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Abstract

In 1983 Toshiiku Sashida developed a new motor concept called Piezoelectric Traveling Wave
Rotary Ultrasonic Motor (PTRUSM). The advantages of these motors include high torque at low speed,
absence of a generated magnetic field, and high potential for miniaturization. Unfortunately PTRUSMs
have some disadvantages that limit the areas of applications for these types of motors. The
disadvantages are a short operating life (about 1000 hours), small output power, and the need of a
complex motor controller.

On one hand, these motors have been used in satellites, mobile phones, photocopiers, robotic
arms, telescopes, automobiles, and camera autofocusing. On the other hand, the use of the PTRUSM is
still limited in its applications because of the previously mentioned disadvantages of these motors.

Modeling of the PTRUSM is a current challenge because the existing models of the motor are
just focused in describing the behavior of certain parts of the motor, or the models have several
assumptions that degrade the accuracy of these models. There is no accurate complete model of the
PTRUSM capable of being implemented in a model-based control strategy to operate these motors.

This dissertation presents a complete and accurate mathematical model of the PTRUSM. The
motivation of this work was the need of a complete and accurate model of the motor capable of being
used as the backbone of a model-based control strategy.

A 2D model of the motor is presented. The PTRUSM stator is modeled using a finite volume
discretization. Two models of the PTRUSM stator were proposed: a static and a dynamic one. A simple
model of the rotor with the capability of being coupled with the stator model was developed as well.

The stator and rotor models are coupled to model the stator-rotor contact interface of the motor.

Two algorithms were prosed to model the contact between stator and rotor. These algorithms provide the

Vi



contact zone width, height, the normal force distribution, and the breaking and driving contact zones;
these parameters define the horizontal rotor velocity.

The torque-speed characteristic of the USR60 is calculated with the proposed model. The results
of the model are compared versus the real torque-speed of the motor. It was observed that this novel

model accurately reflects the most important characteristic of the PTRUSM.
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Chapter 1: Introduction

Electromagnetic motors were the best choice for most of the actuating requirements in
engineering and science. Engineers and researchers have put a lot of effort into their design and
optimization. Nevertheless, in recent years, many new actuator and motor requirements have appeared.
They include: a compact size, a high torque at a low speed, a light weight, low noise, self-breaking, and
the capability to operate in strong magnetic fields. All of these requirements are difficult to achieve with
electromagnetic motors due to their principle of operation and structure. In order to provide a high
torque at low speed, electromagnetic motors use a gear reduction unit. This increases the actuator size
and mass because of the power transmission mechanism. Electromagnetic motors need an external break
to stop the shaft when are not energized. This adds extra weight, size, and cost. Another disadvantage is
that electromagnetic motors cannot operate in strong magnetic fields, as they interfere with their
principle of operation.

In 1983 Toshiiku Sashida developed a new motor concept called Piezoelectric Traveling Wave
Rotary Ultrasonic Motor (PTRUSM). Fig. 1.1 shows a picture of the PTRUSM USR60. The principle of
operation is based on a stator ring that induces vibration in the ultrasonic range produced by the inverse
piezoelectric effect [1]. The term “ultrasonic” is added to these motors because the stator produces
frequencies in the ultrasonic range of 25 to 70 kHz.

The advantages of the PTRUSM, as shown in [1-4], include:
e High torque at low speed.
e Small inertia.
e High holding torque.
e Stable operating speed in microseconds.

e High potential for miniaturization.



Figure 1.1: Shinsei Motor USR60

e Absence of a generated magnetic field.
e Able to operate in a strong magnetic field.

e Low noise.

Unfortunately, the PTRUSMs have some disadvantages [1-4] that limit the areas of applications
for these types of motors. The disadvantages of these motors are:
e Short operating life (about 1000 hours).
e Small output power.

e Requires a complex motor controller.

PTRUSMs are actuators with a completely different principle of operation when compared to
conventional electromagnetic motors. Since their invention, these motors have been used in a wide range
of applications. On one hand, [2] reports that these motors have been used in satellites, mobile phones,
photocopiers, robotic arms, telescopes, automobiles, and camera autofocusing. PTRUSMs are used for
low torque and low speed applications, where size minimization and weight reduction are required.

Other important applications of PTRUSMs are in environments with strong magnetic fields, such as



MRI equipment. On the other hand, the PTRUSM has a limited usage in its applications because of the

previously mentioned disadvantages of these motors.

1.1 Literature review

Modeling of PTRUSMs is a challenge that is still not properly reached. During the last two
decades, researchers have been trying to model these motors using different methods. All of these
models neglect important characteristics of the motor or the models are just focused in describing the
behavior of certain parts of the motor.

One can classify the models of the motor as models of the PTRUSM stator and models of the
stator-rotor contact interface. A brief literature review regarding the most representative PTRUSM

models and control strategies developed so far is presented in the next subsections.

1.1.1 Modeling of the ultrasonic motor stator

The PTRUSM inventor in collaboration with an expert in conventional electric motors wrote a
book [1] with the goal of introducing researchers and engineers the concept, design, and modeling of the
PTRUSM. These authors model the PTRUSM stator with an equivalent circuit. The circuit is composed
of capacitors, inductors, and resistors. In this model, the capacitance, inductance and resistance represent
the stator stiffness, mass, and losses respectively. A method to define the capacitance of the equivalent
circuit that represents the stiffness of the stator was provided, but the authors reported that by using this
capacitance value the output of the model does not approximate the output of the real motor. Thus, it is
necessary to use the trial and error method to determine different capacitance values that allow more
accurate results. The advantage of this model is that it is simple. The disadvantage of this model is that
the parameters of the equivalent circuit need to be determined empirically.

In [5] and [6] an equivalent mechanical model of the PTRUSM stator is presented. The

equivalent system is composed of basic mechanical elements like springs, dampers, and masses. The



output of the model is the amplitude of the stator traveling wave. The traveling wave generated on the
stator surface is assumed to be the superposition of a sine and cosine waveforms. The advantages of the
model are the clear relationship of the equivalent mechanical model components with respect to the
PTRUSM stator, and the low computational effort required to calculate the amplitude of the stator
traveling wave and the surface velocity. The disadvantages include lack of accuracy due the assumed
sinusoidal shape of the stator traveling wave. In addition, the model does not include a procedure to
model the amplitude and shape of the stator traveling wave when subject to the stator-rotor contact
forces. Besides that, the authors proposed to do a separate model of the stator using the Finite Element
Method (FEM) to define the parameters of the stator model. Nevertheless, the authors did not provide an
explanation or procedure to calculate these parameters.

Hagood [7] proposes a stator model based on the modified Hamilton’s Principle for general
electromechanical systems. Because the PTRUSM stator is a thin plate, the electric field was assumed to
be only in the vertical direction. The stator was simplified using plane stress approximation, and the
traveling wave generated on the stator surface is assumed to be the superposition of a sine and cosine
waveforms. The advantages of this model are that it is simple and a transient response can be obtained
with it. Nevertheless, this model just provides the amplitude of the stator traveling wave. That means the
stator model has one degree of freedom. Because the PTRUSM stator-rotor contact interface is a
surface, the amplitude of the stator traveling wave provided by this model does not provide enough
information to develop an accurate model of the stator-rotor contact interface.

A stator model developed to obtain the eigenfrequency of the PTRUSM stator is presented in [8].
The model was derived using Hamilton’s principle. The electric field applied in the piezoelectric
ceramics was modeled with a linear function. In order to simplify the problem, the stator was modeled
as a 2D body using plane stress approximation. The Ritz method was proposed to find an approximated

solution of the dynamic equation. The advantage of this model is that the influence of the stator teeth is



considered in the eigenfrequency analysis. The disadvantage of this model is that the frequency provided
by this model is not the optimal frequency to power the motor because the pre-compressive force, output
load, the stator bridge and temperature effect were not considered in the model. The eigenfrequency of
the PTRUSM stator is lower than the one provided by this model because compressive forces decrease
it. The stator stiffness changes under the action of a compressive load. Galef’s formula [12] describes
the relationship between the eigenfrequency of beams and the axial loads applied to them. Besides that,
the increase of temperature in the stator and rotor during motor operation changes the eigenfrequency of
the stator. That means the eigenfrequency analysis of the PTRUSM is a temperature dependent problem.

References [9,10] present a novel numerical strategy to model thin piezoelectric-metal beams
using the Finite Volume Method (FVM). The system of equations was developed with the goal of
computing the PTRUSM stator free body eigenfrequency [11]. The method was tested versus
commercial FEM, and it was found that the solution reach convergence with less degrees of freedom
using FVM than with commercial FEM. The advantages of this numerical model are that accurately
provides the stator free body eigenfrequency, and that the computational effort is lower than the
computational effort required with a similar model using FEM. The disadvantage is that like in [8] the
pre-compressive force, output load, the stator bridge and temperature effect were not considered in the
model.

Rodriguez [13] presents a summary of existing stator models. The PTRUSM stator models are
classified as either numerical models using techniques like finite element and finite difference, or
analytical models. Numerical models are able to describe complex stator geometries, like annular plates
and stators with teeth on top of it. The disadvantage of using a numerical method to describe the stator is
its complexity and the amount of demanded computational effort. Numerical methods are commonly

used for design purposes. The advantages of analytical models include their simplicity and their low



computational effort. Proposed analytical models of the stator are inaccurate because these models have

lots of simplifications and assumptions.

1.1.2 Modeling of the ultrasonic motor contact

The equivalent circuit used in [1] to model the stator was extended to model the stator-rotor
contact as well. A direct current (DC) voltage and an inductor were added to the circuit to model the
motor applied pre-force and the mass of the assembly. A network with Zener diodes in series with
resistors was added to model the output load. The advantage of this model is that it is simple. However,
a method to calculate the breakdown voltage of the Zener diodes and the resistances values was not
defined. The major problem with this method is that the parameters of the circuit need to be determined
empirically.

In [5], a simple model of the stator-rotor contact interface is presented. The rotor (metal) was
modeled as a rigid body, and the contact layer was modeled as a linear spring. The rotor was considered
to be vertically fixed, and reactions from the rotor to the stator were neglected. The overlap between
stator and rotor was used to calculate the normal force distribution. The advantage of this model is the
low computational effort required to obtain the output torque of the motor. The drawback of this model
is that it is very inaccurate due to the assumptions and simplifications used. The author reported in [14]
that the stator-rotor contact model is not sufficiently accurate to develop a model-based control strategy
of the PTRUSM.

In order to model the contact, Hagood [7] assumes that the stator is rigid (the shape of the stator
is independent of the contact forces), and the rotor (metal) is modeled as a linear spring. The vertical
displacement of the rotor was included in the model. The overlap between the stator and rotor is used to
calculate the normal force distribution. The advantage of this model is that a transient response can be
obtained with it. Nevertheless, the author did not provide a comparison between the torque-speed

characteristic of the real motor versus the torque-speed characteristic obtained with the proposed model.
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A simulation of the amplitude of the traveling wave when the motor is subjected to different loads was
provided, but it was observed that the amplitude of the traveling wave obtained with this simulation is
independent of the external load. This result is incorrect because the amplitude of the stator traveling
wave decreases when the external load of the motor increases. According to these results, one can
conclude that the model does not reflect the real PTRUSM behavior.

The problem of modeling the stator-rotor contact mechanism is treated by Schmidt in [15]. The
stator was modeled as a Bernoulli-Euler beam, the rotor was assumed to be rigid, and the contact layer
attached to the rotor was modeled as a viscoelastic layer. Coulomb friction law was used to model the
tangential forces on the contact interface. A contact algorithm was developed to solve this non-linear
problem, (refer to [16]). The advantage of this model is that it considers the non-linearity of the stator-
rotor contact zone because the system of equations is solved with iterations. The main drawback of the
proposed method is the simplified stator model used as part of the contact model. The force produced in
the stator by the inverse piezoelectric effect was modeled with a distributed force applied on the beam.
However, a method to calculate the distributed force as a function of the electric field was not provided.

Sattel [4, 17] presents a planar contact model under the plane stress assumption. The problem is
solved in four steps. First, the contact layer displacements are analytically obtained, and then, the
displacements of the contact layer are expressed as a function of the stator and rotor displacements. The
second step consists in generating a Fourier-series expansion of the stator and rotor displacement. In
order to obtain the normal and tangential forces, it was assumed that the normal forces are independent
of the tangential forces. Because of this assumption, the third step consists of calculating the normal
forces. In the final step, the tangential forces are calculated using the obtained normal forces in the
previous step. A contact algorithm was developed to solve the system of equations, (refer to [4]). The
advantage of this model is that considers the non-linearity of the stator-rotor contact zone. The drawback

of this model is the lack of an accurate stator model. Like in [15], the stator was modeled as a Bernoulli-



Euler beam and the force produced in the stator by the inverse piezoelectric effect was modeled with a
distributed force applied to the beam. Besides that, the model simulation results presented in [17] were
no compared versus measurements of the motor.

A FEM contact model was proposed in [18]. First, one tooth of the stator was modeled using the
commercial finite element software NASTRAN. The model was used to compute the stator
eigenfrequency. In order to model the stator-rotor contact interface, a FEM model was proposed as well.
The model is composed of a 3D rotor in contact with a 3D tooth (model of the stator). The model was
generated and solved using the commercial finite element software JNIKE3D. The software solved the
contact problem using the penalty method. The advantage is that the contact between stator and rotor is
solved in 3D. This allows one to obtain an accurate distribution of the stator-rotor contact zone forces.
The disadvantages of this PTRUSM model are that the model of the stator is inaccurate because a model
of the stator piezoelectric material was not included, and the computational effort required to solve the
3D contact model is very high. Besides that, the problem was solved using commercial software.
Because of that, the implemented system of equations and algorithms are unavailable.

Other similar contact models can be found in [19-25]. It is important to mention that there is no
model to calculate the optimal normal pre-compressive force applied to the contact interface between

stator and rotor.

1.1.3 Ultrasonic motor control techniques

The PTRUSM has a strong non-linear behavior due to the contact between stator and rotor.
When supplied with a fixed voltage and frequency, the output speed of the motor varies in time because
the temperature of the stator and rotor increases. Besides that, the motor has a dead-zone. It is well
known that the speed of the motor jumps from zero to a certain speed value depending on the motor

model when the amplitude of the stator traveling wave is gradually increase from zero to a certain



height, (see section 2.2.4). These characteristics make it difficult to develop proper control strategies of
the PTRUSM.

Since the invention of these motors, researchers have proposed different control techniques.
These control strategies are mainly based on empirical data. One can find in the literature several control
strategies that propose the use of fuzzy logic techniques to control the speed and position of the motor.
A brief review of the most representative control strategies is presented in this section.

In [26, 27] a speed-position control strategy of the ultrasonic motor is presented. The strategy is
based on fuzzy logic concepts. The speed of the motor is controlled through amplitude modulation of the
driving voltages. On one hand, the control strategy was tested using a step load, reporting a good
agreement. On the other hand, the control strategy was not properly tested. The authors only tested the
control strategy using a specific load at a specific speed. Unfortunately, the authors did not provide
enough information about the obtained fuzzy reasoning rules. The advantage of this control strategy is
that the effect of the motor external load was considered in the control strategy. The main drawback of
this control strategy is that one needs to perform experiments every time one changes the motor.

Cha [28] observed that the increase of temperature of the PTRUSM when operated for a long
time produces a decrease of its resonant frequency, input current, and output speed. This author
proposed a fuzzy controller to overcome this problem. The speed of the motor was controlled using
frequency modulation of the driving voltages. This strategy was tested at different temperatures. The
advantage of this control strategy is that the effect of the temperature was considered. Nevertheless, the
effect of the driving load was not considered into the model and test.

Most recently, the problem of controlling the speed of the PTRUSM when subjected to a
temperature increase is treated in [29]. These authors pointed out that it is difficult to control the speed
of the PTRUSM because the heat generated by friction changes the tangential forces produced in the

stator-rotor contact interface. A PID (proportional, integral, derivative) control strategy was proposed



here. An equation that approximates the torque-speed characteristic of the PTRUSM using curve fitting
was used to develop the control strategy. Amplitude modulation of the driving voltages was used to
control the motor output velocity. The advantage of this model is that the motor can be operated at its
maximum efficiency because the speed of the motor was controlled using amplitude modulation of the
driving voltages. The disadvantage of this control strategy is that only the unloaded motor case situation
is considered.

In [30] a speed control strategy of the PTRUSM using a fuzzy neural network was proposed. The
control strategy is based on a PI (proportional, integral) control with auto-tuning. The auto-tuning is
based on fuzzy logic using a neural network. The speed of the motor was controlled using frequency
modulation of the driving voltages. The advantage of this model is that the control rules are self-adapted
with the auto-tuning controller. The disadvantage is that the fuzzy rules were obtained only for the
unloaded motor case. The author reported that when the driving load is high, the rules are not valid.

