+piezol dim x,piezol base y,piezol base
yt+piezol dim_y,beam dim zt+epoxy dim_ z,beam dim_ z+epoxy dim zt+piezol di
m z

BLOCK,piezo2 base x,piezo2 base x+piezo2 dim x,piezo2 base y,piezo2 base
yt+piezo2 dim_y,beam dim_zbeam dim_ ztepoxy dim z

BLOCK,piezo2 base x,piezo2 base x+piezo2 dim_ x,piezo2 base y,piezo2 base
y+piezo2 dim_y,beam dim_z+epoxy dim z,beam dim_z+epoxy dim z+piezo2 di
m z

wpro,,,90.000000

wpof,,,piezol base x

VSBW,ALL

wpof,,,sgl _base x-piezol base x

VSBW,ALL

wpof,,,piezol base x+piezol dim x-sgl base x

VSBW,ALL

wpof,,,piezo2 base x-piezol base x-piezol dim x

VSBW,ALL

wpof,,,sg2 base x-piezo2 base x

VSBW,ALL

wpof,,,piezo2 base x+piezo2 dim_ x-sg2 base x

VSBW,ALL

wpro,,-90.000000,

wpof,,,beam_dim_y/2

VSBW,ALL
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WPCSYS,-1
VGLUE,ALL

Element
ET,1,SOLID186
KEYOPT,1,2,1
KEYOPT,1,3,0
KEYOPT,1,6,0
ET,2,SOLID226,110
KEYOPT,2,1,1001
KEYOPT,2,2,0
KEYOPT,2,4,0
KEYOPT,2,6,0
KEYOPT,2,9,0
KEYOPT,2,10,0

!Material

MPTEMP,1,0

MPDATA,EX, 1,,207000
MPDATA,PRXY,1,,0.3
MPDATA,DENS,1,,7.85¢-9

!Piezo Properties APC 850

TB,ANEL,2,1,,0

TBDATA,1,1.203462¢+05,7.517913e+04,7.509007¢+04
TBDATA,7,1.203462e+05,7.509007¢e+04

TBDATA,12,1.108671¢+05
TBDATA,16,2.257336e+04
TBDATA,19,2.105263¢+04
TBDATA,21,2.105263¢+04

TB,PIEZ.,2

TBDATA,3,-1.884532¢-02
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TBDATA,6,-1.884532¢-02
TBDATA,9,6.801787¢-03
TBDATA, 14,1.242105¢-02
TBDATA, 16,1.242105¢-02
EMUNIT,EPZRO,8.850000e-12
MP,PERX,2,1.071930e+03
MP,PERY,2,1.071930e+03
MP,PERZ,2,5.278673¢+02
MP,DENS,?2,7.600000e-09

'Epoxy Properties
MPDATA,EX,3,,6000
MPDATA,PRXY,3,,0.35
MPDATA,DENS,3,,1.2¢-9

'Mesh

ESIZE ,beam dim_z*2

VSEL,S,LOC,Z,0,beam dim z

VATT,1,,1,0
VSEL,S,LOC,Z,beam_dim z,beam dim z+epoxy dim z
VATT,3,,1,0
VSEL,S,LOC,Z,beam_dim_z+epoxy dim_z,beam dim_ z+epoxy dim z+piezol di
m z

VATT,2,,2,0

ALLSEL,ALL

VSWEEP,ALL

'Boundary Condition

ASEL,S,LOC,Z,0

ASEL,A,LOC,Z,beam dim z
ASEL,R,LOC,X,-beambase dim_x,-beambase dim_x/2
CM,boundary,AREA
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ALLSEL,ALL

ASEL,S,LOC,Z,beam_dim_z+epoxy dim z
ASEL,R,LOC,X,piezol base x,piezol base x+piezol dim x
CM,electrodel , AREA
ASEL,S,LOC,Z,beam_dim_z+epoxy dim z
ASEL,R,LOC,X,piezo2 base x,piezo2 base x+piezo2 dim x
CM,electrode2, AREA
ASEL,S,LOC,Z,beam_dim z+epoxy dim_ z+piezol dim z
ASEL,R,LOC,X,piezol base x,piezol base x+piezol dim x
CM,ground1,AREA
ASEL,S,LOC,Z,beam_dim z+epoxy dim_ z+piezo2 dim z
ASEL,R,LOC,X,piezo2 base X,piezo2 base x+piezo2 dim x
CM,ground2, AREA

