
POUR L'OBTENTION DU GRADE DE DOCTEUR ÈS SCIENCES

acceptée sur proposition du jury:

Prof. A. Billard, présidente du jury
Prof. Y. Perriard, directeur de thèse

Prof. H. Bleuler, rapporteur 
Prof. B. Dehez, rapporteur 

Prof. E. A. Lomonova, rapporteur

Sensorless Position Control of Piezoelectric Ultrasonic 
Motors: a Mechatronic Design Approach

THÈSE NO 4752 (2010)

ÉCOLE POLYTECHNIQUE FÉDÉRALE DE LAUSANNE

PRÉSENTÉE LE 27 AOÛT 2010

À LA FACULTÉ SCIENCES ET TECHNIQUES DE L'INGÉNIEUR

LABORATOIRE D'ACTIONNEURS INTÉGRÉS

PROGRAMME DOCTORAL EN SYSTÈMES DE PRODUCTION ET ROBOTIQUE

Suisse
2010

PAR

Markus FLÜCKIGER





Sensorless Position Control of Piezoelectric Ultrasonic Motors

a Mechatronic Design Approach

Neuchâtel, EPFL

2010





To Ilona, Gudrun and Paul



vi



Abstract

This dissertation considers mechatronic systems driven by piezoelectric ultra-
sonic motors (PUM). The focus is set on optimal system design and sensorless
position control.

Mechatronic industry faces the challenge to deliver ever more efficient and
reliable products while being confronted to increasingly short time to market
demands and economic constraints driven by competition. Although optimal de-
sign strategies are applied to master this challenge, they do not entirely respond
to the given circumstances, as often only local criteria are optimised. In order
to obtain a globally optimal solution, the many subfunctions of a mechatronic
system and their models must be interrelated and evaluated concurrently from
the very beginning of the design process.

In this context PUM have been used increasingly during the last decade for
various positioning applications in the field of mechatronic systems, laboratory
equipment, and consumer electronics where their performances are superior to
conventional electromechanical drive systems based on DC or BLDC motors.
The position of the mobile component must be controlled. In some cases open-
loop control is a solution, but more often than not sensors are used as feedback
device in closed-loop control. Sensors are expensive, large in size and add frag-
ile hardware to the device that compromises its reliability. Thus, not only the
superior performance is not fully exploited but also the economical feasibility of
the PUM drive system is jeopardised.

Replacing sensors by advanced control techniques is an approach to these
problems that is well established in the field of BLDC motors. Those sensorless
control strategies are not directly transferrable, because of the fundamentally
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different working principles of PUM. Hence, the research of sensorless closed-
loop position control techniques applicable to PUM and their validation with
digitally controlled functional models is the very topic of this thesis.

We propose a dedicated design methodology to this statement of the prob-
lem. A core model of the mechatronic system is conceived as general and sim-
ple as possible. It then develops for the different interrelated views reflecting
the mechanical, electromechanical, drive electronic, sensorial and digital control
functions of the global system. Each one becoming more specific and detailed
in this process, the different views still enable mutual constraint adjustments
and the dynamic integration of results from the other views during the design
process. Starting with the stator of the PUM, a view describes the mechani-
cal displacement. An electric equivalent model is written such that power input
from the drive electronics is related to the mechanical energy transmitted to the
mechanics. The resulting differential equations are solved by the finite element
method (FEM). Position feedback configurations in the mobile part of the PUM
are modelled analytically in order to be implemented in digital control and their
electrical implications are updated to the stator model. In this way, sensors do
not necessarily materialise physically any more, but are distributed among the
mechanical configuration, the drive electronics and the digital controller. With
respect to the sensor data, the controller is not simply receiving finalised data
on the measured system parameter, but rather implements the sensor itself in
software.

Finally, the position detection performance obtained with the aforementioned
design methodology was evaluated with the example of mechatronic locking
devices actuated by custom-made as well as OEM motors. Functional models
of motors, electronics and digital controllers were used to identify the limits of
the proposed methods, and suggestions for further research were deduced. These
results contribute to the development of robust sensorless position controllers for
PUM.

Keywords: Piezoelectric ultrasonic motor, USM, Mechatronics, Sensorless
position control, Digital control, Finite Element Method, Optimal design.
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Zusammenfassung

Die vorliegende Dissertation behandelt durch piezoelektrische Ultraschallmoto-
ren (PUM) angetriebene mechatronische Systeme. Den Schwerpunkt bilden die
Entwurfstechnik sowie die sensorlose Positionsregelung.

Die in der Entwicklung mechatronischer Systeme Tätigen stehen vor der
Herausforderung, immer leistungsfähigere und zugleich zuverlässigere Produk-
te liefern zu müssen, währen sie sich mit zunehmend kurzen Entwicklungzeit-
spannen und vom Wettbewerb getriebenen ökonomischen Zwängen konfrontiert
sehen. Um dieser Aufgabe gerecht zu werden, kommen vermehrt fortschrittli-
che Entwurfstechniken zum Einsatz. Diese sind jedoch nicht zielführend wenn
nur einzelne Funktionen optimiert werden. Um globale Optimallösungen zu er-
langen müssen die Teilfunktionen mechatronischer Systeme und ihre jeweiligen
Modelle zueinander in Bezug gesetzt und schon bei Beginn des Entwurfsprozes-
ses simultan konzipiert werden.

In diesem Umfeld werden PUM vermehrt für Positionierungsaufgaben in
mechatronischen Systemen, Laborgeräten und der Unterhaltungselektronik ein-
gesetzt, wo ihre Eigenschaften jenen von Gleichstrom- oder Synchronmotoren
überlegen sind. Bei diesen Anwendungen ist die Positionsregelung wesentlich.
Meistens werden direkte Positionssensoren für die Rückführung im geschlosse-
nen Regelkreis verwendet. Sensoren sind jedoch oft kostspielig, gross und die
zusätzliche Gerätetechnik senkt die Zuverlässigkeit, was gewisse Vorteile von
PUM zunichtemacht und die wirtschaftliche machbarkeit gefährdet.

Im Bereich der Synchronmotoren werden aus diesen Gründen Positionssen-
soren durch fortgeschrittene Methoden der Regelungstechnik ersetzt. Die tech-
nischen Grundlagen solcher sensorlosen Regler sind nicht direkt auf PUM über-
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tragber. Hier setzt die vorliegende Dissertation an, indem nach Prinzipien ge-
sucht wird, welche sensorlose geschlossene Positionsregelkreise für PUM zu-
gänglich machen. Die entwickelten Steuerungen werden anhand von eigens ent-
wickelten Funktionsmustern überprüft.