Bal in [31] implements a speed controller of the PTRUSM. Frequency modulation technique is
used to control the speed of the motor. The speed controller is tested with a variety of loads. The
advantage of this control strategy is that one can control the motor speed with different loads. The
disadvantage is that the temperature effect was no considered in the control strategy.

In [32] a neural network is used to compensate the nonlinearities of the PTRUSM. The author
used amplitude modulation of the driving voltages. The reason of using amplitude modulation instead of
frequency modulation was to avoid the pull-out phenomenon, (refer to [33]). If the driving frequency
applied to the motor is decreased below the motor resonant frequency, the stator traveling wave decays
abruptly. If the driving frequency is now increased to the eigenfrequency value, the rotor starts rotating
abruptly (refer to [34]); this characteristic is the pull-out phenomenon. In addition, a hysteresis loop is
observed when varying the driving frequency as described in this paragraph. The advantage of this

control strategy is that it is not susceptible to the pull-out phenomenon and hysteresis effect. The
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disadvantage is that one needs to do experiments to obtain the neural network each time a new motor is
used.

Mass [34] implemented a model of the stator to develop a model-based control strategy of the
PTRUSM. A simple analytical model of the stator was developed to be implemented in the control
strategy. Nevertheless, the author pointed out that the existing models of the stator-rotor contact
interface are not sufficiently accurate to be implemented in a model-based control strategy. The author
used the neural network presented in [32] to model the stator-rotor contact interface. Amplitude
modulation of the driving voltages was used to control the amplitude of the stator traveling wave. The
advantages of this control strategy are that the motor can be operated at or below the resonant frequency,
and it allows one to operate the motor with a wide range of speeds. The main drawback when using a
neural network is that one needs to do time consuming experiments to obtain the neural network of
every new motor model.

In [35] a fuzzy neural network was proposed to develop a speed control strategy of the
PTRUSM. The author of this recent publication pointed out the lack of a proper mathematical model of
the PTRUSM. Frequency and phase modulation of the driving voltages were used to control the speed of
the motor. The proposed control strategy was tested for the unloaded motor. The results show a good
agreement with respect to the experimental measurement. In addition, the control strategy was tested
with a small load, reporting a good agreement as well. The advantage of this control strategy is that it
allows one to operate the motor with a wide range of speeds because frequency and phase modulation
are used together to operate the motor. The drawback is that this control strategy is susceptible to the
pull-out phenomenon and hysteresis effect. In addition, one needs to consider that the strategy was not
tested under the action of variable and high loads, and the temperature effect is not considered in the

control strategy.

11



Senjyu proposes in [36] an equation to model the rotor speed of the ultrasonic motor. The torque-
speed characteristic of the PTRUSM was approximated using curve fitting. The author proposes to use
this equation to develop a speed control strategy of the motor. Frequency and phase modulation of the
driving voltages were proposed to control the motor speed. The advantage of this model is the low
computational effort required to compute the velocity of the rotor. The disadvantage of this model is that
this equation is just valid for a specific motor model. In addition, this model is unable to consider
important parameters of the motor like pre-compressive force, geometry of the stator, coefficient of
friction, driving voltage, and temperature effects.

Besides speed control strategies, one can find in the literature control strategies to control the
position of the rotor shaft. So far, only fuzzy control strategies were proposed to control the position of

the rotor shaft, (refer to [37-38]).

1.2 Motivation

PTRUSMs are actuators with a completely different principle of operation when compared to
conventional electromagnetic motors. Because of this new principle of operation, one needs to develop
new mathematical models and new control strategies to operate these motors.

Modeling of the PTRUSM is a current challenge because the models of the motor discussed in
the literature review are just focused in describing the behavior of certain parts of the motor, or the
models have several assumptions that degrade the accuracy of these models. Most of the analytical
models proposed so far are not accurate enough to be implemented in real applications. Because of that,
these complete analytical models were never implemented in model-based control strategies.

The most robust model one can find in the literature of the PTRUSM stator-rotor contact is [17].
In this publication, the PTRUSM stator-rotor contact problem is treated in more detail than in other
existing publications. On one hand, one algorithm was proposed to model this high non-linear problem

providing a more realistic model of the stator-rotor contact interface. On the other hand, due to the
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complexity of the stator-rotor contact, the stator was modeled as a simple Bernoulli-Euler beam. A
mechanical force was applied to the beam to simulate the deformation of the stator, but this did not
reflect the real behavior of the stator because the forces generated by the stator piezoelectric ceramics
were not calculated. It is important to specify that the inputs of this contact model are a mechanical force
and the velocity of the rotor and the output of the model is the output torque; these characteristics make
it difficult to use this model in a model-based control strategy to operate these motors. So far, there is no
model of the stator-rotor contact interface with the capability of being implemented in a model-based
control strategy to operate the PTRUSM.

The lack of a complete and accurate model of the PTRUSM makes it difficult to develop model-
based control strategies to operate these motors. As mentioned in the literature review, most of the
PTRUSM control techniques proposed so far are based on neural networks, fuzzy control techniques and
empirical equations (curve fitting). In order to develop an efficient control strategy for the PTRUSM
able of being used with different motors without the need of time consuming experiments, one needs to
develop first a complete and accurate mathematical model of the PTRUSM.

The three ways to control the output velocity of the PTRUSM are frequency, amplitude and
phase modulation of the driving voltages [35]. Frequency modulation has the big disadvantage of being
susceptible of the pull-out phenomenon and hysteresis effect [32]. Besides that, frequency and phase
modulation of the driving voltages are inefficient control techniques. The reason is that the highest
efficiency of the motor is reached when a perfect traveling wave is generated in the stator [38]. A perfect
traveling wave is achieved when the PTRUSM is excited with equal amplitude of the driving voltages
with a phase shift of 90 degrees in space and time between phases [5]. Because of that, a control strategy
using amplitude modulation of the driving voltages is the best choice to efficiently operate the

PTRUSM.
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This dissertation is focused on developing of a complete and accurate mathematical model of the
PTRUSM. The reason for developing a model of the PTRUSM is to provide an accurate model able of
being used to develop a model-based control strategy for it. This model could be used in a control
strategy that implements amplitude modulation of the driving voltages. Amplitude modulation of the
driving voltages is proposed for two reasons: the first reason is to avoid the pull-out phenomenon and

hysteresis effect, and the second reason is to operate the motor at its maximum efficiency.

1.3 Dissertation objectives

The objective of this dissertation is to develop a complete and accurate mathematical model of
the PTRUSM. Because the model of the PTRUSM could be used in a control strategy using amplitude
modulation of the driving voltages, the amplitude of the stator traveling wave model needs to be
controlled by the amplitude of the driving voltages, and the output of the model needs to be the rotor
velocity.

An accurate and complete model of the PTRUSM able of being used in a model-based control
strategy needs to contain a model of the stator, rotor, and the stator-rotor contact interface. Therefore,
the objectives of this dissertation are to accurately model the stator, rotor and the stator-rotor contact
interface of the PTRUSM. The objectives of this dissertation are explained in detail below.

1. Model of the stator. The first objective is to develop an accurate model of the PTRUSM stator.
The amplitude of the stator traveling wave needs to be controlled using the amplitude of the
input voltages. A 2D stator model needs to be developed using the 3D system of equations that
models a piezoelectric-metal cantilever beam, (refer to [9, 10]). This stator model includes:

e The computation of the forces generated by the action of the driving voltages. The deformation

produced in the stator piezoelectric material should be modeled in detail.

14



The computation of the reaction forces produced by the bridge supporting the stator. The
PTRUSM is attached to the motor case by a bridge. Because of that the reaction forces produced
in the bridge need to be considered in the model.

The computation of the stator displacements. The model needs to accurately calculate the
displacements produced in the stator under the action of an applied voltage and the action of
external forces.

The computation of the stator velocities. The stator model needs to accurately calculate the
motion of the stator traveling wave.

Model of the rotor. In order to develop a complete model of the motor, the model of the rotor
should be able of being coupled with the stator model. This rotor model includes:

The computation of the vertical displacement of the whole structure (rotor). The model needs to
include one degree of freedom that corresponds to the vertical displacement of the rotor.

The computation of the vertical deformation of the rotor. The vertical deformation of the rotor
when in contact with the stator needs to be computed because it determines the contact forces
produced in the stator-rotor contact interface.

Model of the stator-rotor contact interface. It is important to mention that this model
represents the complete model of the PTRUSM. The stator and rotor models need to be coupled
to develop a model of the stator-rotor contact interface. Besides the input of the stator model
(voltage), the inputs of the stator-rotor contact model need to be the normal pre-compressive
force and the external load. This model needs to include:

The computation of the contact zone height and length. In order to accurately model the contact
between stator and rotor, an algorithm should be developed to determine the penetration of the
rotor. After the penetration of the rotor is calculated, one can determine the contact zone height

and length.
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e The computation of the normal forces produced over the stator-rotor contact interface. The
normal force distribution needs to be calculated as a function of the penetration of the rotor.

e The computation of the tangential forces produced over the stator-rotor contact interface. The
tangential force distribution needs to be calculated as a function of the normal force distribution.

e The computation of the rotor horizontal velocity. The output of the complete PTRUSM model is

the rotor velocity.

14 Dissertation outline

This dissertation contains 6 chapters and two appendixes.

In Chapter 2 one can find an introduction to PTRUSMs; the construction and principle of
operation of these motors is presented in this chapter. The chapter concludes with an introduction to the
PTRUSM model that is presented in the following chapters.

Chapter 3 deals with the static modeling of the PTRUSM stator. The stator model presented in
this chapter was discretized with the FVM and is supported with a spring foundation that models the
stator bridge. This chapter concludes with a simulation of one wavelength of the USR60 stator, this
model is used to calculate the displacements of the stator under the action of a DC voltage.

The static stator model obtained in Chapter 3 was used to develop a dynamic model of the
PTRUSM stator. The dynamic stator model is presented in Chapter 4. The time domain analysis of the
stator allows one to model in detail its motion. This chapter concludes with a simulation of three
wavelengths of the USR60 stator. In this simulation the stator surface velocities and the elliptical motion
of the stator were calculated.

Chapter 5 contains the stator-rotor contact model of the PTRUSM. First, a rotor model able of
being coupled with the stator model is presented. After that, two algorithms used to model the normal

and tangential contact between stator and rotor are presented. At the end of this chapter one can find a
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comparison of the torque-speed characteristic of the motor versus the torque-speed characteristic
obtained with the complete model of the PTRUSM.

Chapter 6 presents the conclusions of this dissertation. In this chapter one can find the
conclusions, contributions and the future work.

Appendix A presents the derivation of a 2D system of equations that describe a piezoelectric-
metal beam. The system of equations presented in this appendix is composed of static equations. One
can use this system of equations to model the equilibrium of a piezoelectric-metal beam when subjected
to a DC voltage.

Appendix B presents the material properties of copper and lead zirconate titanat.
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Chapter 2: Introduction to ultrasonic motors

PTRUSMs are defined as actuators that use the inverse piezoelectric effect of a piezoelectric ring
to transform electrical energy into mechanical vibrations in the ultrasonic range. The vibrations are

rectified through the stator-rotor contact mechanism to generate movement.

2.1 Construction

Nowadays one can find several commercial PTRUSMs designs. These designs have differences,
but all of them are composed of a stator, a rotor, and a case. The most common PTRUSM used as a
reference in publications is the Shinsei ultrasonic motor USR60, (refer to Fig. 2.1). This is considered
the most representative for these motors because it was the first traveling wave rotary ultrasonic motor

in the market. A description of each motor component is presented next.
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Figure 2.1: Internal components of Shinsei Motor USR60 (refer to www.shinsei-motor.com)
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2.1.1 The stator

The stator of a PTRUSM is composed of two bonded rings mounted on a case, (refer to Fig. 2.2).
The upper ring is made of metal, and teeth are machined on top of it. A piezoelectric ring is bonded on
the bottom of the metallic one. The piezoelectric ring is the actuator of the motor. It generates

mechanical vibrations in the composite ring.

2.1.2 The rotor

The rotor of a PTRUSM is a metallic disc with variable thickness, as shown in Fig. 2.3. The edge
of the disc is thicker than the rest of it. The edge is the only part of the rotor that is in contact with the
stator. In order to improve the wear properties of the contact zone, the rotor bottom edge is covered
with a friction resistant material. The PTRUSM contact layer is a composite material. It is composed of
a matrix, reinforced filler and a friction regulator (refer to [2]). One of the matrix materials used to
manufacture the contact layer is epoxy resin. The shaft of the PTRUSM is mounted on the center of the

disc.
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Figure 2.2: USR60 stator
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2.1.3 The case

The case of the motor is composed of two parts. The upper part of the case contains the bearing
that allows the rotor shaft to rotate and the spring that provides the compressive force between the rotor

and the stator, (refer to Fig. 2.4).

Figure 2.3: USR60 rotor

Figure 2.4: USR60 case
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2.2 Principle of operation

The operating principle of the PTRUSM is based on two energy conversion processes. The two

processes used to generate the output torque are briefly discussed next.

2.2.1 The traveling wave

PTRUSMs use the inverse piezoelectric effect to generate movement. Piezoelectric ceramics
exposed to an electric field mechanically deform their original geometry. The deformation is
proportional to the applied electric field and can be an expansion or contraction. The expansion or
contraction depends on the electric field direction and the polarization of the piezoelectric material. If a
positive voltage is applied to the stator in the direction of polarization, the sections with positive
polarization will suffer an expansion, while the sections with negative polarization will suffer a
contraction, as shown in Fig. 2.5 a. The opposite effect happens when a negative voltage is applied to
the stator. The sections with positive polarization will suffer a contraction, while the sections with

negative polarization will suffer an expansion, as shown in Fig. 2.5 b.

Expansion )Contraction Contractiog) Expansion
a

Figure 2.5: Stator deformation under an applied voltage (inverse piezoelectric effect)
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The piezoceramic ring is divided into two semicircular sectors labeled phase A and phase B.
Each phase is formed by piezoceramic elements with an alternate polarization plus (+) and minus (-), as
shown in Fig. 2.6. In the case of Fig. 2.6 each phase is composed of four wavelengths. This is the case
of the USR60. Phases A and B are used as vibrators to generate two standing waves. The standing waves
have a space phase shift of a quarter of wavelength and the excitation voltages have a time phase shift
represented with the symbol ¢. The excitation voltages are mathematically represented by Asin(wt) and
Acos(wt), where w is the angular electrical frequency.

If phase A is supplied with a sinusoidal voltage Asin(wt), a standing wave is generated in the
stator. Similarly, if phase B is supplied with a sinusoidal voltage of the form Acos(wt), a standing wave
is generated in the stator with a time phase shift ¢ with respect to phase A.

The superposition of both standing waves produces a traveling wave in the stator. According to

[1], the mathematical expression describing the superposition of the two standing waves is:

Asin(wt) sin(kx) + Acos(wt) cos(kx) = Acos(kx — wt) 2.1
k= 21
2

In equation (2.1) w, t, k, x and A are the angular frequency of the traveling wave, time, the wave
number, horizontal coordinate, and the wavelength, respectively.

It 1s desired for optimal operation to generate a perfect traveling wave on the stator surface at
resonance [39]. In order to achieve a perfect traveling wave, three conditions are required: first, both
stator phases must be excited with sinusoidal voltages with a phase shift of 90 degrees in time. Second, a
space phase shift of one quarter of wavelength between the phases must exist. The last condition is to

have the same voltage amplitude for both excitation signals.
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Phase A Phase B

Figure 2.6: Electrode arrangement of the piezoelectric ring

2.2.3 The stator-rotor contact mechanism

When the traveling wave is excited in the stator, an elliptical motion at the surface of the stator
wave crest is produced. The micro-motion along the horizontal axis is the one responsible for driving the
rotor. In order to use the micro-motion produced in the stator surface, it is required to rectify the
movement. The micro-motion is converted in unidirectional macro-motion through the stator-rotor
contact mechanism. Fig. 2.7 shows a planar drawing of the stator-rotor contact mechanism.

In order to improve the contact characteristics of the stator-rotor contact mechanism, a layer
made of a material with good friction wearing properties is bonded to the rotor. In some cases the
contact layer is bonded to the stator instead.