ALLSEL,ALL

DA, boundary,UX,0

DA, boundary,UY,0

DA, boundary,UZ,0

NodeTip = NODE(beam_dim_x-6,beam_dim_y/2,beam_dim_z)

!Analysis

/SOLU

ANTYPE,2
EQSLV,SPAR
MXPAND,2, , ,0
LUMPM,0
PSTRES,0
MODOPT,LANB,2,0,0, ,OFF
MODCONT,ON
DMPRAT, 0.0022
DA electrodel,volt,1
DA ,electrode2,volt,0
DA, ground1,volt,0
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DA ,ground?2,volt,0
ALLSEL,ALL
SOLVE

FINISH

'Writing State Space Matrices

/POSTI

*DIM,OUTPUT,,1,2

OUTPUT(1,1) = NodeTip

OUTPUT(1,2)=3

*DIM,OUTPUTLAB,CHAR, 1

OUTPUTLAB(1) = 'BeamTip'

*DIM,INPUTLAB,CHAR, 1

INPUTLAB(1) = 'pizeol’

SPMWRITE,MODAL,, INPUTLAB,OUTPUT,OUTPUTLAB,,,0

Code used in cylinder geometry

FINISH
JCLEAR
/PREP7
Q=1
H=1

IDIMENSIONS
rin = 146.5

tl =3.5

t2=5

t3=9

t4=10.8

tp 1=0.5
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tp 2=0.5
h1 =477
h12 =23
h2 =183
h23 =11
h3 =19
h34=6
h4 =14
nseg = 18
hseg =15
hp =30

hall = h1+h12+h2+h23+h3+h34+h4

'ELEMENT TYPE

ET,1,SOLID186

ET,2,SOLID226,1001

'MATERIAL PROPERTIES
'MATERIALI: STEEL

MPTEMP, 1,0

MPDATA,EX, 1,,210E3
MPDATA,PRXY,1,,0.33
MPDATA,DENS, 1,,7.85E-9

IMATERIAL2: PZT
TB, ANEL,

TBDATA,
TBDATA,
TBDATA,
TBDATA,
TBDATA,
TBDATA,
TB, PIEZ,

2
1,
7,
12,
16,
19,
21,
2

, 1

9.6903E+04
1.2276E+05
1.2276E+05
2.2272E+04
2.3148E+04
2.2272E+04

5

9

9
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TBDATA, 1,  0.0138
TBDATA, 4,  -0.0071
TBDATA, 7,  -0.0071
TBDATA, 11, 0.0119
TBDATA, 18, 0.0119

EMUNIT, EPZRO, 8.85E-12
MP, PERX,2 , 857

MP, PERY,2 : 929

MP, PERZ,2 , 929

MP, DENS,2 : 7.8E-09
IGENETRAING GEOMETRY
CSYS,1

K, 1,rin,0,h1+h12+h2+h23+h3+h34+h4
K,2,rin+t1,0,h1+h12+h2+h23+h3+h34+h4
K,3,rin+t1,0,h12+h2+h23+h3+h34+h4
K.4,rin+t2,0,h2-+h23+h3+h34+h4
K,5,rin+t2,0,h23+h3+h34+h4
K,6,rin+t3,0,h3+h34+h4
K,7,rin+t3,0,h34+h4

K,8,rin+t4,0,h4

K.,9,rin+t4,0,0

K,10,rin,0,0

K,11,0,0,0

K,12,0,0,h1

LSTR,1,2

LSTR,2,3

LSTR,3,4

LSTR 4,5

LSTR,5,6

LSTR,6,7
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LSTR,7,8
LSTR,8,9
LSTR,9,10
LSTR,10,1
AL,ALL
VROTAT,1,,,,,,11,12,360,nseg,
wpof,,,h4
VSBW.,ALL
wpof,,,h34
VSBW,ALL
wpof,,,h3
VSBW.,ALL
wpof,,,h23
VSBW,ALL
wpof,,,h2
VSBW.,ALL
wpof,,,h12
VSBW,ALL
wpof,,,h1-hseg*hp
VSBW.,ALL
*DO,1,1,hseg-1
wpof,,,hp
VSBW.,ALL
*ENDDO
wpof,,,hp*(H-hseg)
CYLA4,0,0,rin+t1,(360/nseg)*(Q-1),rin+t1+tp _1,(360/nseg)*Q,hp
WPAVE,0,0,0
VGLUE,ALL