Wir schlagen eine zur Lösung dieser Problemstellung geeignete Entwurfs-
Methodik vor. Ein Kernmodell des mechatronischen Systems wird so allgemein
und einfach wie möglich aufgestellt. Davon ausgehend werden verschiedene in
gegenseitiger Beziehung stehende Sichtweisen entwickelt, welche die Wechsel-
beziehung der mechanischen, elektromechanischen, elektronischen und senso-
rischen Komponenten des Gesamtentwurfs beschreiben. Während der Entwick-
lung dieser genaueren und zugleich spezifischeren Modelle wird darauf geach-
tet, dass jeweilige Anpassungen der Nebenbedingungen und die Integration von
Resultaten bezüglich der anderen System-Funktionen möglich bleiben. Vom Sta-
tor des PUM ausgehend werden die Schritte der Energieumwandlung mit Hilfe
von elektrischen Analogiemodellen beschrieben und in Bezug zu den konstitu-
tiven Gleichungen der Piezoelektrizität gesetzt. Die resultierenden Differential-
gleichungen werden mit der Methode der finiten Elemente (FEM) numerisch
gelöst. Die Einrichtungen zur Stellungsrückmeldung des PUM-Rotors werden
wiederum analytisch modelliert, und deren Auswirkungen auf das Betriebsver-
halten im Statormodell in Betracht gezogen. In diesem Sinn sind Sensoren also
nicht mehr physisch präsent, sondern verteilen sich auf die mechanische Kon-
struktion, die Antriebselektronik, sowie den zeitdiskreten Regler. Die Steuerung
empfängt nicht direkt Positionsmessdaten, sondern wertet indirekte Messungen
aus, um die Rotorposition softwarebasiert zu rekonstruieren.

Schliesslich wird die mit der obengenannten Entwurfsmethodik entwickelte
sensorlose Positionssteuerung am Beispiel von mechatronischen Schliesszylin-
dern ausgewertet. Sowohl eigens angefertigte als auch OEM PUM werden zu
diesem Zweck beigezogen. Funktionsmuster der Positionierungssysteme dienen
der Ermittlung ihrer Leistungsfähigkeit, als auch zur Identifikation von Leis-
tungsgrenzen der vorgeschlagenen Methoden. Die Ergebnisse der vorgelegten
Forschung tragen bei zur Entwicklung von robusten sensorlosen Positionsreg-
lern für PUM.

Schlüsselwörter: Piezoelektrischer Ultraschallmotor, USM, Mechatronik,
Sensorlose Positionssteuerung, Zeitdiskrete Regelungstechnik, Methode der fi-
niten Elemente, Entwurfstechnik.
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CHAPTER 1

Introduction

1.1 Research Objectives

This thesis develops a design methodology for the optimal integration of piezo-
electric ultrasonic motors (PUM) into mechatronic systems. By doing so, we
optimise the motor, the drive electronics and the position control method, while
the interdependency of all subsystems is the gist of the design approach. The fo-
cus is set on the research of sensorless and self-sensing position control methods
applicable to PUM.

1.2 Background and Development Trends

1.2.1 History of Piezoelectricity

Pierre and Jacques Curie first experimentally demonstrated the direct piezoelec-
tric effect along with a superficial theoretical explanation in 1880 by clamping a
variety of crystals in a jaw vice [34].

Lippmann had suggested in 1876 an analogy between heat energy and elec-
tric energy [124], a work on which he based his theoretical considerations on
conservation of electric charge in 1881 [125]. Therein he stated that the piezo-
electric effect, that had been demonstrated a year earlier, was reversible. He used
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2 CHAPTER 1. INTRODUCTION

a thermodynamic approach to piezoelectricity to herald the converse piezoelec-
tric effect. Though this perception was not compatible to the Curies mechanistic
study, they adopted Lippmann’s equations to predict the displacement ampli-
tudes to be expected in a laboratory experiment. The same year they hence
demonstrated the converse piezoelectric effect indirectly by measuring the pres-
sure induced by the created displacement with a manometer [35]. A year later, an
article brought the phenomenon recently demonstrated into line with contempo-
rary research efforts in the field of crystallography. Relating it to pyroelectricity,
it named the effect piezoelectricity [71], which gained general acceptance [175].

A first comprehensive mathematical description of crystal physics was pub-
lished in 1910 [219]. It introduced the Voigt notation reducing symmetric tensors
to matrices and vectors. To date it is the standard way of writing the constituent
equations of piezoelectricity and will be applied in this work.

A comprehensive textbook focusing on piezoelectricity was published in
1946 [19].

The converse piezoelectric effect was referred to for motor concepts in 1942
[230]. The relative displacement of hemihedral crystals, however, was not im-
portant enough for the practical use in motors. Therefore research focused on
alternative materials presenting a piezoelectric effect [96].

The search for a ceramic with a higher relative dielectric constant for use
in capacitors led to significant though unpublished research efforts on barium
titanate during World War II [67]. The discovery of its ferroelectricity [220] ex-
plained the good dielectric properties of the material. The crucial step for the use
of piezoelectric ceramics was the evidence that barium titanate had piezoelectric
properties when it was permanently poled by applying an electric field above
coercivity [63].

Lead zirconate titanate (PZT) solid solutions near the tetragonal–rhombohed-
ral phase boundary rapidly replaced the other ferroelectric ceramics due to its
much stronger piezoelectricity [90]. Explicit expressions for piezoelectric con-
stants in terms of microscopic variations in charge density induced by atom dis-
placement have been derived and shown to depend only on the internal strain
parameters and the first and second moments of the charge-density variation
produced by motion of an atom, respectively [133]. Concerning PUM, some
reports of practical implementations using the newly discovered PZT are found,
but research aiming for large scale industrial use started only in Japan not prior
to 1980 [212].

1.2.2 Piezoelectric Motors: History and Current State
First vibration motor concepts using composite piezoelectric crystal elements
were suggested in 1942 [230]. However, only when stable piezoelectric ceramics
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could be fabricated, practical realisation of piezoelectric motors came within
range.