The contact mechanism is composed of the stator with the rotor on top of it. During the motor
assembly process, a spring is added between the case and the rotor. The spring is compresed, adding a

normal force that presses the rotor against the stator. This force is labelled pre-compressive force Fy.
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During motor operation, the contact force is distributed over the stator traveling wave crest in
contact with the rotor. The total force can be decomposed into normal and tangential forces. The normal
force is opposing the pre-compressive force and the tangential force is the one responsible for moving
the rotor. Because of that, the contact interface will determine the output characteristics of the motor.
According to [1], the rotor will move one micrometer per cycle of the elliptical motion. Nevertheless, it

can reach a speed of 2 cm/s when operating at a frequency of 20 kHz.

Pre-compressive force Fy

External load L l

VTOtOT

Contact layer

Traveling wave
Q

Elliptical motion
of the stator
surface

Stator

Figure 2.7: Stator-rotor contact mechanism

2.2.4 Ultrasonic motor Torque-Speed characteristic

The torque-speed characteristic of the motor USR60 is shown in Fig. 2.8. From this graph one
can see that the maximum speed is 150 rpm at no load. The motor can drive loads up to 1.0 Nm. The
graph shows as well that the motor is not able to gradually increase the output speed from zero.

According to [3], this phenomenon happens because when a traveling wave with small amplitude is
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generated in the stator surface, the contact layer has a horizontal displacement that stop the rotor

movement. Table 2.1 shows a summary with the most important characteristics of the USR60.

T-N Characteristic
(rpm)

160 2 S
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40
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ﬁ\\

0 0.2 04 06 08 1.0
Torque (N-m)

Figure 2.8: Torque-speed characteristic of USR60 (refer to www.shinsei-motor.com)

Table 2.1: USR60 characteristics

USR60
Drive frequency 40 [kHz] to 45[kHz]
Drive voltage 130 [Vrms]
Rated output 5.0 [W]
Maximum output 10.0 [W]
Rated speed 100 [RPM]
Maximum speed 150 [RPM]
Rated torque 0.5 [N.m]
Maximum torque 1.0 [N.m]
Holding torque 1.0 [N.m]
Response Less than 1[ms]
Direction of rotation CW, CCW
Operational temperature range -10 [°C] to +55[°C]
Endurance time 1,000 [Hours]
Weight 190 g
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2.3 Introduction to the PTRUSM model

The SHINSEI USR60 is taken as the reference motor in this work. The stator-rotor contact
mechanism is a high non-linear problem that demands to be mathematically described with inequalities.
Because of the complexity of the problem, it is required to introduce certain valid simplifications.

As explained in [40], when the PTRUSM is operating in steady-state, the contact between stator
and rotor occurs in a surface with a small thickness. When a traveling wave is excited in the stator, it
forms an angle with respect to the horizontal. As shown in Fig. 2.9, the stator bridge bends at an angle
between the stator and contact layer surfaces. The normal forces at the stator-rotor contact mechanism
produce the bridge deformation. Because of that, the width of the contact surface is very small.
Experimental results showing the wear of the contact layer of the SHINSEI USR60 are presented in
[40]. Due to that fact, a two dimensional (2D) model of the motor is appropriated. Therefore, the contact
between stator and rotor will be modeled as a line of contact. A cross-sectional view of the stator-rotor
contact mechanism when operating at steady-state is shown in Fig. 2.9.

In order to model the contact, a moving reference coordinate system on top of the stator traveling
wave is introduced, (refer to Fig. 2.10). This simplifies the steady-state modeling, because one can
reduce a time dependent problem into a time independent problem [4]. Therefore, time independency
motivates the use of a static model. Nevertheless, it is still required to model the stator surface velocities.

Two stator models are developed to model the whole PTRUSM. The first one is a static model,
and the second one is a dynamic model. The details of the models are explained in the following

chapters.
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Figure 2.9: Cross-sectional view of stator-rotor contact mechanism when operating in steady-state

Figure 2.10: Stator traveling wave with a moving coordinate system on top of it

27



Chapter 3: Static modeling of the PTRUSM stator

The starting point of this work is the static PTRUSM displacement stator model. A wavelength
of the SHINSEI USR60 stator can be approximated with a straight beam. The approximation is valid
because the internal diameter of the stator is larger than the width of the ring (one third), and the stator
wavelength is much smaller than the stator circumference (one ninth). It is demonstrated in [3] by
simulations using commercial FEM software that the contribution of the stator teeth to the stiffness of
the stator is small. The simulations compare the displacements of a stator wavelength with teeth on top
of it versus the displacements of a stator wavelength without teeth. The results show a variation of just
around 5%.

In this work a PTRUSM stator wavelength is modeled as a 2D straight beam. Teeth won’t be
added on top of the stator because of their small influence on the stator stiffness. Nevertheless, the mass
density of the metal forming the stator is increased to include the mass of the teeth in the model. The
static stator model is independent of the mass density, but the mass density is an important parameter for
the dynamic stator model. The input of the static stator model is a DC voltage, and the outputs are the
stator displacements.

In order to obtain an accurate PTRUSM model, it is required first to develop an accurate
PTRUSM stator model. Therefore, the stator is numerically modeled. Numerical models offer lots of
advantages. The advantages include: high accuracy, capability to model systems with complex shapes,

and capability to control the accuracy level by changing the number of state space equations.

3.1 Static PTRUSM stator model

The stator is modeled using a FVM discretization. The equilibrium equations used to model the
stator are based on the ones presented on the general static model for piezoelectric-metal cantilever
beams shown in [9,10]. These references present the equilibrium equations used to obtain the
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displacements of a 3D piezoelectric-metal cantilever beam. The 3D beam was numerically modeled; the
discretization was performed using the FVM. In order to develop a 2D PTRUSM stator model, one
needs to transform the 3D system of equilibrium equations into a 2D system of equilibrium equations.

One can find two techniques in the literature [41,42] to model 2D bodies: plane stress
approximation, and plane strain approximation. For instance, plane stress is used to model beams, and
plane strain is used to model shafts. The PTRUSM stator is modeled as a beam. Therefore, plane stress
approximation is used to model the 2D stator.

The computational effort of a 3D model can be considerable reduced if modeled as a 2D body. In
order to model a 3D body as a 2D body, one needs to remove one axis. The stator is modeled as a beam
located in the xz plane. Therefore, the y axis is removed. One can mention two conditions to obtain
accurate results when using plane stress to model a body. The first one is to have a small thickness
compared with the dimensions in the x and z axes. The second condition is that all the external forces
must be applied on the x and z axes. When using plane stress approximation, all the unknowns are
considered to be independent of the y axis.

The length and height of the PTRUSM stator wavelength are much larger in magnitude with
respect to the contact zone width between stator and rotor. Besides that, all the forces are applied in
the x and z axes. Therefore, one can model the PTRUSM stator as a 2D body using plane stress
approximation. Fig. 3.1 shows a deformed stator in static equilibrium with concentrated forces applied
to it.

The procedure to obtain the 2D system of static equations is shown in Appendix A. The obtained
static equations used to describe the equilibrium of a piezoelectric-metal beam are:

Pyup — Eyup — Wiy — Fyup — Ryug — By(Wp — wg) — By (Wpg — Wgg) + Bs(Wrpw — Wey)

— By(wg — wyy) — Bs(Wpg — Wryy) + Bg(Wrg — W) = Fyp 3.1
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Figure 3.1: Deformed PTRUSM stator in static equilibrium with concentrated forces applied to it

Pywp — Eawg — Wowy, — Fowp — Rywg — B7(up — ug) — Bg(upg — Ugg) + Bo(upw — Ugw)
— Byo(ug — uw) — By (upg — upw) + B1o(Ugp — Ugw) = Fyp (3.2)
Equation (3.1) provides the u displacement at the center of a current control volume along the x
axis. Equation (3.2) provides the w displacement at the center of a current control volume along the z
axis. Equations (3.1) and (3.2) do not contain electric field terms because these equations are derived for
internal control volumes. Because equations (3.1) and (3.2) do not contain electric field terms, these
equations are valid to describe both, piezoelectric and metal materials. These simple algebraic equations
are used to define the static equilibrium of the stator. Special equations will be derived in the next

section to add the electric field at the piezoelectric material boundaries.

3.1.1 Boundary conditions
Equations (3.1) and (3.2) are the equilibrium equations defined at the center of the control

volume. The center of the current control volume is labeled with the letter P. In order to solve the
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system of equations, one needs to define the boundary conditions for the piezoelectric and metal
materials.

As explained in [43], the boundary conditions for a piezoelectric material are divided into
mechanical and electrical boundary conditions. Thus, one needs to define mechanical and electrical
boundary conditions for the piezoelectric plate. For the metal plate, one just needs to define mechanical
boundary conditions.

The mechanical boundary conditions are classified as displacement boundary conditions, and
force boundary conditions. There are two types of displacement boundary conditions: fixed boundary
conditions and free boundary conditions. If a boundary is fixed, the boundary is not allowed to move. If
a boundary is free, the boundary is allowed to move in a specific direction or in any direction. The force
boundary conditions refer to all mechanical forces applied to the boundaries.

The electrical boundary conditions are classified as the potentials applied at the boundary of the
piezoelectric material, and the free charge contained in the piezoelectric material. The potential
boundary conditions define the magnitude and polarity of the voltage applied in the piezoelectric
material. The voltage defines the electric field, and through the electromechanical coupling matrix, it is
transformed into a mechanical force applied at the surface of the material.

The stator model is composed of a piezoelectric beam attached to a metal beam. Therefore, it is
required to define mechanical and electrical boundary conditions. Fig. 3.2 shows all the boundary
conditions for the PTRUSM stator. The boundary conditions are:

e Force boundary condition at the Fromt boundary of the metal beam. Electrical and force

boundary condition at the Rear boundary of the piezoelectric beam.

e Electrical boundary conditions at the interface between the piezoelectric and metal beams.

e Periodic boundary conditions (PBC) at the FEast and West boundaries of the metal and

piezoelectric beams.
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Figure 3.2: Boundary conditions for the PTRUSM stator

Mechanical boundary conditions applied at the Front boundary of the metal

In order to define the equations to add the force boundary conditions at the Front boundary of
the metal, one needs to relate the external forces applied at the Front boundary of the metal with the
internal stress produced in the metal

The normal and shear stresses are defined as equal in magnitude but opposite in direction to the
normal and shear body forces applied at the surface of the continuum. Fig. 3.3 shows an external force

applied at the Frontboundary of the metal; the applied force produces a normal stress g, proportional to

E I Front boundary
}
}

the magnitude of it.

Figure 3.3: External force applied at the Frontboundary of the metal.
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The equations that describe the boundary conditions are expressed as follows:

—FZ 3.3

O—Z_AA (')
E

szzﬁ (3.4)

where AA is the cross-sectional area of the finite volume where the external force is applied.

Thus, AA is equivalent to:
AA = Ax vy, (3.5)

Equation (3.5) is substituted into equation (3.3) and (3.4). After substitution one obtains:

_ 3.6
O-Z - Axyv ( " )
Frx
= 3.7
TZ.X' Axyv ( )

Equation (3.6) is processed first. The normal stress g, along the z axis is expressed as a

function of the strain. The normal stress is substituted with the metal constitutive matrix equation

(A.12). Thus, equation (3.6) becomes:
E
z (3.8)

C12€xf T C11Ezr = Axy
v

After substitution of the strain terms using equation (A.7), one obtains:

Ju ow F,
C12 a f + C11 a f (39)

- Axy,
The displacement partial differentials are substituted with the linear interpolations (A.43) and

(A.39) to obtain:
ug —uy Ozr — 5Zf Upg — Upw 6Zf> (WF - WP) E,
c + = |+c = (3.10)
12 < Oxrer + Oxrwr OzF t OzF Axy,

Oxg +6xw Oz

After terms manipulation one obtains:
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C125Zf Ozr F

(Upg —upy) + W —wp = — 3.11
c11Bxrr + Sxpwr) 0 TP T oy Ay, (3:11)
The following notation is used in (3.11).
C12 5Zf
Apy = (3.12)
U 11 (Oxrer + Oxrwr)
After substitution of notation (3.12) into equation (3.11) one obtains:
6k F,
=wp—A - — 3.13
wg = wp — Apy (Upg — Upw) + c1s DXy, (3.13)
Equation (3.7) is processed in a similar way and equation (3.14) is obtained:
Up = Up — Ap,(Wpg — wpy) + EA;;V (3.14)
where Ap, is equal to:
)
Aps 2 (3.15)

B 6XFEF + 6XFEF

Electrical and mechanical boundary conditions applied at the Rear boundary of the piezoelectric
plate

The piezoelectric material is located at the Rear boundary of the metal. Thus, it is required to
define the electrical and mechanical boundary conditions at the Rear piezoelectric boundary.

The starting points to derivate the equations to add the Rear boundary conditions for the
PTRUSM stator model are again equations (3.6) and (3.7). Equation (3.6) is processed first. The
normal stress o, along the z axis is expressed as a function of the strain using the piezoelectric

constitutive matrix equation (A.6). The obtained equation is:

E,
Axy,

C31&xr + C338, — €33E, = (3.16)
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Equation (3.16) contains the boundary electric field E, and the external boundary force F,. It is
important to mention that the external force F, at the rear boundary is zero. One can substitute the strain

terms in equation (3.16) with equation (A.7). After substitution, one obtains:

ou ow
(a) T €33 (5)
s

The displacement partial differentials are substituted with the linear interpolation (A.44) and

E =12
—e —
. TR Axy,

(3.17)

(A.40), and equation (3.18) is obtained.

Ug — Uy Ozp — Ozr Upp — Urw 5Zr) (WP — WR) F,
c ( . + |tz | —— = (3.18)
3 Oxe + Oxw Ozr Oxrer + Oxrwr Ozr 3 Ozr e Axy,
After terms manipulation equation (3.18) becomes:
€310y e330zrE; Oz F,
(ugg —ugw) +wp —wp ———M— = — 3.19)
c33(Bxrer + Oxrwr) 0 F ® C33 C33 Axy, (
The following notations are used to express the coefficients of the displacements:
3107y
Aps = (3.20)
®U c33(8xrer + Oxrwr)
8zr
Apy = —e33 (3.21)
€33
Szr
Aps = 3.22
Chalrayen (3.22)

After substitution of notations (3.20), (3.21), and (3.22) into equation (3.19) one obtains:
Wwg = Wp + Ap1(Upp — Upw) — Ar2E; — AgsF; (3.23)

Equation (3.7) is processed in a similar way and equation (3.24) is obtained:

)_6ﬂ Fox

Up = Up + Apa(Wrg — Wrw
Css Axy,

(3.24)

In (3.24) Ag, is:

SZr

Ao, =
R 6XRER + SXRWR

(3.25)
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Internal boundary conditions

The next step is to define the internal electrical boundary conditions at the Frontboundary of the
piezoelectric material. It is called an internal boundary condition because one needs to define the electric
field at the internal boundary between the metal and piezoelectric material.

In order to obtain the equation to define the internal electrical boundary condition, one needs to
define the stress relationship at the boundary between the piezoelectric material and metal. The normal
and shear stresses at the internal boundary between metal and piezoelectric material are defined as equal

in magnitude and opposite in direction. Fig. 3.4 shows the stresses produced at the interface between

metal and piezoelectric material.
This is expressed with equations (3.26) and (3.27):
Tomli = 0, (3.26)
Toamlt = Taxpl, (3.27)
where the subscript I stands for the internal point where the stress is defined. The stresses 0, 04,
Tzxm>» Tzxp Tefer to normal stress applied in the z direction at the metal point I, normal stresses applied
along the z direction at the piezoelectric point I, shear stresses applied at the metal point I, and shear
stresses applied at the piezoelectric point /, respectively.
The normal stress o, on equation (3.26) is substituted as a function of the strain and the electric
field. The piezoelectric material constitutive matrix equation (A.6) and metal constitutive matrix

equation (A.12) are substituted into equation (3.26) and equation (3.28) is obtained:

CizmExmli T CrimEmmlr = C31pgxp|1 + C33p€zp|1 —es3kE, (3.28)
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Figure 3.4: Stresses produced at the internal boundary of the PTRUSM stator

The strains in equation (3.28) are substituted with the strain definition of equation (A.7). After

substitution, equation (3.28) becomes:

ow

u,,
p

+ C33p ——

33p aZ I

ClZm ax

me

ou,
+ Ci1m S

C31pW . —es3E,|; (3.29)

The displacement partial differentials are substituted with linear interpolations. After substitution

one obtains:

Ui — Yiw WM = Wi _ Ui — Uiw W; — Wp

Y S + Sxwr - Sz P Sxier + Sxiwi P 8z ’

Fig. 3.5 shows the distances used in the equations at the interface between metal and
piezoelectric material control volumes.