'MESHING
VSEL,S,LOC,Z,hall-h1,hall-hp*hseg

CM,h_bottom1,VOLU
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ALLSEL,ALL
VSEL,S,LOC,Z,hall-h1-h12,hall-h1
CM,h_bottom12,VOLU

ALLSEL,ALL
VSEL,S,LOC,Z,hall-h1-h12-h2 hall-h1-h12
CM,h_bottom2,VOLU

ALLSEL,ALL
VSEL,S,LOC,Z,hall-h1-h12-h2-h23,hall-h1-h12-h2
CM,h_bottom23,VOLU

ALLSEL,ALL
VSEL,S,LOC,Z,hall-h1-h12-h2-h23-h3,hall-h1-h12-h2-h23
CM,h_bottom3,VOLU

ALLSEL,ALL
VSEL,S,LOC,Z,hall-h1-h12-h2-h23-h3-h34,hall-h1-h12-h2-h23-h3
CM,h_bottom34,VOLU

ALLSEL,ALL

VSEL,S,LOC,Z,0,h4
CM,h_bottom4,VOLU

ALLSEL,ALL
VSEL,S,LOC,Z,hall-hp*hseg,hall
VSEL,R,LOC,X rin,rin+t1
CM,piezo 1 vol,VOLU

ALLSEL,ALL
VSEL,S,LOC,Z,hall-hp*hseg,hall
VSEL,U,LOC,X,rin,rin+t1
CM,h_cyl,VOLU

ALLSEL,ALL

VATT,1,,1,,

CMSEL,S,piezo 1 vol

VATT,2,,2,,

ALLSEL,ALL

CMSEL,S,h_cyl
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ASLV,R

LSLA,R

LSEL,R,LOC,Z hall-hp/4,hall
LSEL,U,LOC,X,rin+0.1*t1,rin+0.9*t1
LESIZE,ALL,, .6,,1,,,1,
ALLSEL,ALL

ESIZE,t1*4

VSWEEP,ALL
NROTAT,ALL

ALLSEL,ALL
LOCAL,11,1,0,0,0,0,0,0
CMSEL,S,piezo 1 vol
ESLV,S

CM,piezo_1 ele,ELEM
EMODIF,piezo 1 ele,ESYS,11
ALLSEL,ALL

CSYS,1

'DEFINE ELECTRODES

CMSEL,S,piezo 1 vol

ASLV,R

ASEL,R,LOC,X,rin,rin+t1
ASEL,R,LOC,Z,hall+(H-0.75-hseg)*hp,hall+(H-0.25-hseg)*hp
CM,ground 1 area,AREA

ALLSEL,ALL

CMSEL,S,piezo 1 vol

ASLV,R
ASEL,R,LOC,Z,hall+(H-0.75-hseg)*hp,hall+(H-0.25-hseg)*hp
ASEL,R,LOC, X rin+t1+0.75*tp_1,rin+t1+tp 1
CM,electrode 1 area,AREA

ALLSEL,ALL

TIP = NODE(rin,0,hall)
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IANALYSIS

/SOLU

ANTYPE,2

EQSLV,SPAR
MXPAND,12,,,0

LUMPM,0

PSTRES,0
MODOPT,LANB,12,2,1000,,0FF
MODCONT,ON

DMPRAT, 0.001

DA electrode 1 area,VOLT,I
DA,ground 1 area,VOLT,0
ALLSEL,ALL

SOLVE

FINISH
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ABSTRACT

Piezoelectric materials have proven themselves to be used as actuators for active
vibration control. In this study, the active vibration control of a cylindrical shell by
means of piezoelectric actuators is investigated. As the most important stage of
controlling the vibrations, this paper focuses on the optimal placement of piezo patch
actuators. It is aimed in this study to determine the optimum locations of piezo
patches on a cylindrical shell by using finite element model of the system. In
optimization, the spillover effects, which are caused by accidentally excited higher

modes of the structure are also taken into account.