Piezoelectric transducers [6] [204], bimorph actuators [140], a first practical
ultrasonic motor implementation [7] and quasistatic motors [134], later com-
mercialised as the Inchworm motor, were proposed. Although refined motor
concepts were proposed [217] and control methods suggested [215], due to the
high cost of piezoelectric ceramics and technical problems regarding vibration
amplitude control, these motors remained in an experimental stage, and were
no valid alternative to contemporary stepper motors [24]. Integration into com-
mercial products came only after further developments in Japan. A major mo-
tivation was the fast growing semiconductor industry’s demand for positioners
combining electromagnetic compatibility and high precision. The availability
of piezoelectric ceramics at moderate cost further stimulated research activities
[211].

After first comprehensive experiments with a standing wave motor [177],
the traveling wave ultrasonic motor was patented in 1982 [178]. To this day,
it is by far the best studied piezoelectric motor. After resolution of the control
issues [95], it had gained publicity when integrated by Canon into their SLR
autofocus lens promoted as the world’s fastest. However, the traveling wave
motor was replaced by multimode motors for economic reasons in succeeding
products [234], [129].

Piezoelectric micromotors were developed in the field of robotics [167] and
for wrist watch applications, either conventionally machined [147] or microfab-
ricated [135], [52], [163]. Speed and position sensing is a particular challenge
with these low power drives of very small size [162]. Dedicated self-oscillating
drivers [203] [83] and rotor position detection methods were reported [164] [213]
and commercialised for wrist watch applications [182].

At the time of writing, piezoelectric motors and actuators commercialised
by original equipment manufacturers (OEM) encompass a large product range
offering solutions to a multitude of positioning problems with a considerable
variety of actuation principles and respective performances.

Actuators

Recent improvements of the manufacturing processes, piezoelectric ceramics
and electrodes for piezoelectric stack actuators enable stiffer actuators with low
electrical capacity, high specific displacement and decreased load and tempera-
ture influence on the overall performance [74]. Those ameliorations enable gen-
erally lower operation voltage, increased dynamics, result in acceptable perfor-
mance at high and cryogenic temperatures, raise lifetime and hereby, open new
application fields and markets. Not least, the position of competitors relying on
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piezoelectric technology on the motor market strengthened by the development.

Positioning Motors With Subnanometer Resolution

Most of the properties immanent in actuators are found in motors, too. This is
precisely because nanopositioning motors generally represent piezoelectric actu-
ators in special assemblies and configurations. Motion is generated by successive
and coordinated clamp/unclamp cycles of several actuators. In this way, motors
with increased travel range are obtained, while preserving the crucial conve-
niences of the actuators. Friction at the stator-rotor interface is static. Therefore,
wear and tear is neglectable and open-loop as well as self-sensing and auxiliary
indirect sensor methods for closed loop position control remains feasible.

Multiaxis Positioning Systems

Multiaxis precision positioning stages driven by piezoelectric motors provide an
interesting alternative to conventional electromagnetic and hydraulic solutions.
In the subnanometer, low load segment, in the first instance in semiconductor in-
dustry, for waver arrangement, piezoelectric positioning stages have taken over
due to their better precision combined with higher dynamics. But also as a re-
placement of hydraulic systems in airplanes and antenna alignment for radiotele-
scopes, where very high loads must be positioned precisely, piezoelectric motors
are an option [37].

Piezoelectric Ultrasonic Motors

Piezoelectric ultrasonic motors generally operate at resonance. This enables high
speed motors with extreme accelerations combined with a very low response
time within small overall dimensions, leading to easy integration into mecha-
tronic systems. Output force is significantly lower than for quasi-static motors.
Obtained precision is an order of magnitude inferior. Therefore, piezoelectric ul-
trasonic motors are a good choice for positioning applications in the mm to cm
travel range for applications where very short response times and high accelera-
tions are crucial. Micrometer resolution is achieved in open-loop operation. For
closed-loop control, position encoders are inevitable. Summarising, specific so-
lutions exist first for positioning precision in the sub-nanometer span, combined
with high active force but at low speed. For a large overall operation range, high
dynamics and considerable speed of motion is available at precision in the mi-
crometer span. Dedicated designs enable to a certain extend a trade-off between
the two different application areas but, generally speaking, high speed and wide
operation range are in contrast to high precision at high force. Whereas for
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actuators and quasi-static motors conclusive solutions for precise position con-
trol exist, for ultrasonic motors, direct position sensors are necessary to enable
closed-loop position control. Thus sensorless position control is the core issue
where we are after new solutions with this thesis work.

1.2.3 Sensors

The breakthrough of handheld devices and the automation of many spheres of
everyday life has tremendously increased the research efforts on small actua-
tors and motors. Becoming apparent for many maybe with automated window
lifters in cars and similar enjoyable aids, passing by image stabilising actuators
in digital cameras and by far not ended with automated drug delivery to patients
suffering from diabetes and other chronic diseases, integration of actuators is a
discipline still pushing further miniaturisation, improving efficiency, and reduc-
ing cost. In this prospect, conventional sensors are a major hindering factor for
achieving the design goals, as they are expensive, large in size and add frag-
ile hardware to the device. Therefore, emerging methods replacing conventional
sensors by indirect measurement and mathematic algorithms implemented in mi-
croprocessors advance the ongoing development [153].

Piezoelectric
material

Direct piezoelectric effect: Sensor mode

Converse piezoelectric effect: Motor mode

ForceElectric field

StrainVoltage

Figure 1.1. Direct and converse piezoelectric effect and how they are exploited in a self-sensing
actuator [151].

With regard to piezoelectric motors, we differentiate between sensorless and
self-sensing techniques. Sensorless control refers to the replacement of direct
sensors measuring a system state by other sensors, mainly for current and volt-
age sensing, in conjunction with mathematic algorithms observing the same sys-
tem state. First reports are found prior to 1980 with position observers for step
motors [120]. A comprehensive study on observability and sensorless closed-
loop control is presented by Antognini [4]. Self-sensing refers to the property
of piezoelectric ceramics to function as actuator and sensor simultaneously by
exploiting the indirect and direct piezoelectric effects, respectively (Fig. 1.1).
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Benefitting from the emergence of ever faster and cheaper digital signal pro-
cessors, complex algorithms nowadays can be implemented. Unless the tech-
nology of direct sensors would experience a comparable evolution, which is -
at the very least - most unlikely, in the long run sensorless control will replace
conventional control techniques.