After terms manipulations one obtains the displacement w at point I:

C33 C31p — C12
P Sp p"‘ M5 —(UIE—UIW)—5 p+5 ™ + es3E, |,
ZMI x1e1 + Oxiwi (3.31)

(C33p + Cllm)
8zp1  Ozmi

w; =
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Figure 3.5: Distances at the internal boundary of the PTRUSM stator

The following notations are used to express the coefficients of equation (3.31):

C33p
0zp1

(3.32)

5
A, =—2M (3.33)

C31p-C12m

6 o
A,y = XIEI + Oxiwi (3.34)

(3.35)

After substitution of equations (3.32), (3.33), (3.34), and (3.35) into equation (3.31) one

obtains equation (3.36) for w;.

w; = Apwp + Appwy — Az (ug — uIW) + ApE, |,

(3.36)
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Equation (3.27) is processed in a similar way. The resulting equation is:
u; = Aisup + Ay — Az (Wig — wiy) (3.37)
where the coefficients A;s, A;¢ and A, are equal to:
Cssp
Ozpr

Cssp +C33m
Ozp1 ~ Ozmi

A = (3.38)

C33m

_ 6ZMI
AI6 = CSSp_I_—ng,m (339)

6ZPI SZMI

Cs5p—Cssm
Ox1er + Oxiwi
A, = = 3.40
Ozp1  Ozmi

Periodic boundary conditions

As explained before, the PTRUSM stator is a ring, but the proposed model is a straight beam.
Because of that, the Fast and West boundaries of both, the metal and the piezoelectric material are
modeled with PBC. That means the East face of each control volume located at the Fast boundary is
connected to a corresponding West face of a control volume located at the West boundary. In other
words, each control volume located at the West boundary is virtually connected to a corresponding
control volume located at the £ast boundary. The last assumption will model the continuity at the stator
edges. Fig. 3.6 shows a meshed PTRUSM stator with PBC at the Fast and Westboundaries.
Displacement boundary conditions

In addition to the force, electrical, and periodic boundary conditions one needs to provide
displacement boundary conditions. All the stator boundaries are defined with free displacement

boundary conditions. That means all the stator boundaries are free to move in any directions.
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Figure 3.6: Meshed PTRUSM stator with PBC at the £Fast and Westboundaries

The PTRUSM stator is attached to a bridge, as shown in Fig. 3.7. The PTRUSM stator bridge
provides the reaction forces against the forces produced in the stator-rotor contact interface. Because of
that, it is required to add the bridge influence into the stator model to get accurate results. In addition,
every numerical structural mechanic model needs a reference or connection to physical “ground”.
Therefore, the bridge will be modeled with springs. That means the PTRUSM stator model is supported
by a spring foundation. The springs are defined at the center of the metal beam, as shown in Fig. 3.8.

It is required to define two springs at the center of each control volume attached to the bridge.
One spring provides support in the x direction, and the second spring provides support in the z direction.
The spring foundation is added to the equilibrium equations (3.1) and (3.2).

The spring foundation model developed in this work differs from the one used in FEM [42]. The
reason is because the FVM control volume only has one node at its center. The springs are modeled as
linear springs. The equation used to model the horizontal springs is processed first. The equation used to
define the linear springs along the x axis is:

Fk = kxupk (341)
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Figure 3.8: Spring foundation of the PTRUSM stator

In equation (3.41), Fj is the reaction force produced in the spring, k, is the spring constant
along the x axis, and upj is the spring right end displacement along the x axis. The reaction force is
directly proportional to the spring elongation. As shown in Fig. 3.9, the left end of the horizontal spring
is fixed and the right end, denoted by upy, is free to move in the x direction.

The linear spring element is incorporated into the static equilibrium equation (3.1). The force
term F,p in equation (3.1) is substituted by the spring force Fj,. After substituting equation (3.41) into
(3.1) one obtains:

Pyup — Eyug — Wiuy — Fiup — Ryug — By(Wp — wg) — Bo(Wpg — Wgg) + Bs(Wpw — Wrw)

— By(Wg — wyy) — Bs(Wpg — Wryy) + Bg(Wrg — Wri) = kyupy (3.42)
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The horizontal displacement of the current control volume is equal to the displacement of the
spring node. Thus, one can write:

Up = Upg (34‘3)

X
u
<« Pk Control
TIWPk volume
Linear
springs

Figure 3.9: Current control volume supported by two linear springs

The upy term of equation (3.42) is replaced with up. Therefore, the equation becomes:
Piup — Eyup — Wiy — Fyup — Ryug — By(Wp — wg) — By (Wpg — Wgg) + Bs(Wryw — wgy)
— By(wg — wy) — Bs(Wpg — Wry) + Be(Wrg — Wriw) = kyup (3.44)
After term manipulation one obtains:
(Py — ky)up — Eyug — Wyuyy — Fyup — Ryug — By(Wp — wg) — Bo(Wpp — Wig) + Bs(Weyw — Wey)
— By(wg — wy) — Bs(Wpg — Wpy) + Be(Wgrp — wgy) = 0 (3.45)
Equation (3.2) is processed in a similar way and equation (3.46) is obtained:
(P, — k)wp — E;wg — Wowy, — Fowp — Rywg — B;(up — ug) — Bg(upg — Ugg) + Bo(Upw — Ugw)

- BIO(uE - uw) — By (upg — uFW) + By, (ugg — uRW) =0 (3.46)

42



3.1.2 Solution of the system of equations

The system of equations describing the static equilibrium of a 2D stator is composed by the
equilibrium equations (3.1) and (3.2). These equations are defined at the center node P of every control
volume forming the mesh. The z and w displacements in the x and z directions are the unknowns of the
equilibrium equations. Besides that, the boundary equations (3.13), (3.14), (3.23), (3.24), (3.36), and
(3.37) must be added at the Front, Rear, and internal boundary between metal and piezoelectric
material. The periodic boundary conditions are used to connect the equilibrium equations (3.1) and
(3.2) at the Fastand Westboundaries. Equations (3.1) and (3.2) are simple algebraic equations.
The static equations have the matrix form:

AX+BU =Fp (3.47)
where matrix A contains the coefficients of the current control volume and the internal adjacent control
volumes. Matrix B contains the coefficients of the boundary control volumes adjacent to the current
control volume. Fp and X are vectors that contain all the concentrated forces and the average unknown
displacements uz and w at the centers of the control volumes, respectively. For instance, the vector X
contains two unknowns for a control volume as follows:

I
X = (3.48)
g
In equation (3.47) U is a vector that contains the average unknown v and w displacements at the
boundary faces of the boundary control volumes. For instance, the vector contains two unknowns (u, w

displacements) for the Front, Rear, and internal boundaries control volumes as follows:

U= (3.49)

43



The boundary equation (3.23) contains both, the electrical and mechanical boundary conditions.
Therefore, one can take this equation as a reference to define the general boundary control volume
equation of the PTRUSM stator. The general boundary equation is defined as follows:

U=CX+DU+Fg+Fy (3.50)

In equation (3.50) matrices C and D contain the coefficients of the internal displacements and
the coefficients of the boundary displacements of the boundary control volumes, respectively. Fr and F),
are vectors that contain the forces produced by the electric field and the mechanical forces applied at the
current control volume boundary, respectively.

It is required to express equation (3.50) as a function of the boundary displacement U. After
matrices manipulation one obtains:

U=CX(I-D)*+F(U-D)'+ Fy,(—D)1 (3.51)

By substituting equation (3.51) into (3.47) equation (3.52) is obtained:

AX+B[CX(I—-D) '+ F;:(I-D) '+ F,(I—-D)=F (3.52)

After matrices manipulation in equation (3.52) one obtains:

[A+ BC(I—D) YX=—-BF;(I-D)"'—F,(I—-D) '+ Fp (3.53)

The following notations are used in equation (3.53):

A, =[A+BC(U - D)™] (3.54)
Fp = —BFz(I = D)= F,,(I— D)™ + Fp (3.55)

By substituting notations (3.54) and (3.55) into equation (3.53) one obtains equation (3.56):
AX =Fp (3.56)

The last equation is the equilibrium equation of the PTRUSM stator. In (3.56) A; is the global
stiffness matrix, X is a vector that contains the unknown displacements, and Fr is a vector that contains

all the forces applied to the PTRUSM stator. The forcing vector contains the mechanical boundary
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forces, the forces produced by the action of the electric field, and the forces applied at the center of the
control volumes.
From equation (3.56) one can calculate the displacements in the vector X as:

X = A7, (3.57)

3.2 Numerical results. Static PTRUSM stator simulation

In this section the discrete system of equations is used to model one stator wavelength. The goal
is to determine the PTRUSM displacements under the action of a DC voltage. A stator wavelength is
discretized and a constant electric field is applied at the piezoelectric material boundaries. The electric
field produces a distributed force along the piezoelectric material, and the bridge produces the reaction
forces. All the system forces are balanced; that means the stator is a system in equilibrium.

The USRG60 is taken as an example to model the stator. The diameter of the USR60 is 0.06 m and
the stator width is 0.0075 m. In order to obtain a planar model of the stator wavelength, one needs to
calculate the stator circumference at the middle of the stator ring. The stator circumference is calculated
at the middle to obtain its average value. Then, because the USR60 stator contains nine wavelengths,
one can divide the obtained circumference to nine. Thus, the calculated USR60 stator wavelength is
0.01832 m.

As shown in Fig. 3.10, the piezoelectric material forming the stator wavelength is divided in
active and passive regions. Thus, the stator is composed of two active regions and three passive regions.
The active regions are polarized, one with positive and the other with negative polarization. The passive
regions have no polarization.

The dimensions used to model the stator wavelength are:
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Ly = 0.00035 m

L, = 0.00846 m

Ly, = 0.0007 m
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h,, = 0.00255 m
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Ly Ly, Lpy

Figure 3.10: USR60 wavelength dimensions

Fig. 3.11 shows the final static stator model for one stator wavelength A. Copper and lead
zirconate titanate are chosen to model the metal and piezoelectric material, respectively. The elasticity
matrices of copper and lead zirconate titanate are presented in Appendix B. A DC voltage of 100 V is
applied to the piezoelectric material. The total spring stiffness k;,¢, and k;,¢, used to model the bridge
stiffness along the x and z axes are 7.56 E°N/m and 1 E* N/m, respectively. In order to obtain these
spring foundation values, the static model of Fig. 3.11 was implemented in COMSOL Multiphysics, the
total spring constants along the x and z axes were obtained with trial and error method. These are the

minimum spring values that allow convergence in the commercial software.
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Figure 3.11: Static 2D stator modeled using the FVM

A convergence study of the final static stator model was conducted. The results were compared
versus the commercial software COMSOL Multiphysics. The results are shown in Table 3.1 and Table
3.2.

The convergence study starts with a mesh of 300 control volumes. The stator is divided into 50
control volumes along the x axis and 6 control volumes along the z axis (3 for the metal and 3 for the
piezoelectric material). This is the minimum possible number of control volumes because with this
configuration one control volume is used to mesh the corner passive regions, and at least three control
volumes are required to vertically mesh the metal because the spring foundation needs to be in the center
of the metal beam. With this mesh, the passive regions L, are horizontally and vertically divided with

just one control volume.
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Table 3.1: Convergence study of the u displacement

2D system of equations using the FVM
Number of Degrees Average Displacement u | Displacement
control volumes of control volume at A [pm] deviation [%]
n;n, in the FVM freedom area [mm’]
model
6*50=300 600 1.8625 E* 0.02253215 -13.76
8*50=400 800 1.3969 E* 0.02280097 -12.73
8*100=800 1600 0.6984 E* 0.02393860 -8.38
8*%200=1600 3200 0.3492 E* 0.02433295 -6.87
17%200=3400 6800 0.1643 E* 0.02482787 -4.98
17*300=19800 39600 0.0282 E* 0.02493181 -4.58
COMSOL Multiphysics
Number Qf Degrees Average Displacement u Displacement
elements in of element area deviation [%]
COMSOL freedom - at A [um]
Multiphysics
443039 5396990 | 0.000126 E* 0.0261293 0.0

Table 3.1 shows the results of the convergence study showing the u displacement in the x
direction at point A of Fig. 3.11 with the implemented stator model using the FVM. The reference value
is taken to be the best approximated value using COMSOL Multiphysics simulations. The reference u
displacement of point A has a value equal to 0.0261293 pm calculated with 5396990 degrees of freedom
in COMSOL.

Table 3.2 shows the results of the convergence study showing the w displacement in the z
direction at point B of Fig. 3.11 with the implemented stator model using the FVM. The reference value
is taken to be the best approximated value using COMSOL Multiphysics simulations. The reference w
displacement of point B has a value equal to 0.0849026 um calculated with 5396990 degrees of freedom

in COMSOL.
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Table 3.2: Convergence study of the w displacement

2D system of equations based on the FVM
Number of control | Degrees Average Displacement w | Displacement
volumes n.n, in the fre:cfom control volume at A [um] deviation [%]
FVM model area [mm’]
6*50=300 600 1.8625 E™ 0.0775977 -9.41
8*50=400 800 1.3969 E™* 0.0792745 -6.62
8*100=800 1600 0.6984 E* 0.0805546 -5.12
8*200=1600 3200 0.3492 E* 0.0810050 -4.59
17*200=3400 6800 0.1643 E* 0.0825693 -2.74
17*300=19800 39600 0.0282 E* 0.0826846 -2.61
COMSOL Multiphysics
Number of Degrees Average Displacement u | Displacement
clomentsin | of | clomentarcs | g p )| deviation ()
A [mm’]
Multiphysics
443039 5396990 | 0.000126 E* 0.0849026 0.0

The FVM stator model was compared versus a very similar stator model using commercial FEM
software. The main difference between both models is that the FEM model calculates the electric field
over the piezoelectric material, and the FVM model for simplicity considers the electric field inside the
piezoelectric material constant along the z direction. The convergence study shows a displacement
deviation in the x and z direction of just -4.58 % and -2.61%, respectively, with 19800 control volumes
using the simplified FVM stator model. It can be observed from the convergence study that the

implemented model with the FVM discretization has a faster convergence rate.
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Chapter 4: Dynamic modeling of the PTRUSM stator

In order to develop a complete model for the PTRUSM, one needs to accurately model the stator
traveling wave. Therefore, in this chapter is developed a dynamic numerical model for the PTRUSM
stator traveling wave. The dynamic model presented here provides the stator surface velocities required
to obtain the rotor velocity.

As mentioned before, the horizontal movement of the stator surface points is the one responsible

for moving the PTRUSM rotor. Therefore, an accurate model of the stator motion is mandatory.

4.1 Dynamic PTRUSM stator model

As mentioned in Appendix A, the governing equation describing the motion of an elastic body is
Cauchy’s first law of motion. Thus, the 2D motion equations (A.58, A.71) derived in Appendix A are
used here to model the stator movement. The semidiscrete equations of motion are:

d?up
mp dt2 + Pyup — Eyup — Wiuy — Fiup — Rjug — By(Wp — wg) — Bo(Wpg — Wgg)

+B3(Wpw — Wrw) — Bo(Wg — wy) — Bs(Wpg — Wey) + Bg(Wrg — Wry)
= Ixp (4.1)

d?*wp
mp dt2 + Pywp — Eowg — Wowyy — Fwe — Rywg — B (up — ug) — Bg(upg — ugg)

+ By (upw — ugw) — B1o(up — Uw) — B11(upg — upw) + B12(Ugp — Ugw)
= I'gp (4.2)
Equation (4.1) describes the u motion at the center of the current control volume along the x
axis. Equation (4.2) describes the w motion at the center of the current control volume along the z axis.

The boundary equations (3.13), (3.14), (3.23), (3.24), (3.36), and (3.37), showed in Chapter 3, are
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valid to perform the dynamic analysis of the PTRUSM stator. The difference is that the electric field is
now time dependent.

As shown in [44], the semidiscrete governing equation used to model the motion of a continuum
has the form:

MX+CX+KX=F (4.3)

In (4.3) M is a matrix that contains the masses of the control volumes forming the stator. Cand K
are matrices that represent the viscous damping and stiffness of the stator, respectively. X, X, and X are
vectors that contain the accelerations, velocities, and displacements of every control volume in the
discretized stator. It is important to mention that accelerations, velocities, and displacements are
evaluated at the centers of the control volumes.

The model for the stiffness matrix K is the same one used to solve the static problem. In order to
model the stator motion, one needs to provide a model for the stator mass M and stator damping C. The
mass model is treated first.

One needs to include the contribution of the mass into the dynamic model, because it refers to
the inertial forces produced in the stator. In the literature there are available two kinds of mass matrix
models for discrete systems: consistent and lumped-mass matrix, (refer to [45]).