Keywords: Piezoelectric patches, active vibration control, cylindrical shell

vibrations, actuator placement, spillover
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1. INTRODUCTION

Piezoelectric materials have proven themselves to be used as actuators for active
vibration control of lightweight and flexible structures in recent years. Lightweight
and flexible structures are mostly used in space applications. Reducing the mass of
the structure due to weight limitations also reduces its stiffness, making low
frequency vibrations a problem for the structure. Piezoelectric actuators which have
low mass, high bandwidth quick response, low cost and ease of mounting are good
candidates for solution of vibration problem (Peng, Ng, & Hu, 2005). Considerable
research effort has been spent in recent years in active vibration control via

piezoelectric materials.

Piezoelectric materials are applied as surface mounted patches from the early years
of active vibration control studies starting from Crawley and de Luis in 1987
(Crawley & de Luis, 1987). Beam and plate geometries are studied by many
researchers. In the active vibration control problem of structures, placement of
actuators has always played an important role. Misplaced actuators may cause lack of
controllability and stability (Bruant, Gallimard, & Nikoukar, 2010). This led
researchers to work in the field of optimal placement of actuators in active vibration
control problems. Gupta et al. prepared a comprehensive review in the subject of
optimal placement of actuators and sensors on smart structures (Gupta, Sharma, &
Thakur, 2010). However, their study covered beam and plate geometry. Although
cylinder geometry is commonly used in engineering structures, studies on active
vibration control of cylindrical structures with piezoelectric patches are very limited

(Sohn, Choi, & Kim, 2011).

In the optimal actuator placement problem, several approaches have been used. Hac
and Lui used controllability gramian matrices in the calculation of optimal placement
of actuators (Hac & Lui, 1993). Bruant et al. used controllability gramians as
optimization criteria and genetic algorithm as search method (Bruant, Gallimard, &
Nikoukar, 2010). Peng used ANSYS substructuring tool in the finite element model
reduction (Peng, Ng, & Hu, 2005).
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In this study the optimal placement of piezoelectric patch actuators on a cylindrical
shell is investigated. The system is modeled by using finite elements (FE), and model
reduction, similar to the one used by Peng. After the model reduction and
formulation of superelements, effect of piezoelectric material at each possible patch
location is calculated by applying unit voltage to each patch and carrying out static
analysis. Then, structural matrices required in the computation of controllability
gramian matrix are obtained. Alternatively, static analysis can be carried out for a
limited number of patch locations and a search method such as genetic algorithm can
be used to find optimal locations; however this approach has the risk of having non-
convergence. When calculating the optimal placement for actuators the spillover
effects, which are caused by accidentally excited higher modes of the structure are
also taken into account. The method used in this study does not take the orientation
angles of piezoelectric patches into account. Mass and stiffness effects of the
actuators are neglected in this study since actuators are thin compared to host

structure. Perfect bonding is assumed between piezoelectric patch and host structure.

2. METHODOLOGY

The equation of motion for a dynamic system with piezoelectric actuators on its

surface can be written as follows:

MF + CF + Kr = PV (1)

where r is the displacement vector for the degrees of freedom of interest, M is mass
matrix, C is damping matrix and K is stiffness matrix, V is a vector containing the
applied voltage information, and P is the piezoelectric coupling matrix which relates
the applied voltage to the piezoelectric patch and the force applied on the structure
by the actuator.

For this structure, proportional damping is assumed, so that damping matrix can be

expressed as the linear combinations of stiffness and mass matrices:

C=aM + pK (2)
Equation (1) can be written in modal domain as shown below:
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Mij + Ch+ Kn=PV (3)

where n is the vector of modal coordinates, M is modal mass matrix, Cis modal

damping matrix, Kis modal stiffness matrix and Pis piezoelectric coupling matrix
transformed into modal domain. The matrices in modal domain can be expressed as

follows:

M=¢"Mod 4
C=0"Co )
K=¢"K¢ (6)
P=¢"P (7)

Here ¢ is the mass normalized modal matrix. Now the system equations can be

represented in state space.