1.2.4 The Future of Piezoelectric Materials

High power piezoelectric ceramics for ultrasonic motor applications need to have
a high mechanical power factor and must be resistant to depoling or mechanical
degeneration that may be caused by the relatively high electric fields applied for
vibration generation at high frequencies. These aims are reached with acceptor
doping and improved manufacturing processes of lead-zirconium-titanate (PZT)
piezoelectric ceramics.

The vast majority of commercial PUM therefore use materials of this cate-
gory, taken together under the classification of hard PZT, as active material. In
this context, especially because piezoelectric motors should be biocompatible for
certain applications, but also because the PZT manufacturing process (principle
given in Eq. 1.1) as well as recycling of PZT are environmentally problematic,
there is a necessity to replace PZT by less harmful materials.

PbO+ZrO2 +TiO2

heat

700−800◦C=⇒ Pb(Zr, T i)O3︸ ︷︷ ︸
powder

sinter

1200◦C=⇒ Pb(Zr, T i)O3︸ ︷︷ ︸
ceramic

(1.1)

Furthermore, because the harmfulness of lead is not only scientifically proven
since long [21], but today is generally accepted, legislation has been enforced.
In the European Union lead is already banned for various applications under the
Restriction of the use of certain hazardous substances in electrical and elec-
tronic equipment (RoHS) directive and other regions of the world apply similar
restrictions or are about to follow. For now, application fields where hazardous
substances are unavoidable are exempt. However, the exemption clause is re-
vised every four years and it is most probable that PZT will be banned as soon
as a valid replacement is available. Therefore, lead-free piezoelectric materials
have been attracting attention worldwide as new materials in place of PZT-based
piezoelectric ceramics. As a result, during the last decade a tremendous effort in
finding lead-free ceramics as satisfactory replacements has been undertaken.

First steps towards lead-free ceramic materials suitable for practical use in
piezoelectric actuators were done at the beginning of the 21st century. Piezoelec-
tric ceramics using solid solutions of (Sr,Ca)2NaNb5O15 (SCNN [232],[39])
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and first materials with properties for the converse piezoelectric effect compara-
ble to PZT were found by the Toyota research laboratories as published in Nature
[176]. The reported composition (K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O3

(KNLNTS) showed best results. Other KNN contributions were published
later [80], [101]. More recent developments include BNLKT [238], [79] and
research on the economic preparation of KNLNTS [32]. Comprehensive re-
views on these last developments are given by [169] and [199].

Recently, piezoelectric motors using KNN and SCNN lead-free piezoelectric
ceramics have reached the prototype stage:

• KNN plate motors showed weak efficiencies and are sensible to wear and
tear [201].

• KNN-based rotary motors were evaluated [112] [113].

• Using SCNN stacks, considerable efficiency improvements were achieved
[41]. Prototype motors were tested for mobile device applications [40].

• Furthermore, LiNbO3 single crystals were evaluated [200] and a standing
wave motor was tested [202].

Notwithstanding all these arrived successes, the alternative materials only
under optimal conditions reach the performances of PZT. In some niche applica-
tion fields, those new materials appear adequate, but there is no general replace-
ment ready yet. Therefore, with the prospect of being forced to realise PUM
with less performing materials, but characteristics equivalent or better than those
currently on the market, optimal design will gain an even bigger interest.

1.3 Mechatronic System Approach
Mechatronic industry faces the somewhat paradoxical challenge to deliver ever
more performant and reliable products while being confronted to increasingly
short time to market demands and economic constraints driven by competition.
Expected to master the consequent ambition, the design engineer cannot rely on
trial and error methods any more, but is increasingly dependent on comprehen-
sive design strategies. Furthermore, mechatronic systems are combinations of
many subsystems and every one of these is modeled in different ways for opti-
misation of the criterion in question. The integration of the different subsystems
is only in its beginnings. Often the computer assisted design (CAD) model of
the mechanics is not compatible with the model of the electromechanical con-
version, which itself is not integrated with the electronic hardware model and
the software. Thereby, no mathematically funded economic cost function can be
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applied to the global system. Hence, even if optimisation procedures are applied
to individual subproblems separately, the global design will not be optimal. Only
when treating the optimal design of the subfunctions concurrently from the very
beginning of the conceptual design stage, an optimal system may be obtained. In
these circumstances the challenge arises of updating an existing product in pre-
diction of future customer needs rather than as a response to them. Possibly, the
new design therefore should respond to an eventually identified market oppor-
tunity. In the present study we address the case where a product is redesigned
using a new technology in order to evaluate the promised superiority over the
existing technology.

1.3.1 Application Example
The design methodology shall be verified with the example of a mechatronic
locking device, wherein a mechanical locking configuration must be toggled be-
tween a locked and an open state at a low response time. The load to be moved
is very small and the wanted motion range moderate. PUM respond best to the
combined challenges of high safety, high efficiency, low cost in mass production,
and easy integration into small mechatronic devices. As an additional benefit, a
dimensional analysis shows that efficiency decreases linearly with volume re-
duction, whereas a quadratic decrease is observed for wound motors[147]. Im-
portant research has been done on innovative motor concepts[221], as well as
optimisation of drive and control electronics[123]. However, efforts for optimal
integration of these contributions are still rare and, as mentioned, in many cases
position sensors are used for closed-loop control.

1.4 Dissertation Outline
With reference to the research objectives, and taking into account the actual cir-
cumstances in research on motors, sensors as well as mechatronic system devel-
opment, we identify three main issues to be addressed.

1. Direct sensors are necessary for closed-loop position control, which im-
plies low efficiency, high cost and low reliability.

2. High structural complexity of PUM leads to important manufacturing and
assembly costs. We also observe that the majority of state of the art piezo-
electric motors are driven by two or more phase shifted excitation signals
[193]. Apart from developments on power electronics for piezoelectric ac-
tuators we therefore identify the need for motors with simplified working
principles.
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3. The rather complex electronics, operating at high frequencies, are another
negative cost factor, which is an obstacle for commercialisation in many
potential application fields. Motors should be drivable by a single low
voltage signal, reducing the number, size and cost of the needed passive
components such as inductors and capacitors in the drive electronics and
obviating the need of power transformers.

In this context, we have to answer the following questions:

• How can the bulky, expensive and failure prone position sensors be effec-
tively replaced?

• Which perspectives exist for simplifying the motor structures?