Because the stator is discretized with control volumes composed of just one node located at the
center of it, lumped-mass matrix is the only option to model the stator masses. With a lumped-mass
model one assumes that the mass of the control volume is concentrated at its center. Therefore, the
motion of each control volume is modeled as a rigid body because the mass is concentrated at its center.
The rest of the control volume is considered massless. The mass matrix M is a diagonal matrix
containing the concentrated masses of the control volumes.

The mass of a body is defined as the mass density of the body times its volume.

m = pV (4.4)
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In (4.4) m, p, V, are the mass, mass density, and volume, respectively. In order to obtain the
mass matrix M, one needs to calculate the mass of every control volume in the stator mesh. The mass of
a current control volume is:

m = pAxAzy,, (4.5)

All the parameters contained in equation (4.5) are defined in Appendix A.

Now, one needs to define the model for the PTRUSM stator damping. The viscous damping
matrix C is obtained with the Rayleigh damping model. With this method, the damping is defined as
proportional to the stiffness K and mass M matrices. According to [46], the damping equation is:

C =cxK +cyM (4.6)

In (4.6), cx and c), are constants. These constants are defined by the analyst; experiments can be
performed to help one to define these parameters. As explained in [46], these constants are real numbers.

The units for cg and ¢y, are seconds s and units per seconds 7/, respectively.

4.2 Solution of the system of equations

In order to solve (4.3), one needs to define initial conditions. The initial displacements and
velocities of every control volume forming the stator mesh must be defined. These equations are:
X(0) =X, (4.7)
X(©0) =X, (4.8)
In (4.7) and (4.8) X(0) and X(0) are the displacements and velocities vectors evaluated at time
zero. X, and X, are the values assigned to these vectors at time zero. Commonly, the initial
displacements and velocities are defined as zero. With the assumption of initial displacements and
velocities equal to zero, the initial accelerations can be obtained as follows:

X(0) = M~'F(0) (4.9)

52



In order to solve the motion equation (4.3), one can use a direct integration method. The direct
integration method is classified as explicit and implicit.

Newmark [47] proposed an implicit algorithm that has been widely used in the FEM models to
solve the semidiscrete motion equation (4.3). The displacement X, velocity X, and acceleration X are
assumed to be known at the time step t,,, but these parameters are unknown at the time step t,,,;. The
solution of the motion equation (4.3) is approximated using the following algebraic equations:

Xpe1 = X+ At(1 — )X, + Aty X, 1 (4.10)

. At? . .
Xn+1 = X, + AtX, + - (1-2B)X, + At*BX, 41 (4.11)

Equations (4.10) and (4.11) are the approximation of the velocities and displacements at the
time step t,4;. Using these equations, the acceleration X,,,; at time step t,; is obtained first. After
that, one can obtain the velocities X, ., and dispalcements X,,,, at time step t,,1.

y and S in equations (4.10) and (4.11) are real values smaller than one. These parameters specify what
percentage of the acceleration is considered to compute the velocities and displacements at the end of
the current time step.

According to [44], a value of § of one quarter means a constant acceleration during the time step.
The acceleration is the average value of the initial and final accelerations in the current time step. y must
be equal to one half (refer to [47]). If y is different than one half, a damping will be introduced. Thus,

the values of  and y are:

—1 412

ﬁ_Z (4.12)
1

y=> (4.13)
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The Newmark method, when used with these values of f and y, is called the average
acceleration or trapezoidal rule method. The method is unconditionally stable when used with these
and y values, (refer to [44]).

Alternatively to equations (4.10) and (4.11), one can solve the system of algebraic equations
with the displacements X, ,; as primary unknown, (refer to [48]). The solution of the semidiscrete

motion equation (4.3) is approximated alternatively using the following algebraic equations:

. 1 1 . 1\ ..
Xny1 = N (Xns1 — Xp) — Exn - (1 - ﬁ> Xn (4.14)

Xn+1=[%<xn+1 X,) - (E—l)xn—(ﬁ—l)mn (4.15)

Therefore, equation (4.3) can be expressed in terms of the approximate algebraic equations as
follows:
MXn+1 + CXn+1 + KXni1 = Fpiq (4.16)

After substitution of equations (4.14) and (4.15) into (4.16) one obtains:

M[ﬁmz(xnﬂ X,) - ﬁ (1—%)']

+c [ﬁ (K = Xa) = <E 1) 2, - (ﬁ = 1) Atky | + KXy = P (4.17)

After terms manipulation, equation (4.17) becomes:

14
M+—C+K|X
BAL2 +ﬁAt * ] s

Frsr + M lﬁAtZ ﬁAt (1 B %) X”l

+C[/3At (}; 1))( +(23 1>AtXn] (4.18)

The following notations are used in equation (4.18):
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14
Ky = ,8At2M+,8AtC+K] (4.19)

Fr = n+1+ML,3Atz /mt (1_%) l

C[BM ( )X +(ﬁ_ 1)At)'('n] (4.20)

After substitution of equations (4.19) and (4.20) into (4.18) one obtains:

Xn+1 = KT_IFT (4.21)

The solution of equation (4.21) is the numerical solution of the semidiscrete motion equation

(4.3).

The steps used to perform the dynamic analysis of the PTRUSM stator are:

1.

9.

Define the stiffness K, mass M, and viscous damping C matrices of the semidiscrete
motion equation (4.3).

Set the initial displacements X(0) and velocities X (0) of each control volume in the
stator mesh to zero.

Compute the initial accelerations X (0) using equation (4.9).

Compute the matrix Kr. All the elements in this matrix are constant.

Compute the force vector F, 4. This vector contains time dependent elements.

Compute the matrix Fr.

Solve for the displacements X, ., at the end of the current time step using equation
(4.21).

Solve for the accelerations X,,,; and velocities X,,,; at the end of the current time step
using equations (4.14) and (4.15) respectively.

Increase the time step to t,,;1. Where t,,,; = t, + At.

10. Return to step 5.
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4.3 Numerical results. Time domain PTRUSM stator simulation

In order to generate a PTRUSM stator traveling wave, one needs to have at least three
wavelengths. Two wavelengths are used to generate two standing waves. These two standing waves
represent the two phases of the PTRUSM. The phases are excited applying alternate voltages with a
phase shift of 90 degrees. The third wavelength is required to separate the two standing waves. The third
wavelength must be distributed into three parts. One quarter of wavelength is used to separate the two
standing waves, and the rest of it is added at the West and East sides of the beam. Fig. 4.1 shows the
three wavelengths.

One needs to choose the appropriate number of control volumes to discretize the PTRUSM
stator. Newmark [47] reports that the number of lumped masses is inversely proportional to the
permissible time interval of the time domain analysis. Because of that, the number of control volumes
should be as small as possible. Besides that, the computational effort should be kept as small as possible.
The static analysis of the PTRUSM stator shows an error of less than nine percent when divided into 800
control volumes. Therefore, the mesh defined to perform the dynamic analysis is composed of 2400
control volumes. The PTRUSM stator is horizontally divided into 300 control volumes, and vertically
divided into 8 control volumes. The metal is vertically divided into 5 control volumes, and the
piezoelectric material is vertically divided into 3 control volumes.

Before proceeding we need to obtain the operating excitation frequency of the 2D PTRUSM
stator model. This is the eigenfrequency of the stator. COMSOL Multiphysics is used to perform an
eigenfrequency analysis of the 2D stator model. The energy dissipation of the USMG60 stator is not
provided by the manufacturer, due to that, loses are not considered in the eigenfrequency study. The
obtained eigenfrequency is 40538 Hz. Fig. 4.2 shows a picture of the stator deformation when excited

with the obtained eigenfrequency.
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Figure 4.2: Eigenfrequency analysis with COMSOL Multiphysics
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The driving voltage used to excite phases A and B is 130 Vrms. Phase A is excited with

\/(7)1305in(40538t) V and phase B is excited with /(2)130c0s40538t V. The values of the viscous
damping constants cgx and ¢, used during the time domain simulation are 39.58 E-6 and 100 E-12,
respectively. These values were obtained with the trial and error method. It was observed that 39.58 E-6
is the minimum permissible value of ck to avoid oscillations. It was observed too that the contribution
of ¢y is virtually zero; because of that, a small value was used to do the time domain analysis. The
dynamic PTRUSM stator model is used to simulate the stator traveling wave. The time domain
simulation is limited to an interval of 30 E-6 s. It is approximately the time interval found for a point
located at the stator surface to complete a cycle of the elliptical motion.

Giles [49] provides a rule to choose the time step length for a trapezoidal integration. This rule is
Atw, < 0.3, it corresponds to 20 time steps per period. The increment of time used during the dynamic
analysis has a value of 0.5 E-6 s, and it corresponds to around 50 time steps per period. The increment of
time is kept constant during the entire analysis. The analysis starts at time 0 and finishes at time 30 E-6
s. At time 0 the stator is considered to be at the rest position. Figs. 4.3 to 4.8 show the stator surface
displacements along the z axis at times 5 E-6 s, 10 E-6 s, 15 E-6 s, 20 E-6 s, 25 E-6 s and 30 E-6 s.
These figures show the stator traveling wave. A dot on top of the first wave crest was added to show the

direction of the traveling wave. One can observe that the traveling wave moves from left to right.
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Figure 4.4: Stator surface vertical displacement at time 10 E-6 s
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Figure 4.5: Stator surface vertical displacement at time 15 E-6 s
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Figure 4.6: Stator surface vertical displacement at time 20 E-6 s
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Traveling wave t=25 E-6 s
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Figure 4.7: Stator surface vertical displacement at time 25 E-6 s
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Figure 4.8: Stator surface vertical displacement at time 30 E-6 s
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The obtained average value of the maximum displacement of the stator traveling wave along the
z axis during the time interval is 6.5271 E-8 m.

As mentioned before, the elliptical motion of the PTRUSM stator is the one responsible for
moving the rotor. Because of that, one needs to have both: the stator surface vertical and horizontal
displacements. Fig. 4.9 shows the elliptical motion at point A of Fig. 4.1 during the time interval.

The horizontal velocity of the traveling wave at the end of the interval is shown in Fig. 4.10.

Eliptical motion
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Figure 4.9: Elliptical motion produced at the stator surface
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Figure 4.10: Horizontal velocity of the stator traveling wave
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Chapter 5: Contact model of the PTRUSM

As mentioned in Chapter 2, a moving reference coordinate system on top of the stator traveling
wave was introduced. With the moving coordinate system, the contact between stator and rotor becomes
a time independent problem, (refer to [4]).

In order to compute the normal and tangential force distribution over the contact zone, it is
assumed to have independency of normal force distribution with respect to tangential force distribution.
The assumption was previously used in [15, 17]. This allows one to solve first for normal force
distribution problem, then, tangential forces can be computed as a function of the normal ones.
Nevertheless, it was observed that the higher the driving load of the USR60 is, the lower the amplitude
of the traveling wave. Because of that, a method to model this phenomenon of the PTRUSM was

proposed in this chapter. The normal contact problem is analyzed in the next section.

5.1 Normal contact problem

Due to the absence of adhesion between the stator and contact layer, unilateral normal contact is
used to describe the PTRUSM stator-rotor contact. As shown in Fig. 5.1, three contact zones can be used

to model the PTRUSM stator-rotor contact:

g=0 Fy=0 (5.1)
g>0 Fy=0 (5.2)
g<0 Fy<o0 (5.3)

where g refers to the gap between the stator and contact layer, and Fy refers to the normal force
produced over the contact zone. A gap equal to zero is the theoretical point where both body surfaces
touch each other but no penetration is present in the materials. The normal force is zero when having a
gap equal to zero. A gap bigger than zero refers to the non-contact zone. The third zone models the rotor

penetration. In this zone the normal contact force will be smaller than zero.
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Figure 5.1: Contact zones between stator and rotor

As shown in Fig. 5.1, the PTRUSM rotor (metal) and contact layer suffer a vertical deformation
when in contact with the stator traveling wave. Therefore, the rotor (metal) and contact layer are both
modeled as a layer of parallel spring elements attached to a rigid body. That means the elasticity of both,
metal and contact layer is considered into the model. Fig. 5.2 shows the PTRUSM rotor model. The
PTRUSM rotor (metal) was previously modeled with linear springs in [7].

The finite normal force generated in the contact surface is modeled with the formula used in the
penalty-based contact formulation, (refer to [50, 51]). This formula is:

Fn(gn) = gn kn (5.4)

In equation (5.4) k, is the imaginary spring stiffness. This term expresses the relationship

between the normal force and the penetration of the rotor along the vertical direction. g, is the
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penetration of the imaginary spring (rotor). The spring normal force is assumed to be linearly dependent
of the rotor and contact layer penetration.

Even if the stator is modeled as a linear elastic material, and the rotor is modeled as a linear
spring, the model of the PTRUSM contact is a non-linear problem because it is described with
inequalities. The reason is because the contact zone of the stator and rotor surfaces is not a priori known;
reference [52] explains this characteristic of contact problems. Therefore, we developed an algorithm to

solve the normal contact problem. In [53, 54] contact algorithms used in FEM are presented.

“333ETTTETTIER

Figure 5.2: PTRUSM rotor model

5.1.1 Normal contact algorithm

In this section we present the method developed to model the contact between stator and rotor.
The analysis is static. Therefore, this section is limited to the analysis of the normal forces produced in
the PTRUSM contact interface.

The analysis of the normal forces produced at the stator-rotor contact interface is handled as an
equilibrium problem. An equilibrium problem is composed of two stages: the first stage is the instant
when forces are applied to the body before deformation, and the second stage is the instant when the
deformation of the body subject to forces stops. In order to find the PTRUSM static contact equilibrium,

one needs to develop an algorithm.
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The algorithm developed here starts with the assumption of no deformation of the stator and
rotor when the motor is not powered. Fig. 5.3 shows the stator-rotor contact interface when the motor is
not powered. Suppose that one applies an excitation voltage to the PTRUSM stator. At this instant, the
stator-rotor deformation begins. The normal contact algorithm is started to find the static equilibrium of
the stator-rotor contact interface. The algorithm ends when the static equilibrium of the stator-rotor

contact interface is found.

Pre-compressive force Fy

Rotor (metal)

Contact
layer

Stator

Figure 5.3: PTRUSM stator-rotor contact interface when the motor is not powered

The steps of the algorithm used to statically analyze the PTRUSM stator-rotor contact interface

arc:

1. Discretize the PTRUSM stator. The procedure to discretize the stator is presented in Chapter 3.

Fig. 5.4 shows a discretized stator.
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Figure 5.4: Discretized PTRUSM stator model volumes

2. Calculate the pre-compressive force Fy distribution for an undeformed stator, (refer to Fig.
5.3). In this step one needs to calculate the distribution of the pre-compressive force when the
PTRUSM is not powered. The equation used here to calculate the pre-compressive force

distribution is:

Fui= = (5.5)

In (5.5) Fy; is the normal force applied on top of the current stator control volume. Fy and n are the
normal force applied during the motor assembly process and the assumed number of stator control
volumes in contact with the rotor. In this step, the normal force distribution is assumed to be
constant. Fig. 5.5 shows a discretized stator with the constant normal force distribution on top of it.
This is the normal force distribution applied on top of the stator when the PTRUSM is not powered.
3. Apply the normal force distribution Fy; on top of the stator and the DC voltage on the
stator’s piezoelectric material. Fig. 5.6 shows a discretized stator before deformation with the

distributed normal force and the DC voltage applied on it.
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Figure 5.5: Constant normal force distribution applied over the discretized stator surface

Normal force distribution Fy;

DC voltage Metal

Piezoelectric
material

f

Discretized stator

Figure 5.6: Discretized stator with normal force and DC voltage applied on it

4. Obtain the stator stiffness matrix A, and the total force vector F;. The procedure to obtain
the stator stiffness and total force vector is explained in Chapter 3.
5. Solve the static system of equations. Using equation (3.57) one can obtain the vector X

containing the stator displacements of each degree of freedom.
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6. Calculate the rotor rigid body vertical displacement. When the discretized stator and rotor
(linear springs) deform, the rotor rigid body suffers a vertical displacement, refer to Fig. 5.7.
First, let us define the equilibrium equation that defines the normal force distribution. This

equation is:

n
Fy = an. l(Zi — Zgvp) (5.6)
1=

where K,,, Z;, Zgyp are the equivalent rotor spring stiffness (metal and contact layer), vertical
displacement of each stator control volume involved in the contact and the vertical displacement
of the rigid body respectively.

After terms manipulation, one can define the vertical displacement of the rigid body.

FN—KnYi-, Z; (5 7)

Zgyp = _nK,

In (5.7) n is the current number of stator control volumes involved in contact. The rigid

body vertical displacement is a function of the normal force, rotor stiffness, surface stator
vertical displacement, and the number of stator control volumes in contact with the rotor.