X = Ax+Bu
y =Cx+Du (®)
where
xo[n A ©
u=V
0 I 0
A= "2 -1 1 1 -1~ B= \1-1D
{-M'K - C} {M P} (10)
C=[I] D =[0]

Here x is the state vector. Conversion of system equations into state space allows
calculation of the controllability gramian matrix of the system. By controllability
gramian matrix, one can obtain information about how easy it is to control the states
of the system. The controllability gramian matrix is the measure of controllability of

a system and defined as follows (Jha & Inman, 2003):
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W (1) = [V BB eV dt (1)
0

In this equation W(z;) is the controllability gramian matrix at time ¢;. In this
problem, states of the system are defined by modal coordinates. So each of the
diagonal element of the controllability gramian matrix gives information about the
effort to be spent to control the corresponding particular mode of the system. For
example, having a higher value for the controllability gramian for a mode means less
effort to be spent to control that particular mode. By comparing the controllability
gramian values of a system with different piezoelectric actuator locations, the best

actuator location to control vibrations of the system can be determined.

Spillover problem may emerge when controlling real structures by means of
feedback control. When modeling a vibrating structure, only a limited number of
modes are included in the model, and higher modes are usually truncated. When
trying to implement feedback control, the high frequency modes may be accidentally
excited. As also noted by Bruant et al., only in few papers spillover effects are
considered when placing actuators (Bruant, Gallimard, & Nikoukar, 2010). In the
placement criterion, the modes which are not taken into account when designing the
feedback controller should also be considered as the ones not to be excited.
According to this criterion, actuators should be placed such that they control the
desired modes and they do not excite the selected higher modes which are not

controlled.

The placement criterion J to control first N modes is stated as follows (Hac & Lui,

1993):
1 2N 2N
- a(ﬂ,-)(;l"j” (Hl] (12)

where Zare the eigenvalues of controllability gramian matrix and o(4)is the

standard deviation of 4. A higher J value for a possible patch location means that
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this location is a better place for actuator placement. In this criterion, having high
values of summation of eigenvalues of controllability gramian matrix leads to high
controllability. Same amount of controllability for each mode is desired, so by means
of multiplication of eigenvalues and division by the standard deviation of
eigenvalues make each mode equally controllable (Jha & Inman, 2003).

By using this criterion, locations that will control all the desired modes can be
determined. However spillover effects are not considered in this criterion. As a
modification to this, it is suggested not to excite the high order modes that are not
included in the system model. To achieve this, the criterion is modified as follows

(Hac & Lui, 1993):

1 2N, 2N, 1 2N, +2N, 2N, +2N,
J=— A | P Al=r—— /11' 2*Nu /11‘ 13
g@.)@ ] [H J a(zi)[i_z%+l J (H ] (13)

Here Ny, is the number of modes used in the system model (modes used in the
feedback controller) and N, is the number of high order modes which are not

included in the control system model but considered for spillover effects, and yis the

weighting constant. If the control system works up to 1000 Hz, then number of
modes of system up to 1000 Hz is equal to summation of Ny, and N,. For instance, if
the structure has 14 modes up to 1000 Hz and if we are interested in controlling the

first 4 modes then Ny, is 4 and N, is 10.

3. APPLICATION TO CYLINDER GEOMETRY

A hollow cylinder of 200 mm inner diameter and 600mm length and 2 mm thickness
is taken as the host structure. The cylinder is made of aluminum and one end of the
cylinder is fixed to a rigid wall. PZT 4 piezoelectric patches of 1 mm thick are glued
on the outside wall of the cylinder. The actuators will be in unimorph operation
mode. A perfect bonding between piezoelectric patch and the host structure is

assumed.
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To obtain the optimal locations of piezoelectric patch actuators on a cylindrical shell,
the shell structure is divided into sectors. Each sector is a possible location for a
patch actuator. In radial direction, the possible patch location covers 22.5 degree of a
circle. In length, the cylinder is divided into 12 equal pieces. Dividing the cylindrical
shell into sectors for possible patch actuator location generates a grid over the
cylinder. The grid is composed of the corners of each sector. In the calculation of
mass, stiffness, damping and piezoelectric matrices, the degrees of freedoms taken
from finite element mesh are the radial coordinates of grid points since in cylinder
structure, radial modes (breathing modes) are the modes of interest. The divided
sectors of the cylindrical shell (possible piezoelectric patch locations) are shown in

Figure 1.

After the cylinder geometry is formed, a proper mesh is generated over the cylinder.
For the aluminum cylinder SOLID 186, for piezoelectric patch SOLID 226 type
elements are used. One end of the cylinder is constrained in all degrees of freedom.