• Which optimal design methods respond best to the limitations with respect
to piezoelectric materials and the particular working principles of PUM?

Aiming at a general formulation of the design methodology (Chapter 2) and
the model views for motor optimisation (Chapter 3), drive electronics design
(Chapter 4) as well as control (Chapter 5), the mechatronic locking device appli-
cation is introduced in detail only in Chapter 6. An evaluation of the performance
is reported in Chapter 7. General conclusions are drawn in Chapter 8.
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CHAPTER 2

Design Methodology

Contents
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Mechatronic Design Approach . . . . . . . . . . . . . . 13

2.2.1 Simultaneous Engineering . . . . . . . . . . . . . 14
2.2.2 Iterative Design Process for the Subfunctions . . . . 17
2.2.3 Selection . . . . . . . . . . . . . . . . . . . . . . 19
2.2.4 Implementation . . . . . . . . . . . . . . . . . . . 20

2.1 Introduction
Already prior to the appearance of digital electronics and information technol-
ogy, engineers were aware of the fact that a complex mechatronic system must
be designed according to a well defined methodology. Strategies to search for
innovative concepts, systematic methods for selecting the best one and proce-
dures for design in detail were developed. The latter consisted generally in some
kind of parametric analysis, an approach that evaluates the influence of selected
design variables on the objective. A comprehensive review on design method-
ologies being beyond the scope of this thesis, the interested reader is referred
to [145]. Some used designed experiments, allowing for parallel evaluation of

11
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several design variables, but often every variable was evaluated independently,
leading to an iterative design process [15]. The concept of a truly multidisci-
plinary design methodology however is rather new [36]. A sweeping innovation
in the field of design methodologies unfolded only with the increasing computer
performance and the consequent appearance of a variety of stochastic and deter-
ministic optimisation tools.

As a consequence, for electromagnetic motors, where the involved physical
phenomena are well understood, optimal design may therefore rely on global op-
timisation using the analytical models of the respective phenomena [29], [166]
[155]. Pursuing the same final aim, a somewhat different starting point is en-
countered for PUM.

Whereas in the field of piezoelectric actuators models are available, this is
not the case to the same extend for PUM.

In the first case, materials and the respective relations of applied charge and
resulting displacement governed by the converse piezoelectric effect are fairly
well understood [208] and referred to as what is known as the softening type
nonlinearity [149]. Analytical models simultaneously useful for design and con-
trol [109] [30] are available. Hence, self–sensing position control is a widely es-
tablished method in the fields of piezoelectric actuators, benders, cantilevers and
in active vibration damping. There, very accurate models in conjunction with
admissible assumptions for linearisation allow for self–sensing position feed-
back control using observers and similar reconstruction filter based techniques
[168] [131] [192]. Therefore, in this case, integrated measurement and power
electronics for piezoelectrical self–sensing actuators are suggested [103].

In the second case, however, when dealing with PUM, this is only half the
picture. It is at the friction interface between stator and rotor, where the nature
of the continuous motion of a PUM materialises. Comprehensive design models
were developed [239], [70], [228] and further completed [240], but useful for
control only in a very restricted way [185]. The main issue about these models
is, that as much as they are useful for design and optimisation, heretofore no
absolute rotor position detection is achieved on their basis. This is, effectively,
because these models commonly feature a concentration on design relevant vari-
ables such as steady state speed and torque, or efficiency and related design
parameters. Still more, the reason is that the amplitude-dependent nonlinearity
that greatly influences the transient dynamics of the motor along with the com-
plex stator/rotor contact phenomena, are just very complex [137]. Therefore,
what is desirable for sensorless position control, equations linking the rotor po-
sition accurately to the drive signals for every operation condition, are not yet
available.

In this respect, we first give a short overview on methods developed in the
quest to fulfill the need for methodic design. Then, we aim to point out a frame-
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work for the extension of pure model based optimisation towards a more global
approach in the field of PUM based mechatronic systems featuring sensorless
position control. Finally, a design methodology for a mechatronic system driven
by a PUM is proposed.

2.2 Mechatronic Design Approach
Commonly, mechatronics is defined as the synergistic integration of mechanical
engineering, with electronics and intelligent computer control in the design and
manufacturing of industrial products and processes [87].

Fig. 2.1 gives a generic example of an electromechanical actuator inducing
a mechanical process. First, the system is not configured optimally, as mutual
constraints among the subsystems are taken into account only superficially. Sec-
ond, because the components of the system are not designed in a global view,
but each one separately, eventual synergies cannot be recognised.

ACTUATOR MECHANICS

CONTROL
ELECTRONICS

SENSOR

DRIVE
ELECTRONICS

POWER
SUPPLY

REFERENCE /
COMMAND

information

electric
energy

measured
variables

mechanical
energy

command

information �ow energy �ow

Figure 2.1. Electromechanical system with electronic control

Integration within a mechatronic system is hence put into practice in two par-
allel modes (Fig. 2.2). While the integration of components leads to an optimal
configuration of the overall system, the integration by information processing al-
lows for replacing entire system components such as sensors and introduces new
opportunities with respect to advanced control and process supervision [86].

Rather than stringing together the components, a mechanical frame whose
external dimensions are limited by application-specific constraints houses all the
components of the mechatronic system. A power supply, often batteries, which
are however more and more replaced by energy harvesters, supplies the elec-
tromechanical actuator through dedicated drive electronics with the needed elec-
tric energy. The actuator, fully integrated into the mechanical setup, transforms
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CONTROL ELECTRONICS

POWER
SUPPLY MECHANICS

FEEDBACK

REFERENCE /
COMMAND

EXTERNAL

SUPERVISION

DIGITAL SIGNAL
PROCESSING

DRIVE
ELECTRONICS SENSOR

ACTUATOR

Figure 2.2. Mechatronic drive system

the electric to mechanical energy and induces the mechanical process. State
variables of that process are directly sensed. The boundary of actuator and drive
electronics blurs, as the electric part of the actuator itself is used to tune the drive
signal optimally.

In a similar sense, this is true for the sensor, which is however distributed
between the actuator or the mechanical process on the one side and the control
electronics on the other, and usually does not materialise in its own physical di-
mension any more. Information treated within the control electronics usually
composed mainly of a digital signal processor with its peripherals, allows for
implementing advanced feedback control algorithms. Optionally, external refer-
ences are given to the controller and some data is output for external supervision
or into a global system controller.