The number of stator control volumes involved in contact is unknown. Therefore, during
this step the surface stator control volumes with positive vertical displacement are assumed to be
in contact. With this assumption, one can use equation (5.7) to calculate the rotor rigid body
vertical displacement.

7. Calculate the penetration g, of the rotor (linear springs). One needs to calculate the
penetration after deformation produced for each surface stator control volume in contact with the
rotor. The overlap between stator and rotor is defined as the penetration of the rotor. This

equation is:

9 = Zi — Zpyp (5.8)
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Figure 5.7: Rotor rigid body vertical displacement
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g,; 18 a vector that associates a penetration value to each stator control volume involved in

contact.

Check the sign of each value of the g,,; vector. If the penetration of a current control volume is

positive, it means that the previous assumption of considering the current control volume as a

control volume in contact with the rotor is true. Therefore, the current control volume will be still

considered in contact during the next iteration. If the penetration of a current control volume is

negative, it means that the previous assumption of considering the current control volume as a

control volume in contact is false. Therefore, the current control volume will not be considered

in contact during the next iteration.

If the g,; vector contains negative values, one can go to step 9. If the g,,; vector does not

contain negative values, must go to step 10.

71



9.

10.

Calculate the rotor rigid body vertical displacement. Similar to step 6, the rotor vertical
displacement is calculated with equation (5.7). The difference is that the stator control volumes
assumed to be in contact are the ones obtained in step 8. One must now return to step 7.
Calculate the normal force distribution over the contact zone. In this step one needs to
calculate the normal force distribution produced in the stator-rotor contact zone after
deformation. The normal force distribution is calculated with the following equation:

Fyi = Kn(Z; — Zgyp) (5.9)
Fy; is the contact normal force produced in the current stator control volume. Fig. 5.8 shows a

deformed stator with the contact normal force distribution on top of it.

Contact normal force
distribution

Figure 5.8: Stator with contact normal force distribution on top of it
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11. Check the convergence of the maximum value of the normal force vector distribution. The
equation used is:
Fi ~Fiyq (5.10)
The current normal force is compared to the normal force of the previous iteration. If the
normal force distribution converges, the algorithm ends. If the normal force distribution does not

converge, one must return to step 3.

Fig. 5.9 shows a block diagram with the normal contact algorithm.

5.2  Tangential contact problem

After computing the normal force distribution over the contact zone, the tangential force
distribution is calculated. Due to the relative motion between stator and rotor, two situations happen
between the stator and rotor particles along the mechanical contact: stick and slip. Stick refers to the
theoretical contact points where the stator and rotor particles are moving with the same velocity. Slip
refers to the stator and rotor particles moving with different velocities.

According to [24], the horizontal displacement of the contact layer can be neglected because the
overall contact behavior is almost the same. Besides that, the dynamic and static coefficient of friction
between stator and contact layer are almost the same. Therefore, the contact layer is considered to be
deformed just in the vertical direction. That means the whole contact interface is considered to be in the
state of slip.

Coulomb’s friction law is assumed between the stator and contact layer surface, (refer to [5]).
Only slip effects are modeled, assuming a constant dynamic coefficient of friction y;. A sign function is

added to compute the friction force direction. The friction force is calculated with (5.11).
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Figure 5.9: Normal contact algorithm
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Fpi = sign(Vg; — Vi) * piicFiy (5.11)
where V; and Vy refer to the horizontal stator and rotor velocities, respectively. The subscript i is added
to refer the tangential force, stator velocity and normal force at the current stator control volume. The
horizontal velocity of the rotor is considered to be the same at every point. The tangential forces
presented in the contact interface can be divided into two groups: driving and braking forces, (refer to
Fig. 5.10). Driving forces are the ones presented in contact particles where the velocity of the stator is
higher than the velocity of the rotor. These forces are the ones responsible of providing torque in the
desired direction of movement of the rotor. Braking forces are forces presented in the contact particles
where the stator velocity is lower than the rotor velocity. Breaking forces generate torque in the opposite
desired direction of movement of the rotor. Due to that fact, it is required to avoid PTRUSM operation
with high breaking zones. A schematic of the contact model is shown in Fig. 5.10.

One can use the dynamic model of the stator presented in Chapter 4 to model the stator surface
velocities when in contact with the rotor. The horizontal velocities of the stator traveling wave are a
function of its amplitude. The higher the amplitude of the traveling wave, the higher the horizontal
velocity.

The external load applied to the PTRUSM influences the stator-rotor contact zone. If the driving
load increases, the amplitude of the contact zone decreases, and at the same time, the width of the
contact zone increases. Therefore, it is mandatory to include the load effect into the stator-rotor contact
model. We use Coulomb’s friction law to include the load influence into the normal contact algorithm.

Using equation (5.12) one can transform the load into a normal force:

L
Fyp, =— 5.12
we= o (5-12)
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Fy1 1s added to the pre-compressive force Fy . The normal contact force distribution is calculated using
the total normal force Fyr .

The total normal force is:

FNT = FN +FNL (513)

External load L Metal

a) Rotor /_—.\
Contact
T layer

Stator

]
Vs ‘ H ‘ ..

' Driving
zone

~

Breaking
zones

Figure 5.10: a) Stator-rotor contact interface. b). Stator surface velocity and rotor velocity. ¢) Tangential
force distribution
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5.2.1 Tangential contact algorithm

This section presents the method developed to model the tangential contact between stator and
rotor. This algorithm includes the normal contact model and the dynamic stator model. The new input is
the external load, and the output is the rotor velocity.

The steps of the algorithm used to analyze the PTRUSM stator-rotor tangential contact interface
are:

1. Compute the normal force produced by the external load. One needs to use equation (5.12)
for computation.

2. Compute the normal force distribution produced at the stator-rotor contact interface. One
needs to use the normal contact algorithm to obtain it. The primary outputs of the normal contact
algorithm are the contact normal force distribution and the amplitude of the traveling wave.

3. Compute the surface horizontal velocities of the stator traveling wave V. One needs to use
the dynamic stator model developed in Chapter 4 to obtain the horizontal stator velocities. The
traveling wave needs to have the amplitude obtained in step 2. One needs to adjust the input
voltage of the stator to obtain a traveling wave with the desired amplitude.

4. Assign a horizontal velocity value of the vector V to the surface of the stator control
volumes of the contact model. In this step, a velocity value is assigned to the control volumes
of the static stator model in contact with the rotor.

5. Compute the tangential force distribution. First, use Coulomb’s law to compute the absolute
value of the tangential force vector. This equation is:

|Fril = P (5.14)

The total friction force produced at the stator-rotor contact interface has to be equal to the

external load. This equation is:

77



The sum of friction forces obtained with equation (5.14) has to be equal to the total friction

force. This equation is:

n
z Fpi = Fpr (5.16)
i=1

6. Compute the rotor velocity V. One can express the total friction force as follows:

n

n
D Fo =) sign(Ve = V) - e = L (5.17)
i=1

i=1
The only unknown in equation (5.17) is the rotor velocity. Therefore, one can obtain the rotor
velocity with equation (5.17). One needs to remember that the stator model is discrete. Thus, equation

(5.17) can be expressed as follows:

n

n
D Fo = ) sign(Va = Ve) - e = L (5.18)
i=1

i=1
Fig. 5.11 shows a block diagram of the tangential contact algorithm. At this point the proposed

steady-state model of the PTRUSM is finished. Fig. 5.12 shows a schematic of the complete model.

5.3 Numerical results. PTRUSM stator-rotor contact simulation

The USR60 has 9 wavelengths, but the behavior of all the wavelengths is the same at a specific
moment in time. Therefore, one just needs to model the contact zone of one wavelength. The vibration
amplitude of the USR60 stator is around 1um, refer to [1]. In order to obtain similar amplitudes with the
static stator model, one needs to characterize as accurate as possible the model parameters such as the

exciting voltage and the spring foundation (bridge) constants.
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Figure 5.11: Tangential contact algorithm
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Figure 5.12: Complete steady state model of the PTRUSM

The stator model of the stator-rotor contact model is excited with a DC voltage, and it does not
have teeth on top of it. Therefore, one needs to obtain the required DC voltage to generate displacements
of the stator similar to the ones produced by the USR60 traveling wave at resonance.

In order to estimate the stator model excitation voltage, a static model of the PTRUSM was
created using COMSOL Multiphysics. This model is composed of a discretized stator in contact with a
discretized rotor with contact layer. The materials used to form the rotor model are aluminum and epoxy
resin. Fig. 5.13 shows the static contact model made in COMSOL Multiphysics.

The required DC voltage and spring foundation constants were obtained with the trial and error
method. The reference vertical displacement of the stator is 1um. The combination of DC voltage and

the spring foundation vertical and horizontal constants that produces a displacement of 1um are 1500 V,
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Figure 5.13: Static contact model made in COMSOL Multiphysics

3ESN / m and 7.56 g° N / m. respectively. In order to obtain these voltage and spring foundation values,
the static contact model of Fig. 5.13 was implemented in COMSOL Multiphysics, the voltages and total
spring constants were obtained with the trial and error method. One needs to consider that the spring
foundation vertical constant must be high enough to support the stator when subject to the normal forces
produced by the stator-rotor contact interface.

Reference [2] presents a range of pre-compressive forces from 100 to 250 N used to test the
friction coefficient of the PTRUSM contact zone. Reference [1] used a pre-compressive force of 132 N
to obtain the output characteristic of the PTRUSM, but the maximum output torque obtained with this
pre-compressive force was of just 0.5 Nm. Therefore, we assumed a pre-compressive force of 250 N.

The plot of the USR60 torque-speed characteristic (Fig. 2.8) shows the unloaded motor case, and
the 0.2, 0.4, 0.6, 0.8 and 1.0 Nm load cases. The total normal forces (refer to equation (5.13)) of the
USR60 model was applied to the contact model made in COMSOL Multiphysics. Then, by applying

equation (5.6), the stator surface vertical displacements and the rotor vertical displacement obtained
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with the contact model made in COMSOL Multiphysics were used to find the rotor imaginary spring
stiffness. The obtained average value of the imaginary rotor spring stiffness is 7E® N/m. In reference
[18] the dynamic coefficient of friction of the PTRUSM was measured with a friction tester. The
obtained dynamic coefficient of friction was 0.7. This value is used in this dissertation to model the
friction forces.

Now that we defined the parameters of the USR60 steady state contact model, the torque-speed
characteristic of the USR60 can be obtained. One needs to obtain the normal force distribution of the
stator-rotor contact interface, amplitude of the traveling wave, surface velocity of the stator traveling
wave, tangential force distribution (driving and breaking zones), and finally the rotor velocity. These
parameters are obtained for the driving loads: 0, 0.2, 0.4, 0.6, 0.8 and 1.0 Nm.

Figs. 5.14-5.19 show the normal force distribution at the stator-rotor contact interface when the
motor is unloaded and loaded with 0.2, 0.4, 0.6, 0.8 and 1.0 Nm, respectively.

e Case 1 (unloaded):
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Figure 5.14: Normal force distribution at the stator-rotor contact interface when the motor is unloaded
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The contact length and the maximum stator vertical displacement when the motor is unloaded
are:
Contact length= 0.00531 m

Maximum stator vertical displacement = 6.35569E" m

e Case2 (load 0.2 Nm):
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Figure 5.15: Normal force distribution at the stator-rotor contact interface when the motor has a load of
0.2 [Nm]

The contact length and the maximum stator vertical displacement when the motor is loaded with

0.2 Nm are:
Contact length= 0.00586 m

Maximum stator vertical displacement = 5.86792E" m
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e Case 3 (load 0.4 Nm):
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Figure 5.16: Normal force distribution at the stator-rotor contact interface when the motor has a load of
0.4 [Nm]

The contact length and the maximum stator vertical displacement when the motor is loaded with
0.4 Nm are:
Contact length= 0.00622 m

Maximum stator vertical displacement = 5.38991E" m
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e Case 4 (load 0.6 Nm):
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Figure 5.17: Normal force distribution at the stator-rotor contact interface when the motor has a load of
0.6 [Nm]

The contact length and the maximum stator vertical displacement when the motor is loaded with
0.6 Nm are:
Contact length= 0.00659 m

Maximum stator vertical displacement = 4.92330E" m
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e Case 5 (load 0.8 Nm):
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Figure 5.18: Normal force distribution at the stator-rotor contact interface when the motor has a load of
0.8 [Nm]

The contact length and the maximum stator vertical displacement when the motor is loaded with
0.8 Nm are:
Contact length= 0.00696 m

Maximum stator vertical displacement= 4.46718E" m

86



e Case 6 (load 1.0 Nm):
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Figure 5.19: Normal force distribution at the stator-rotor contact interface when the motor has a load of

1.0 [Nm]

The contact length and the maximum stator vertical displacement when the motor is loaded with

1.0 Nm are:

Contact length= 0.00732 m

Maximum stator vertical displacement= 4.02041E7 m

The results obtained with the normal contact model were compared versus the results of the

model made in COMSOL Multiphysics. Fig. 5.20 shows the deformation of the static stator-rotor

contact model using COMSOL Multiphysics. In this comparison a normal force of 27.77 N was applied

on top of the rotor. Fig. 5.21 shows the normal contact pressure distribution between stator and rotor

obtained with COMSOL Multiphysics. The normal pressure distribution obtained with the proposed

model is shown in Fig. 5.22.
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Figure 5.20: Deformation of stator-rotor (contact model using COMSOL Multiphysics)
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Figure 5.21: Contact pressure distribution between stator and rotor obtained with COMSOL
Multiphysics
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Figure 5.22: Contact pressure distribution between stator and rotor obtained with the proposed
model

The results obtained with COMSOL Multiphysics are used as a reference. One can see that the
proposed model presents a good agreement. One needs to consider that the proposed model is much
simpler than the one made in COMSOL. Thus, the computational effort was significantly reduced. The
proposed model allows one to model in detail the forces produced in the stator-rotor contact interface
with a relative low computational effort.

By using the obtained maximum stator vertical displacement one can model the stator horizontal
surface velocity when subjected to the mentioned loads. Figs. 5.23- 5.28 show the stator horizontal

surface velocity for the studied cases.
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e Case 1 (unloaded):
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Figure 5.23: Stator horizontal surface velocity when the motor is unloaded

e Case2 (load 0.2 Nm):
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Figure 5.24: Stator horizontal surface velocity when the motor has a load of 0.2 [Nm]
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e C(Case 3 (load 0.4 Nm):
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Figure 5.25: Stator horizontal surface velocity when the motor has a load of 0.4 [Nm]

e Case4 (load 0.6 Nm):
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Figure 5.26: Stator horizontal surface velocity when the motor has a load of 0.6 [Nm]
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e C(Case 5 (load 0.8 Nm):
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Figure 5.27: Stator horizontal surface velocity when the motor has a load of 0.8 [Nm]

e Case 6 (load 1.0 Nm):
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Figure 5.28: Stator horizontal surface velocity when the motor has a load of 1.0 [Nm]
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By using the normal force distribution one can calculate the absolute value of the tangential force
distribution. Then, the driving and breaking zones are calculated. Figs. 5.29-5.34 show the tangential
force distribution at the stator-rotor contact interface when the motor is unloaded and loaded with 0.2,

0.4, 0.6, 0.8 and 1.0 Nm, respectively.

e Case 1 (unloaded):
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Figure 5.29: Friction force distribution at the stator-rotor contact interface when the motor is

unloaded
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e C(Case2 (load 0.2 Nm):
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Figure 5.30: Friction force distribution at the stator-rotor contact interface when the motor has a load of
0.2 [Nm]

e C(Case 3 (load 0.4 Nm):
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Figure 5.31: Friction force distribution at the stator-rotor contact interface when the motor has a load of
0.4 [Nm]
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e C(Case 4 (load 0.6 Nm):

Friction force distribution
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Figure 5.32: Friction force distribution at the stator-rotor contact interface when the motor has a load of
0.6 [Nm]

e C(Case 5 (load 0.8 Nm):
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Figure 5.33: Friction force distribution at the stator-rotor contact interface when the motor has a load of
0.8 [Nm]
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e Case 6 (load 1.0 Nm):

Friction force distribution
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Figure 5.34: Friction force distribution at the stator-rotor contact interface when the motor has a load of
1.0 [Nm]

After the driving and breaking zones were obtained, one needs to assign a velocity value at each
stator control volume with a tangential force different of zero. At this point the only unknown is the
rotor velocity. This can be obtained with equation (5.18). Fig. 5.35 and 5.36 show a comparison
between the experimental and the modeled USR60 torque-speed characteristic.