The mesh with the boundary condition is shown in Figure 2.

For the material properties used in the analysis, the piezoelectric properties of PZT 4
(Navy Type 1) are taken. Material properties of the host structure and the active

element used in this study are listed in Table 1.

Cantilevered Edge

Figure 1: Cylindrical shell geometry divided into sectors
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Figure 2: Mesh generated over the cylinder

Table 1: Material Properties

Host Structure: Aluminum

Young's modulus 70 GPa
Poisson's ratio 0.33
Density 2700 kg/m’
Active Material: PZT 4
Density 7500 kg/m’
ds -1.23*¥10"° m/V
ds; 2.89%10"° m/V
dis 4.96¥10"° m/V
st 1.23*10"" ms/kg
sF33 1.55*%10"" ms’/kg
¥l -4.05%10" ms’/kg
SE13 -5.31*%107"2 msz/kg
S 44 3.90%10"" ms’/kg
s 3.27¥10"" ms’/kg
K", 1475 (e'11/e,)
K33 1300 (£'33/e,)
€o 8.85%10"° F/m
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The generated mesh is used in the analyses; however, the radial deflection results are
collected only at the nodes which are located at the corner of each sector. In other
words, the results at the grid nodes are taken into consideration. These coordinates
are selected as master degrees of freedom (dofs) in ANSYS substructuring analysis.
In the calculation of mass, stiffness, damping and piezoelectric matrices, radial

degree of freedom of grid points are considered.

The equation of motion of the cylinder is expressed in terms of the master dofs
chosen. Therefore, firstly the reduced mass, damping and stiffness matrices and the
piezoelectric matrix are calculated. Then the system is expressed by state space

representation to calculate the controllability gramian for the vibratory system,

In calculation of piezoelectric matrix, a solid in the shape of piezoelectric patch
actuator is placed on one of the possible actuator locations and piezoelectric material
properties are attributed on that solid. After generating the structure, 1V is applied on
the outer surface and OV is applied on the inner surface of the patch actuator. A static
analysis is done for each possible patch locations and deformations of the nodes on
the grid in radial direction are collected to form a column of P matrix. A sample
static analysis result with one piezoelectric patch on the cylinder surface is shown in
Figure 3. Then the geometry is re-created by the APDL macro, but this time the
patch is moved to the next location. The procedure is continued until a single patch
has moved to each possible location. In this case P is a 192 by 192 matrix, since there
are 192 master dofs and 192 possible patch locations. In static case, equation (1)

reduces to Kr=PV from which piezoelectric matrix can be calculated.

The reduced mass and stiffness matrices obtained by substructuring analysis are
reordered according to the degrees of freedom numbers of the grid. Damping matrix
is calculated from mass and stiffness matrices by assuming proportional damping.
Here, proportional structural damping is assumed; so that =0 and g=1x10"°. The
piezoelectric matrix is calculated for each possible patch location. Therefore, the
corresponding column of P matrix is taken when calculating controllability gramian

for each possible piezoelectric patch actuator location. At each possible patch
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location, a new system model is generated in state space according to Eq.(8) and
Eq.(10). Then the controllability gramian matrix for each of those systems is
computed using MATLAB. Another approach would be carrying out static analysis
for a limited number of patch locations and using a search method such as genetic
algorithm to find optimal locations. However, such approaches may have the

drawback of having non-convergence.

WODAL SOLUTION AN
e e
SUB =1 e
TIME=1

Uz {BEVGE)

R3Y53=1

DME =.142E-04
SMN =-.183E-05
SME =.224E-05

. E—
-.1B83E-05 -.82ZE-0€ -.181E-07 .BH4E-0E .178E-03
-.137E-05 -.471E-D€ .43ZE-0€ .134E-035 .Z24E-035

Figure 3: Static analysis for one possible piezoelectric patch location on the cylinder

In finding the optimum patch locations for the cylindrical structure considered, the
modes of the cylinder up to 1000 Hz are taken into consideration. The first 14 natural
frequencies of the structure are given in Table 2. Note that in this calculation, the
slight changes in the natural frequencies of the host structure due to the existence of

PZT patches are ignored.
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Table 2: Natural frequencies of the host structure

Mode Number Natural Frequency (Hz)
1 216.4
2 216.4
3 379.4
4 379.4
5 476.5
6 476.5
7 615.6
8 615.6
9 708.8
10 708.8
11 787.7
12 787.7
13 897.4
14 897.4

In this application the first 4 modes of the cylindrical structure are selected to be

controlled. The corresponding mode shapes are given in Figure 4 and Figure 5.