This highly integrated design reduces dimensions not only by optimal mu-
tual configuration of the integrated components but also by replacing former
mechanical and electronic components by software. Removing mechanical and
electronic components prone to failure also increases reliability. Generally, when
exceeding a certain number of unities in batch production, the above detailed im-
provements lead to considerable reduction of production costs.

With these definitions, we can summarise that the system design approach
consists in considering the mechanical, electronic and information processing
components as an overall integrated system from the very beginning by applying
a simultaneous engineering approach.

2.2.1 Simultaneous Engineering
Responding to those circumstances, we suggest a design methodology for mecha-
tonic systems driven by PUM. Due to the discrete nature of the design problem, a
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global deterministic optimisation based on an analytical system model is not fea-
sible. Hence, the methodology consists of a combination of local optimisation
and multiple criteria decision making strategies. The goal is to develop a design
process, where the optimal design of all subfunctions is linked to the same core
model. In concrete terms, the mechanical system, the actuator, drive electronics,
sensors and the controller are optimised, if applicable, using models based on
the same fundamental set of governing equations. The approach is introduced in
Section 2.2.1.

In this way, we are able to establish a direct relation from the requirements
of sensorless position control to the system design from the very beginning and
throughout the design process up to the outcome of the final solution. With the
mutual constraints established, every function of the system is designed using
them as boundary conditions. The resulting iterative optimisation process of the
subfunctions is introduced in Section 2.2.2.

With the aim of a globally optimal solution, we have further to choose the
components fulfilling best their respective functions. For this purpose, a well-
founded comparison method must be used (Section 2.2.3).

D esign 
requirem ents

N eed
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Solution

U nderstanding

Capture

Translate

D evelop

O ptim ise
V erify

Influence

Figure 2.3. Product creation process [161]

We have to be aware of the fact, that the design process, starting with the
requirement specifications and leading to a solution, is embedded in a larger
process of product creation as illustrated in Fig. 2.3.

At the very beginning, a need is captured. Proper understanding of it lays the
fundament for the translation to design requirements. This involves the analysis
of any component of the mechatronic system and the factors influencing it. At
this stage, the very need that emerges in the shape of customer requirements for
instance may be influenced, which is however beyond the frame of the present
work.
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For here, at the point of departure are the requirement specifications. Be-
cause the required task is not solved by one system component alone, but dif-
ferent system components solve different tasks jointly, it is impossible to design
and arrange them independently. On the contrary, mechanics, electronics and
information processing must be considered as an integrated overall system from
the very beginning of the design process. The tool used is a concurrent model
based design approach referring to a core model [171].

Model views

Once the design requirement are initially defined, simultaneous engineering starts.
A core model of the system develops for different views, while keeping the way
open for mutual constraint adjustments and dynamical integration of the results
from the other views (Fig. 2.4).

Electromechanics
FEM

Mechanics
CAD (3D drawing)

Sensors
Analytical model

Controller
Digital 

Driver
Electronic circuit

Core
model

Signal Processor

Figure 2.4. Concurrent model based optimal design

Electromechanics Starting with the stator of the PUM, a view must be devel-
oped that describes the mechanical motion. The equivalent electric circuit model
is written in a way that power from the drive electronics relates to mechanical
energy transmitted to the mechanics. The resulting differential equations are
solved by the finite element model method.

Mechanics The mechanical configuration is designed with a computer assisted
design (CAD) tool. Starting with the rotor of the PUM, which is purely me-
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chanical, it must be conceived such that an indirect measurement of the relevant
system parameters is possible. Then, the feedback to the stator must be updated
in the electromechanical model of the stator on the one hand, and the effect of
the integrated self–sensing feature must be modelled, on the other hand.

Sensor The sensor may be distributed among different subsystems of the mecha-
tronic device or even materialise simply in a particular mechanical or electrome-
chanical configuration, gaining its sensing properties only from a dedicated in-
terpretation of the electric supply signals. However that be, a model must de-
scribe its variation as a function of the mapped system parameter. This is done
preferably in an analytic manner in order to implement it easily in the control
electronics.

Control Electronics The control electronics have external references and sen-
sor data as input and output a command to the drive electronics as well as even-
tually some supervision data to be treated externally. With respect to the sensor
data, it is not simply receiving finalised data on the measured system parameter,
but rather implements the sensor itself in software using the analytical model
which describes it.

Drive Electronics The driver is commanded by the control electronics output,
and is in some way fusioned to the actuator. This in the sense that one must
consider the overall electrical characteristics of the drive-motor system in order
to design the drive signal according to the requirement specifications.

2.2.2 Iterative Design Process for the Subfunctions

As against earlier work on integrated actuator design, where integration consists
in an optimal combination of the subsystems and the decision if some desig-
nated subsystems should be implemented in mechanical or electronic form [152],
[111], [181] a further step is introduced here. On the one hand, using the advan-
tages of the piezoelectric technology, design freedom with respect to geometric
actuator shape is increased and allows for the creation of veritably integrated
direct drives. On the other hand, integration of closed loop control is pushed fur-
ther and a variable mechanical configuration of the load is converted to actuator
position information according to [147]. However, these facts do not change the
fundamental issues of integrated design, but represent only a further develop-
ment. Hence, we are eligible to base the methodology on these antecedents and
the design methodology for piezoelectric drives can follow the general concepts



18 CHAPTER 2. DESIGN METHODOLOGY

employed for electromagnetic motors [29] [166]. As explained, the design re-
quirements are in the center of any design process. Well compiled requirement
specifications are the basis for concept development and give a framework for
modelling, where a judicious constraint definition is fundamental for successful
optimisation. Once an optimal solution is found, the specifications are verified
with the design requirements and the model is updated according to eventual dis-
crepancies in order to find the final optimal solution in an iterative design process
(Fig. 2.5).

Every action taken during the process must have a clearly defined objective
in order to reach the final aim of an optimal solution in the end. The main stages
with their respective objectives are:

1. Requirement specifications Outgoing from the identified need require-
ment specifications are detailed. It is a crucial step in the design process,
as all subsequent stages rely on the requirement specifications and In the
end, performance is evaluated with respect to requirements. It encom-
passes a comprehensive definition of objective functions and global, com-
ponent level and mutual constraints among the components as well as the
definition of the figures of merit and their weighting.