One can see a very good agreement between the proposed model and the torque-speed
characteristic of the USR60. One needs to consider that several simplifications were used to develop the
model. The most important simplifications are:

e The stator is modeled as a 2D beam.
e The contact zone is modeled as a line of contact (instead of an area of contact).

e The rotor is modeled as a linear spring.
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Figure 5.36: USR60 torque-speed characteristic expressed in RPM
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e The normal contact problem was assumed to be independent of the tangential contact problem.
e Coulomb’s friction law was assumed at the contact zone between stator and rotor.
e The contact slip between stator and rotor that happens along the y axis was neglected.

e The coefficient of friction was assumed to be constant.

The output velocities of the USR60 obtained with the proposed model have a linear behavior.
The reason is because the rotor was modeled as a linear spring, and the friction forces generated at the
stator rotor-contact zone were modeled with Coulomb’s law. This law considers that the tangential
forces are linearly dependent of the normal forces and the coefficient of friction.

The 2D model neglects the contact slip between stator and rotor along the y axis. The contact
along the y axis increases the area of the breaking zones [2]. Thus, the 2D model has higher driving
zones than the real ones. The higher driving zones produce higher output velocities. This phenomenon
can explain why the velocities obtained with the proposed model are higher than the real velocities of
the motor.

The highest output velocities deviations of the proposed model with respect to the experimental
output velocity of the motor are for the unloaded and maximum load cases. Fortunately, this two cases
are not usually implemented (the rated output torque is 0.5 Nm).

Based on the obtained results, one can conclude that the proposed model successfully reflects the

output characteristic of the PTRUSM.
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Chapter 6: Conclusions, contributions and future work

6.1 Conclusions

The purpose of this dissertation was to develop a complete and accurate mathematical model of
the PTRUSM. The motivation of this work was the need of a complete model of the motor able of being
used as the backbone of a model-based control strategy. A model of the PTRUSM able of been
implemented in a control strategy needs to accurately reflect the behavior of the PTRUSM stator, rotor
and the stator-rotor contact interface.

The inputs of the complete PTRUSM model are the voltages applied to the stator piezoelectric
material, pre-compressive force, and external load. The output of the model is the rotor velocity. This set
of inputs and output are required in a model able of being implemented in a control strategy.

Because of the complexity of the problem concerning the PTRUSM modeling, certain valid
simplifications were introduced. The PTRUSM was modeled in 2D because the contact between stator
and rotor happens in a zone with a small thickness, and a moving reference coordinate system on top of
the stator traveling wave was introduced. This simplifies the steady-state modeling, as one can reduce a
time dependent problem into a time independent problem. Because the steady-state modeling of the
PTRUSM is a time independent problem, the contact between stator and rotor was modeled with a static
model.

The problem concerning the stator modeling was treated first. Two models of the PTRUSM
stator were proposed: a static one and a dynamic one. A 3D system of equations that models a
piezoelectric-metal cantilever beam [9, 10] was used to develop the model of the PTRUSM stator. The
stator was discretized with the FVM. The reason of using FVM is that it was observed in [10] that a
piezoelectric-metal cantilever beam discretized with the FVM has a faster convergence rate than a
piezoelectric-metal cantilever beam discretized with the FEM.
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It is important to consider that the stator is attached to the motor case with a bridge. Therefore, a
model of the PTRUSM stator bridge was added to obtain accurate results. The bridge was modeled as a
spring foundation. Because the stator is modeled as a straight beam, a technique to model periodic
boundary conditions at the Westand East boundaries of the stator model was proposed.

One wavelength of the stator was modeled with the static stator model. A convergence study of
the complete static stator model was performed. The convergence study of the v and w displacements
shows that the solution converges with just 3400 control volumes (6800 degrees of freedom). One can
observe in Tables 3.1 and 3.2 that the system of equations reaches convergence with 3400 control
volumes because the displacement deviation is almost the same with bigger meshes (19800 control
volumes). The results of the convergence study were compared versus the commercial software
COMSOL Multiphysics. In this software the stator was meshed with 443039 finite elements (5396990
degrees of freedom). An error of just 4.98% and -2.74% for the uz and w displacements, respectively,
were obtained for a stator discretized with 3400 control volumes.

The system of equations of the static stator model was used to develop the dynamic stator model.
In order to generate a traveling wave at least three wavelengths are required. Thus, the dynamic stator
model was composed of three wavelengths. One requires an algorithm to solve the dynamic equation,
and Newmark method was used to perform the time domain analysis. The dynamic stator model was
used to calculate the surface horizontal velocities of the stator traveling wave. In addition, the model was
used to obtain the elliptical motion of the stator traveling wave.

The problem concerning the rotor modeling is relatively simple. It was found by using FEM
software (COMSOL Multiphysics) that the rotor (metal) deforms vertically when in contact with the
stator. Therefore, the deformation of the rotor (metal) was considered into the model. The rotor and

contact layer were both modeled as linear springs attached to a rigid body.
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In order to obtain the rotor horizontal velocity, the static and dynamic stator models were
coupled with the rotor model to develop the stator-rotor contact interface model. The stator-rotor contact
interface model was described with inequalities. Therefore, two algorithms were developed to couple the
stator and rotor models. First an algorithm was developed to solve the normal contact problem. With this
algorithm one can compute the contact zone width and height, vertical displacement of the stator
traveling wave, and the normal force distribution produced over the contact interface. After the normal
contact algorithm was established, a tangential contact algorithm was developed to compute the
tangential force distribution. The absolute value of the tangential force distribution was calculated from
the normal force distribution using Coulomb’s law. Subsequently, the motor driving and braking zones
were obtained with the tangential force distribution. Finally, the rotor horizontal velocity was calculated.

In order to validate the results of the proposed PTRUSM model, the torque-speed characteristic
of the USR60 was calculated and compared to the real torque-speed characteristic of the motor. One can
see a very good agreement between the proposed model and the torque-speed characteristic of the
USR60. Based on the obtained results, one can conclude that the proposed model successfully reflects

the output characteristic of the PTRUSM.

6.2 Contributions

The following paragraphs describe the contributions of this dissertation regarding the complete
mathematical model of the PTRUSM:
e 2D system of equations that numerically models a piezoelectric-metal cantilever beam. This
contribution is the implementation of plane stress approximation to reduce from 3D to 2D the system
of equations presented in [9,10]. The derivation is presented in Appendix A.
e Static model of the PTRUSM stator. A static model of the PTRUSM stator was developed. The 2D
system of equations that models the piezoelectric-metal cantilever beam was used to model the

stator. In order to generate this model, an equation to model the stator bridge as a spring foundation
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and a technique to model periodic boundary conditions were proposed. The static model of the
PTRUSM stator is presented in Chapter 3.

Dynamic model of the PTRUSM stator. The static stator model was used to develop a dynamic
stator model. The time domain analysis provides the velocities of the stator traveling wave. This
model is used as well to model the elliptical motion of the stator surface. The dynamic model of the
PTRUSM stator is presented in Chapter 4.

PTRUSM rotor model. A static model of the rotor and contact layer with the capability of being
coupled with the discrete stator model was developed.

Stator-rotor contact model of the PTRUSM. This is the complete model of the PTRUSM. Two
algorithms were developed to model the stator-rotor contact interface: a normal contact model and a
tangential contact model. These algorithms provide the contact length, amplitude of the stator
traveling wave (when subject to mechanical contact with the rotor), normal force distribution,
tangential force distribution, driving and breaking zones, and rotor horizontal velocity. The stator-

rotor contact model is presented in Chapter 5.

Future work

The future work of this dissertation could be focused on the adaptation and implementation of

the proposed mathematical model of the PTRUSM to develop control strategies for these motors. The

proposed future work is:

e Include the temperature effect into the PTRUSM model. If the motor is operated for a short
time the temperature effect can be neglected, but if the motor is operated for a long time the
temperature effect needs to be considered into the model. Therefore, this phenomenon has to be

investigated, and the temperature effect could be included into the model of the PTRUSM.
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Apply model order reduction to the PTRUSM model. The computational effort of the
proposed model is relatively high. The reasons are that the stator was modeled with a numerical
technique, and because the contact problem is solved with an algorithm. One can implement a
model order reduction technique to simplify the PTRUSM model, (refer to [55]).

Develop an equivalent circuit of the model that could be implemented (coupled) to a control
scheme. Once model order reduction is applied to the proposed PTRUSM model, one can
develop an equivalent circuit of the PTRUSM. The equivalent circuit could be used to couple the
model with control schemes and simulate the model in circuit simulation software such as
PSpice.

Develop control strategies. The transfer function of the plant (motor) could be obtained with the
equivalent circuit. The transfer function of the motor could be used to develop a model-based

control strategy for these motors.
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Appendix A
Derivation of 2D equilibrium equations to model a piezoelectric-metal

beam using the FVM.

References [9, 10] present the equilibrium equations to model a 3D piezoelectric-metal
cantilever beam with the FVM. The procedure used in [9, 10] is followed in this appendix to obtain a 2D

version of the presented static equations.

A.1.1 Constitutive equations

In order to obtain the equilibrium equations of a piezoelectric-metal beam, one needs to define
the constitutive equations for both, piezoelectric and metal materials. The piezoelectric material
modeling is discussed first.

The IEEE standard on piezoelectricity [56] presents the linear constitutive equations that
describe the piezoelectric material behavior. The displacements produced in the PTRUSM stator are in
the order of micrometers. Due to that fact, it is valid to use the linear constitutive equations.

As presented in the IEEE Standard on Piezoelectricity, the constitutive equations describing the
behavior of piezoelectric materials are:

T =ctS—e'E (A.1)
D =eS+€5E (A.2)

Equations (A.1) and (A.2) are arranged in the stress-charge form. The stress and electric
displacement field are expressed as a function of the strain and electric field. Nevertheless, the
piezoelectric standard theory differs when compared to the structural mechanics theory. The
piezoelectric convention uses the letter T to represent stress instead of g, and S instead of € stands for

the strain.
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The PTRUSM stator is composed of a piezoelectric and a metal plate. Thus, the letters used for
structural mechanics are used in this work to describe both, piezoelectric and metal plates.
Therefore, the constitutive piezoelectric equations (A.1) and (A.2) become:
o=cte—e'E (A.3)
D =ec+€5E (A.4)
where the elements in equations (A.3) and (A.4) have the following meanings:

o stands for the stress tensor vector composed of 6 elements arranged in the form:

T
o = (o, Oy 0y Txy Tyz Tyx)
The units used to measure stress are N /m?.
cE is a 6x6 matrix that contains the elastic stiffness constants of the piezoelectric material

arranged in the form:

[ €112 G2 Gz O 0 01

| €12 €22 c3 0 0 0 |

cE = | c13 €2 ¢33 0 0 0]
| 0 0 0 ¢, 0 0 |

l 0 0 0 0 Css OJ

0 0 0 0 0 Ce6

These are obtained by experiments. The superscript E means that the elasticity constants are calculated
at a constant electric field E. The unit used to measure the elastic stiffness coefficients is N /m?2.

€ 1s the strain vector composed of 6 elements arranged in the form:

T
&€= (Sx €y &z Vxy Vyz yzx)
The strain is a dimensionless quantity.
e is a 3x6 matrix that contains the electro-mechanical coupling coefficients arranged in the form:
0 0 0 0 es 0
e=|0 0 0 e, 0 0

€31 €32 €33 0 0 o

The unit used to measure the electro-mechanical coefficients is C/m?.
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E is a 3x1 vector that contains the electric field components arranged in the form:
E=[EE, E|
The unit used to measure the electric field components is V' /m.
D is a 3x1 vector that contains the electric displacement components arranged in the form:
D =D, D, D]
The unit used to measure the electric displacement components is C/m?.
€ is a 3x3 matrix that contains the permittivity coefficients arranged in the form:
€117 O 0
€= [ 0 €, O ]
0 0 €33
The unit used to measure the permittivity coefficients is F /m.
The stress equation describes the behavior of the piezoelectric material when used as an actuator.
This is the only constitutive equation required in this work to model the piezoelectric material behavior.
Thus, equation (A.3) is the only constitutive equation of interest.
As shown in Fig. A.1, the PTRUSM is driven by a voltage applied across the electrodes
connected to the piezoelectric material. Because of that, one needs to define the distribution of the

electric field inside the piezoelectric material.

zZ

Applied

y  voltage V Metal

IS IS LS SIS SIS S SIS SIS SIS SIS IS LSS S SIS S S S4

Piezoelectric
material

S S LSS LS LSS LSS S LS LSS ST S ST SIS SIS S S SIS S

Metal
electrodes

Figure A.1: Voltage applied across metal electrodes to the PTRUSM stator
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The piezoelectric plate used for the PTRUSM stator has a very small thickness compared with
the stator length and width. Therefore, the electric field lines are considered to be straight, and the
influence of the fringing flux at the edges of the plate are neglected. Fig. A.2 shows a constant electric
field applied across the piezoelectric beam. Because of the previous assumption, the electric field
applied in the z direction is considered constant and equal to the voltage applied on the surface of the

piezoelectric material divided by the piezoelectric beam height d. Thus, the electric field is:

E,=—— (A.5)

Constant electric

field £,
t+++++++++Ht++++++++++
X LV A AN AV VAT A A, A
Y YY Y Y Y Y Y Y Y YYYYYYYYY 47 YVY d
. YA AN YN A YA XA AN AL Y
Applied | - - T

voltage V

Figure A.2: Constant electric field E, applied in the zdirection

A T
zZX
sz
Gx

—

»
»

Figure A.4: 2D stress tensor components placed at a point in the solid
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Fig. A.4 shows the 2D stress tensor components placed at a point in the solid. It is important to
notice that the shear stresses 7,, and 7,, are equal. Using plane stress approximation one can express in

matrix form equation (A.3) for a 2D piezoelectric body placed in the x and z planes as follows:

Ox 11 ¢z 0 ][& €31
[UZ = [031 czz 0 ] [EZ] - [%3] [E] (A.6)
Tzx Cssl LV zx 0

0 O
The strain vector is defined in terms of the displacements as follows:

Ju 1
0x
Ex
e, |=| W (4.7)
Vax 0z
0u+6W
Ldz  Ox

Next, it is required to define the relationships to model the PTRUSM stator metal. The
constitutive equation that describes the behavior of the stator metal is:
o =ce (A.8)
where @, ¢, and € have the same meanings as in equation (A.3). The metal is modeled as an
isotropic material. That means that the material properties are the same in any direction.
In order to obtain the stiffness matrix ¢, one needs to provide Young’s modulus Yand the
Poisson’s ratio v of the material.

For isotropic materials, the stiffness matrix c is:

€11 €12 C12 0 0 0 ]
C12 C11 ¢qy 0 0 0
c=| €12 €12 tn c —Oc 0 0
0 0 0 11 12/2 0 0
0 0 0 0 C11— C12/ 0
0 0 0 0 0 2 ¢y — C12/2_
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where the coefficients of the matrix c are:

B Y(1—-v) 4.9
‘U A 200 +v) 9)
= v A4.10
2T 0200+ v) (4.10)
C11 — C12 Y
ML = A. 11
2 321+ v) (4.11)
Equation (A.8) can be expressed in a matrix form for a 2D body using plane stress
approximation as follows:
Ox €11 €12 0 ][&
o, =lci, cix 0 ||& (A.12)
Tzx 0 0 C33l1 LVzx

A.1.2 Governing equation

After defining the constitutive equations for the piezoelectric and metal materials, the next step is
to define the governing equation of the PTRUSM stator. The governing equation describing the motion
of an elastic body is Cauchy’s first law of motion, (refer to [57] and [58]). It is expressed as follows:

d?ur
Ptz

—V-o=F, (A.13)

Sometimes equation (A.13) is simply called equation of motion.

In this equation p, ur, 0,and F;, represent the material density, displacement vector, stress tensor,
and the body force vector, respectively. The governing equation describes the motion of both
piezoelectric material and metal. This motion equation is used to describe the dynamics of the PTRUSM
stator.

Equation (A.13) can be represented in a matrix form for a 2D model using plane stress

approximation as follows:
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SB-v e 5= (4.14)

where p is the material density, u and z represent the unknown displacements in the x and z directions,
respectively. g, and g, are the normal stresses applied in the x and z directions, respectively. 7,, and
T,, are the shear stresses applied in both directions. Fj, and Fj,, are the body forces applied in the x and
z directions, respectively.

Equation (A.14) is the governing equation expressed in a matrix form that describes the stator
dynamics. The first term of equation (A.14) is the acceleration of the continuum. The second term is the

divergence of the stress tensor. The last term is the total body force applied in the continuum.

A.1.3 Discretization of the continuum.

The FVM is used in this section to discretize the continuum. The FVM technique is explained in
detail for computational fluid dynamics in [59]. The general steps to discretize a continuum using the
FVM are: mesh generation, discretization, and solution of the generated system of equations. The mesh
generation and discretization are treated in this appendix. The solution of the final system of equations is

treated in Chapter 3.