— AN [ s M
STER-1 oa;s;u;g :g%; 16:48:36
SUB =1 147 -

FREQ=216.412 FREG=216.412

L (275 z (@)

RSYS-0 RSYS=0

MK =54.767 MK =54.2831

ST =3.14L45 SN =-3.15089

SHX =3.14145 SHX =3.14145

-3.14145 -1.74825 34308 104715 2.44335 -3.15089 -1.73233 - 33423 T 0ed01 2.4423
-2.44335 -1.04715 343051 174525 314145 -2.45174  -1.08384  .342858  1.74318  3.1414

Figure 4: First two modes of the structure
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Figure 5: 3 and 4™ modes of the structure

In this active vibration study, a feedback controller with a frequency band up to 1000
Hz is chosen to be used. In order to avoid spillover effects for the higher modes of
the structure up to 1000 Hz, the criterion of placement is constructed such that the
modes to be controlled are the first four modes (216.4 Hz and 379.4 Hz) and modes
which are not controlled, but also not to be excited while controlling the first four
modes are 5™ to 14™ modes. The placement criterion values calculated at each
possible patch location are shown in Figure 6. The locations with high placement
criterion values are optimal locations for patch placement. The best locations are
found to be 163 and 171 from this figure. These locations are close to the free edge,
and they are equally spaced on the periphery of the cylinder. The second best
locations are found as 179 and 187 which are at the free edge and equally spaced on
the periphery as in the previous case. It should be noted here that the best patch
location on one periphery of the cylinder depends on the orientation of the mode

shape and the orientation of the grid formed over cylinder.
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Figure 6: Placement criterion values at possible patch locations

In order to demonstrate the effect of active vibration control with piezoelectric
patches which are placed at the best and second best locations, three analyses are
carried out. In the first analysis no actuator is placed on the cylinder and a force of
100 N is applied on the free edge of the cylinder in 3 o'clock direction and then
suddenly released. The point where the force is applied is shown in Figure 7. The
free vibration response of the cylinder at the point where the force is applied is
calculated by transient vibration analysis. In the second and third analyses, the same
initial disturbance is given and the vibration responses of the same point are
computed. However, in these analyses the piezoelectric patch is used and a closed
loop control system is employed. The displacement of the point where 100 N force is
applied is taken as the feedback signal of the controller. A simple proportional
controller with a gain of 20000 is used. In the second analysis the piezoelectric patch
is placed at location 163 (one of the best locations) and in the third analysis it is
placed at location 179 (one of the second best locations). The output signal of the
controller is used as the voltage input for the piezoelectric patch actuator. In the
implementation of control system in the transient analyses, an APDL macro is used

(Karagiille, Malgaca, & Oktem, 2004). The time domain results of the three transient

199



analyses are given in Figure 8, and the results in frequency domain are given in

Figure 9.

Figure 7: Application point of 100 N force
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Figure 8: Time domain responses
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Figure 9: FFT of time domain responses

From Figure 9 it can be observed that the approach is successful in reducing
vibration response in the first four modes by also avoiding the spillover effects in

most of the higher modes.

4. CONCLUSION

In this study, optimum placement of piezoelectric patch actuators for active vibration
control of cylindrical shell structures is studied. The approach employed in finding
best piezoelectric patch locations is based on controllability gramian of the structure
calculated for each possible actuator location. In order to find the best actuator
locations to control a desired number of modes, and not to cause spillover due to
certain high order modes, a modified placement criteria is utilized. The approach
suggested is employed to control the first four modes of a cantilevered cylindrical
shell and at the same time not to cause spillover at higher modes until 1000 Hz. The
best and second best locations are determined for an example problem, and the
transient responses of the system are calculated with and without active vibration

control. It is observed in this application that the approach is successful in reducing
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vibration response in the first four modes, as planned, by also avoiding the spillover

effects in most of the higher modes.
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