2. State of the art Existing solutions to the design problem are evaluated
in order to understand their benefits and eventual inconveniences. The
gathered information lays the basis for the concept development, but by
no means replaces the original process of innovation.

3. Concept development Innovation, new concepts, generally on the basis
of existing principles, are searched for. If independent components ex-
ist, possiblities of mechanical integration and replacement of hardware by
signal processing is evaluated.

4. Selection Based on the spadework done during the specification of the
requirements, best suited concepts are selected.

5. Optimisation Employing mathematical optimisation algorithms with the
objective functions and constraints as defined, selected subsystems are op-
timised. Results are fed back to the concurrent design process in order to
implement them in the integration process (core model with concurrent
constraint adjustment. The optimisation leads to a selection of the best
solution for functional model fabrication.

6. Validation With the help of functional models the final design is refined.
A performance evaluation with respect to the requirements allows for val-
idating the design.
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7. Prototyping Final solution ready for field tests and then industrialisation.
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Figure 2.5. Optimal design process of subfunctions

2.2.3 Selection
A purely qualitative selection of solutions contains the risk of wrong decisions
due to the human factor and is therefore not worth striving for. Multiple Criteria
Decision Making (MCDM) has therefore become an important research topic
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and some achievements may be outlined here. Increasingly researched by Chen
[28] and others, different methods exist [144], up to fuzzy analytic hierarchy
processes [207].

Notwithstanding, due to two main factors, analytical MCDM methods are
not applicable as is in the present case. First, some requirements are fulfilled only
by the complete system, but not by the particular components. A purely math-
ematical method would have to consider the fact that some of the requirements
can be fulfilled through the combination of components. Second, quantification
of the decision criteria must be controllable also for intermediate performance
values, and not only at the global performance evaluation stage.

Consequently, we use a combination of figures of merit and quantitative com-
parison after optimisation to find the best solution, as illustrated in Fig. 2.6.

Principle 1 Principle 2

State of the Art and Originally Innovated Principles

Principle i

Concept 1

Modelling, Selection by Q uantita tive  Figures of Merit, Detailed Implementation of Solution

Concept j

O ptim isa tion (Iterative Design Process)

Solution 1 Solution k

 Best Solution

Selection of Potentially Suited Principles for Concept Development, Comparison by Qualitative Figures of Merit

Figure 2.6. Selection Process

2.2.4 Implementation

The methodology is implemented in the following chapters. The development
of the core model and its implementation for optimal stator design (Chapter 3) is
followed by the drive electronics design (Chapter 4), the controller development
(Chapter 5) and finally the integration of the subfunctions (Chapter 6) as well as a
performance evaluation. The process of performance evaluation is distributed as
for the implementation of every subsystem, the intermediate performance criteria
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are evaluated. Finally, performance and limitations of the complete system in
different configurations are presented in Chapter 7, and evaluated with respect
to the requirement specifications.
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Core Model and Optimal Stator Design
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3.1 Background
Piezoelectric ultrasonic motors are characterised by two stages of energy con-
version. Electrical energy is converted to mechanical vibration by the means of
the converse piezo-electric effect in the stator. At the interface between stator
and rotor, frictional coupling transforms these vibrations to a continuous motion

23
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of the rotor. This second-stage conversion of stator to rotor motion is a vibro-
impact system and inherently displays non-linear dynamics because vibration
cycles of the stator surface cease to be symmetric due to impact with the rotor
[51] (Fig. 3.1). Because friction models are non-linear and, especially in the case
of intermittent contact, become very complex [239] [70] [228] [240] [185] [128]
[180] they are clearly not useful as a basis for a sensorless position controller
and their applicability to optimisation remains disputed.

Piezoelectric
actuator

Resonator

Rotor

Friction coatingMotion of a surface point

Electrical
energy

 Mechanical
 energy

Stator

Prestressing
force

Figure 3.1. Working principle of a piezoelectric ultrasonic motor: Electrical energy is converted
to mechanical vibration by the means of the converse piezoelectric effect. A friction interface

transforms these vibrations to a continuous motion (Adaption from [211]).

3.2 Objectives
Electric equivalent models are a very useful analysis tool and are widely used for
PUM design. One of the most comprehensive approaches is the one by Sashida
[179]. An analysis model is developped in the equivalent model methodology,
representing in a very detailed manner the non-linearities and losses present in
the motor. We are looking for a strategy, which differs therefrom in two deci-
sive intentions. First, we intend to develop a controller that is able to keep the
working point of the motor in its approximately linear operation range for all op-
erating conditions, even at start-up. Therefore the motor behaviour is supposed
to be linear and only the linear operation range is modelled. Second, the working
principles of PUM being already well understood and described in the state of
the art [209] we do not aspire after a very precise analysis model. Rather, we
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must develop a model describing the electric and mechanical components of the
motor in a way allowing us to understand by and large the feedback from the
mechanics to the drive signals to be used for self-sensing position. Further, such
a model will also be useful to apprehend the results from FEM optimisation.
Therefore, the objective of this work is to use a model that can be implemented
in different views, while clearly defining the passage from one view to another.
Every view shall proof useful for the design of one of the major system compo-
nents, respectively. In this sense, after presenting the model, a view for stator
design is developped in this Chapter, a view for the design of the drive electron-
ics is implemented in Chapter 4 and finally the view for the self-sensing position
controller in Chapter 5.

3.3 Derivation of the Electric Equivalent Model
Based on the constitutive equations of piezoelectricity and the electric equivalent
model of a pieoelectric ceramic element is developped. It will conduce as core
model to the design process and to the self-sensing position controller. Details
on the notation are found in Appendix B.1.