Mesh generation

The PTRUSM stator is divided into small squares called control volumes AV. A current control
volume is showed in the center of Fig. A.5 surrounded by adjacent neighboring control volumes. The
center of the current control volume is identified with the letter P and the neighboring volumes with the
letters E, RE, R, RW, W, FW, F and FE. The notation means FEast, Rear-Fast, Rear, Rear-West,
West, Front-West, Front, and Front-East, respectively. Fig. A.5 also shows the notations used to

represent the distances between centers of adjacent control volumes. For instance, dyg is the distance
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along the horizontal axis between the center of the control volume P and the center of the control
volume E'placed at the Fastside of it.

One needs to define internal distances from the center of a current control volume to the four faces
of it. Fig. A.6 shows the internal distances for a current control volume P.

The accuracy of the models depends on the number of control volumes used to discretize the

continuum. The higher the number of control volumes, the more accurate the solution.

><V

— e e e = = = = e e = =

Figure A.5: Internal control volume P surrounded by neighboring control volumes placed at the xz
plane

2y

Figure A.6: Internal control volume P with notation for internal distance
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Discretization

The FVM technique assumes that the parameter of interest is concentrated at the center P of the
control volume. The average value of the parameter of interest into the control volume is used to
compute the solution. In this case, the parameter of interest is the displacement of the continuum. The
infinite displacements of the infinite points inside the current control volume are modeled as the average
displacement at the center 2.

The governing equation (A.14) is integrated over an internal control volume AV. After integration,
the governing equation becomes:

]pj—; 5] av - ]v-[rzx sz]dV J I;Z’Z‘]dv (A.15)

AV AV AV

Where the infinitesimal volume dV is:
dV = dxdzdy (A.16)
The stator is modeled in the xz plane. Because of that, the integration of the stator width is done

along the y axis, and it is independent of the x and z axis. Equation (A.15) becomes:

Yv Yv Yv
] ]d d—z[“] dA—J Jd Ve[ aa= f fd Fbx]dA (4.17)
Y|P de? lw Y Tzx Oy y '
AA 0 AA 0 AA 0

where y,, represents the stator width.

After integration of the stator width, equation (A.17) becomes:

Txz _
¥, f P13 [W] dA —y, f v [sz ]dA v, f sz] dA (A.18)
AA AA AA

According to [3], the divergence theorem can be applied to the stress tensor matrix of equation
(A.18). The area integral is transformed into a line integral on the closed perimeter of the control

volume. Thus, equation (A.18) becomes:
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dz u TXZ Fbx
W o {1 Sl [l
AA AA

The divergence theorem stands that the density within a region of space can only change if there

is a flow of matter through the boundary of the closed region.

The infinitesimal area dA and length dl are expressed as follows:

dA = dxdz (A.20)

-

dl = 1dz + kdx (A.21)
After substitution of equation (A.21) into (A.19) one obtains:

d* tu Ox Txz dZ Fyy
v, j P72 0] aa -y, 35 [sz J [sz] dA (A.22)
AA AL

Equation (A.22) can be divided into two equations that correspond to the displacements u and
w at the center P of the current control volume. The displacements are produced along the x and z axes.

Thus, equation (A.22) can be written as two separate equations:

d*u
yvijdA_yvéo-x dZ—yvaxz dx =y, JFbdi (A.23)
AA AL AL AA
d*w
y”f’odtz dA—yvfo-z dx—yvf‘[zx dz =y, besz (A.24)
AA AL AL AA

Equations (A.23) and (A.24) describe the motion of the continuum in the x and z axes. Equation
(A.23) is processed first.
The acceleration and body force terms in equation (A.23) are integrated as the average values of

the acceleration and body force terms into the current control volume. The stress tensor components are
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integrated over the z and x axis as the difference of the stress across the axis. Thus, equation (A.23)

becomes:

2
y,,AApdd% -V f o,dz — f oxdz | =y, f Tyy dX — f Ty AX | = y,AAFy,p (A.25)
e w f r
In equation (A.25) the subscripts e, w, f, and r refer to the boundaries of the control volume
East, West, Front, and Rear . Fig. A.5 shows the faces e, w, f, and r of an internal control volume
placed in the xz plane. AA is the area of the control volume where the equation is defined.

The stress tensor components in equation (A.25) are integrated over the axis where it is applied.

After integration, one obtains:

d?up
yuAAp W -y, (Azoye — AzOyy,) — Yy (Axszf - Axszr) = Yy AAF,,p (A.26)

In equation (A.26) Az and A, refer to the control volume height and length, respectively.

By using the constitutive piezoelectric equation expressed in the matrix form (A.6), one can
express the stresses in equation (A.26) as a function of the strain and electric field. Equation (A.26)
becomes:

2
d*u,

YUAA,O dt2 - yvAZ(Cllgxe T C13€z¢ — e31Ez) + yvAZ(Cllgxw + C13&w — eSlEz) - yvAx(Cssyzxf)

+ yvAx(CSSYZxr) = yyAAFyxp (A- 27)

The strains in equation (A.27) are substituted using the stress-displacement relationships (A.7).

Thus, equation (A.27) becomes:

2

d“up Ju aw ou ow
YvAAPF — WAz <C11 %, tlzg L 631Ez) + WAz <C11 a|w + 13 E|w — 931Ez)
Ju adw du adw
— yp,Axcss 7 . + ax , + y,Axcss (g ) + I r) = y,AAFy,p (A.28)
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The displacements, electric fields, and mechanical forces are evaluated at the nodal points.
Nevertheless, it is required to express the displacements at the control volumes faces. Linear
interpolations are defined to approximate the displacements at the control volumes faces. This method is
called central differencing [59]. Reference [3] provides all the linear interpolations required for a 3D

continuum. The strain-displacement relationships are expressed with linear interpolations as follows:

ou Ug — Up
—| = A.29
oxl, OxE ( )
ou Up — Uy
— =— A.30
ax|w Sxw ( )
du Up — Up
| = A.31
02 f 6ZF ( )
ou Up — Up
—| = A.32
0zl Ozr ( )
ow Wg —Wgr Oxg— 0 Wgg — W 0
owl _ Wr R OxE Xe FE RE_ OXe (4.33)
0zl, Ozr + 62z OxE Ozere + OzerE OxE
a_W _ Wg — Wg  Oxw — Oxy Wrw — WRw Sxw (4.34)
0zly Ozr +8zr  Oxw Szwrw + Szwrw Oxw '
a_W _ Wg =Wy 5ZF—5Zf Wrg — Wrw % (A.35)
Oxly  Oxp+0xw  Ozp Sxrer + Oxrwr Ozr .
ow Wg—wy O, —0 Wpp — W 0
oWl _ W w_ Ozr zr RE Rw_ Ozr (4.36)
oxly  Oxp + 6xw Ozr Oxrer t+ Oxrwr Ozr
aw Wg — Wp
— = — A.37
Oxle OxE ( )
aw Wp — Wy,
— =— A.38
oxly, Sxw ( )
ow Wp — Wp
— = — A.39
0z f 6ZF ( )
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aw Wp — Wp

) =— A.40
ozl, 8zr ( )
6_u _ up —uUgp GOxp — Oxe Upg — Ugp  Oxe (A4.41)
0zle  8zr + 06z Ox 8z5rE + Oz5rE OxE '
a_u _ Up —Ug  Oxw — Oxw Upw — URw Sxw (4.42)
0zly, Ozp +6zr  Oxw Szwrw + Szwrw Oxw .
ou Ug — U Ozr— 0 Upg — U 0
_‘ _ Y w_ ZF zZf n FE FW _Lf (4.43)
Oxly  Oxg + Oxw OzF Oxrer + Oxrwr Ozr
a_u __Ys " Uw 8zr — Ozr URg — Urw % (A.44)
Oxl, Oxg+0xw Oz Sxrer + Oxrwr Ozr '

Expressions (A.29) to (A.36) are substituted into equation (A.28), and equation (A4.45) is

obtained.
AA dzup — v Azc (uE - UP) — v Aze (WF —Wg Oxp — Oxe Wrg — WRE 5Xe>
YoRap dt? Yizen OxE YoB2a3 8zr + 628 Oxg 8zere + OzerE OxE
Up — Uy
+ yyAzes E7 + 614 (6—>
XwW
Wg — Wg  Oxw — Oxw Wrw — Wrw Sxw
+ y,Azc ( . . )—yAze E
VT Sk + 62z Sxw Szwrw + Szwrw Oxw veeTt
Up — Up Wg — Wy Ozp — 5Xf Wrg — Wrw 62f
— y,Axc ( >—yAxc ( . + =
vEaTss Oz vETss Oxe + Oxw 8z Oxrer + OxFwr Oz
Up — Up Wg — Wy Ozr — 6z WRg — Wgrw Oz
+ y,Axc ( )+yAxc ( . —)
EE A vEITSS \Syp + Sxw Ozr Oxrer + Oxrwr Ozr
= y,AAFyp (4.45)

The terms in equation (A.45) are rearranged and equation (A.46) is obtained:
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2

nap e [A ( !
YolhAp——-+y, |Azc
v dtz v 11 5XE

_ YvlxcCss

5Z F

YwlzCi3

1 1 1 Azc
+—)+Ax055( +—)]up—yv Ry —
Ozr

Sxw Ozr

_ Ywlhxcss " — Agcys (5XE Oxe Oxw — Oxw
Ozr R Y18z + 625 Oxg
Oxe Ywl;C13

8zere + OzErE OxE

yvAxCSS

Ozr — 675 _ Ozr

(Wpg — Wgg) +

Sxe + Oxw

YvCss

- 6Zr> (W —w )
SZF 6ZR E v

5XFEF + 6XFWF

+ yvAxCSS

Oxrer + Oxrwr

8z
( f> (Wpp — Wrw)

6Z F

0
( SZT) (Wrg — Wrw) = YpAAF,,p
ZR

. (Wrw — Wrw)
Szwrw + Szwrw Oxw

)] (Wg — wg)

(A.46)

The following notations are used to express the coefficients of the unknown displacements u and w.

= [t (5o 5 ) e (5 5.
1~ y‘U Z Cl 1 6XE 6XW C55 SZF 6ZR

Blz

E1 — yvAzcll
6XE
w, = WwhzC1q
6XW
YvCss
F
! 6ZF
R1 — yvAxCSS
SZR

YwlzC13 (SXE —0xe Oxw — 5Xw)

Ozr + 62z OxE - Sxw

yvAzC13 6Xe

B, = .
2 8zere + OzerE OxE
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(A.48)

(4.49)

(A.50)

(A.51)

(A.52)

(A.53)



yvAzC13 6Xw

B, = } A.54
> Szwrw + Szwrw Oxw ( )
B — Yl Css <5ZF - 5Zf _ Ozr — 6Zr> (4.55)
Y Sxp + Oxw Oz Ozr .
WvCss 5Zf>
B: = d= A.56
> Oxrer + Oxrwr <52F ( )
YvCss <6Zr)
B, = A= A.57
" Sxrer + Sxrwr \Ozg ( )

After substitution of expressions (A.47) to (A.57) into equation (A.46) one obtains:

d?up
mp diz + Piup — Eyup — Wiuy — Fiup — Ryug — By(Wp — wg) — Bo(Wpp — Wgg) +

Bs(Wpw — Wrw) — Bs(Wg — wy) — Bs(Wpg — Wry) + Bg(Wrg — Wrw)
= Fp (4.58)
In (A.58) mp and F,p are the total mass contained inside the finite volume and the total
concentrated force applied in the x direction, respectively. Equation (A.58) is the semidiscrete motion
equation of the u displacement along the x axis. The motion equation is called semidiscrete because the

acceleration term was not discretized.

Equation (A.24) is processed in a similar way and equation (A.59) is obtained:

d*w 1 1 1 1 Azc Azc
v,AAp sz + v [AZC55 (— + —) + Axcsz (— + —)] Wp — Hv2ss Wg — Yo 2055

Oxg  Oxw Ozr  Ozr OxE E Sxw v
_ Ywlxcss W — Ywlxcss W — A, Css (5XE — Oxe _ Sxw — 5Xw>] (1)
] e Sxw rUR
_ Ywlzcss Oxe YwlAzcss Sxw

(upg — ugg) +

. . (upw — Ugw)
Ozere t+ OzerE OxE Szwrw + Szwrw Oxw
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Yolxcsq <52F - 5Zf _ Ozr — Ozr

s + Sxm) )mE‘“”

5Z F 6Z R

YoAxcsq 6y YpAxcsq oy
- 7 -_f (upg — Upy) + z — (upg — Upw)
Oxrer + Oxrwr Oz

Sxrer + Oxrwr OzR

The following notations are used to express the coefficients of the unknown displacements u and

1 1 1 1
P, = A —_—t— A —_—t— A.
2 y”[ ZCss (5XE + 6XW) T AxCs (SZF * SZR)] (4.60)
Azc
L = YyRZCss (4.61)
OxEg
Azc
= YyBZCs5 (4.62)
Sxw
Axc
= YeoXtss (4.63)
8z
Axc
R, = 221633 (A.64)
Ozr
B — A,css (5XE — Oxe _ Sxw — 5Xw>] (4. 65)
(A P R S |
yvAZCSS 5Xe
By = . (A.66)
" SzerE + OzErE OxE
yvAZCSS SXW
By = . (A.67)
> Szwrw + Szwrw Oxw
B = Yvlxcsq (5217 - 52f _ Szr — 5Zr> (4.68)
Y07 (6xe + Sxw) Ozr Ozr '
Axc o)
B, =X %z (4.69)

B SXFEF + SXFWF .5ZF
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Ywlhxcsq %

Fr2 = Sxrer T Oxrwr Ozr (4.70)
After substituting (A.60) to (A.70) into equation (A.59) one obtains:
d*wp
mp “dez + Pywp — Eywg — Wowy — Fowp — Rywg — By (up — ug) — Bg(upg — Uge)
+ By (upw — ugw) — B1o(Up — Uw) — B11(upg — upw) + B12(Uge — Ugw)
= Fup (A.71)

In (A.71) mp is the total mass contained inside of the finite volume and F,p is the total
concentrated force applied in the z axis. Equation (A.71) is the semi-discrete motion equation of the w
displacement in the z direction.

In [9, 10] the semi-discrete motion equations were transformed into static equations. In order to
obtain the static equations, one needs to set to zero the acceleration terms in equations (A.58) and
(A.71). These equations become:

Pyup — Eyup — Wiy — Fyup — Ryug — By(Wp — wg) — By (Wpg — Wgg) + Bs(Wrpw — Wey)

— By(wg — WW) — Bs (Wgg — WFW) + B6(WRE - WRW) = Fyp (A.72)

P,wp — Eywg — Wowy, — Fowe — Rywg — By (up — ug) — Bg(upg — Ugg) + Bo(Upyw — Ury)

— Byo(ug — uw) — B11(upg — upw) + B12(Ugp — Urw) = Fzp (A.73)

Equations (A.72) and (A.73) are 2D static equilibrium equations. By adding proper boundary

conditions, one can use (A.72) and (A.73) to obtain the static equilibrium of a piezoelectric-metal beam.
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Appendix B

Material properties

B.1 Copper.

Mass density

p = 8700 [k—‘i] (B.1)
m
Young’s modulus
Y =110e° [Pa] (B.2)
Poisson’s ratio
v=20.35 (B.3)

Stiffness matrix

1.254.10'" 4.387.10'° 4.387.10%° 0 0 0
[ 4387.10'° 1.254.10'' 4.387.10%° 0 0 0 ]
_| 4387.10° 4.387.10'° 1.254.10% 0 0 o | [N
c=| 10 | (B-4)
0 0 0 4.074.10 0 0 m2
l 0 0 0 0 4.074.1010 0 J
0 0 0 0 0 4,074.10%°
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B.2 Lead Zirconate Titanate.

Mass density

kg
p=7500 ﬁ
Stiffness matrix
[ 1.27205.10'" 8.02122.10'° 8.46702.10'° 0 0
| 8.02122.10° 1.27205.10'! 8.46702.10%° 0 0
cF—| 846702.10%° 8.46702.101° 1.17436.10'! 0 0
| 0 0 0 2.29885.101° 0
ll 0 0 0 0 2.29885.101°
0 0 0 0 0
[l
m2
Electro-mechanical coupling matrix
0 0 0 0 17.0345 0] .
e=| o0 0 0 170345 0 of [5]
—6.62281 —6.62281 23.2403 0 0 0
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2.34742.101°

(B.5)

]
|
|
|
I
|

( B.6)

(B.7)
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