The relative mechanical displacement S of an elastic solid under constraint
T is given by the Hooke’s Law:

S = sT (3.1)

where s is the compliance of the medium expressed in [m2/N ]. Within a dielec-
tric material exposed to an electric field E, the electric displacement D is

D = εE (3.2)

where ε is the dielectric constant of the medium expressed in [Cm/V ]. In a
piezoelectric material, the mechanical and electric effects affect each other:

direct piezoelectric effect:
∂D

∂T
6= 0 (3.3)

converse piezoelectric effect:
∂S

∂E
6= 0 (3.4)

This interaction can be approximated by linear relations among the four vari-
ables D, E, S and T , wherefrom only two are independant. Choosing arbitrarly
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one mechanical and one electric variable as independant, say S and D, the linear
relations write:

S =
∂S

∂T

∣∣∣∣
E

T +
∂S

∂E

∣∣∣∣
T

E (3.5)

D =
∂D

∂T

∣∣∣∣
E

T +
∂D

∂E

∣∣∣∣
T

E (3.6)

Using

sE =
∂S

∂T

∣∣∣∣
E

d =
∂S

∂E

∣∣∣∣
T

(3.7)

d =
∂D

∂T

∣∣∣∣
E

εT =
∂D

∂E

∣∣∣∣
T

(3.8)

Equations (3.6) yield

S = sET + dE (3.9)

D = dT + εTE (3.10)

and similarly, by choosing T and D as independant variables:

T = cES − etE (3.11)

D = eS + εSE (3.12)

The coefficients s, d, ε and e beeing the principle material constants. For
piezoelectric ceramics, they can be found only empirically and the values pro-
vided by the manufacturers diverge by up to 20%.

The piezoelectric effect being inherently anisotrope, these coefficients de-
pend on the direction. The axis definition for piezoelectric ceramics is given
in Fig. 3.2. The coordinate system is not based on the crystallographic lattice
direction, but the positive polarization direction is defined as the Z axis of the
orthogonal system. The X, Y and Z axes are respectively noted 1, 2 and 3, while
the rotations around each axis are noted 4, 5 and 6. To indicate the direction,
two indexes are attributed to the coefficients. The first defines the direction of
the cause, the second the direction of the effect.

Compliance sE13 is the compliance at constant electric field for a constraint in
direction 1 and displacement along direction 3.
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poling
axis

1
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2

3

5

6

X

Y

Z

Figure 3.2. Definition of directions

Permittivity εT33 is the permittivity for a displacement and an electric field in
polarization direction with constant constraint.

Piezoelectric constants The first index corresponds to direction of the electric
variable (field or displacement) and the second to the mechanical variable
(constraint or displacement). Hence, d13 may link both, or the displace-
ment along direction 1 to the electric field along direction 3 or the dielec-
tric displacement along direction 1 to the constraint along direction 3:

d31 =
S1

E3

∣∣∣∣
T

=
D3

T1

∣∣∣∣
E

(3.13)

3.3.1 Piezoelectric Coupling and Circuit Model
Following a method developed in electro-acoustics and since widely used in the
field of piezoelectric actuator design, it is possible to model the piezoelectric
coupling by a schematic using a bipole that realizes an ideal transformation be-
tween a mechanical and an electrical parameter. This representation is then used
to deduce an electric equivalent circuit of the piezoelectric actuator which may
be used as core model as explained afterwards.

For the derivation of the electric equivalent circuit we consider a square
piezoelectric sample clamped to the bottom according to [173], which repre-
sents a very simple realisation of a piezoelectric actuator (Fig. 3.3). The model
obtained in such a way is then easily extensible to different and more complex
motor configurations. The procedure allows therefore for obtaining an equiva-
lent circuit model that is valid for all piezoelectric motors treated in this work.
Defining:

ξ Displacement of the top face defining a speed v = ξ̇,
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poling
axis
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F,ξZ

b

a
a

Figure 3.3. Piezoelectric plate

Q Electrical charge defining an electric current i = Q̇,

Uc Voltage applied to the electrodes,

Fc Traction applied to the plate,

d Piezoelectric charge constant,

and supposing small variation around static values, charge and displacement may
be expressed as linear functions, respectively:

Q = dFc (3.14)

where d is the piezoelectric charge module in C
N ,

ξ = dUc (3.15)

where d has the unities m
V .

When voltage Uc and traction Fc are applied simultaneously, the displace-
ment is the sum of the one induced by the applied voltage given in Equation 3.15
and the one due to the applied force, calculated applying the compliance of the
short-circuited piezoelectric plate C: ξ = CFc. Similarly, electrical charge is
the sum of Equation 3.14 and the charge induced by an applied voltage on the
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unconstrained piezoelectric plate, calculated with its free static capacitance C ′0:
Q = C ′0Uc. The piezoelectric coupling is hence defined by:

Q = C ′0Uc + dFc (3.16)

ξ = CFc + dUc (3.17)

The sinusoidal steady state solution of these equations writes:

I = jωC ′0Uc + jωdFc (3.18)

v = jωCFc + jωdUc (3.19)

Electrical branch

v

Mechanical branch

I
C’0

F

(-d/C’):1

cUc

0

C’

Figure 3.4. Equivalent Circuit

The piezoelectric coupling coefficient (jωd)−1 defines the ratio of voltage
Uc to speed v of the unconstraint piezoelectric element and, reciprocally, the ra-
tio of force Fc to current I with short-circuited electrodes. It is an imaginary
number as the coupling equations are written as functions of the characteristic
parameters Uc, I , Fc, v, and not as functions of the effectively coupled variables
voltage and displacement as well as force and charge. Therefore, the piezoelec-
tric coupling can not be represented by a simple two port device, because as well
in the case of a transformer as for a gyrator, the respective ratios must be real
numbers.
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Electrical branch Mechanical branch

I

C0

(-C/d) :1
C

FcUc

v

Fi

Ii
node

mesh

Figure 3.5. Equivalent Circuit

From the schematic representation given in Fig. 3.5 the coupling is defined
with equations (3.20) and (3.21):

Uc =
−C
d
Fi (3.20)

Ii =
d

C
v (3.21)

With Kirchhoff [92] we write the nodal rule of the electric branch

I − UcjωC0 − Ii = 0 (3.22)

and the mesh rule of the mechanical branch

Fi +
v

jωC
− Fc. (3.23)

Plugging (3.20) into (3.23) we find the piezoelectric coupling equation for
displacement (3.19)

v = jωCFc + jωdUc (3.24)

and using (3.22) with (3.21) , (3.23) and (3.20) , we find

I = jωUc

(
C0 +

d2

C

)
+ jωdFc (3.25)
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which equals (3.18) for

C ′0 = C0 +
d2

C
. (3.26)

With respect to Fig. 3.4, we are now able to determine the static capacitor
in blocked state (v = 0) C0 and the mechanical compliance C ′ in open circuit
condition using (3.26):

C0 = C ′0 −
(
d2

C

)
(3.27)

C ′ = C −
(
d2

C0

)
(3.28)

The coefficient
(
d2

C

)
links the equivalent capacitance Cm to the mechanical

compliance C

(
d2

C

)
=
(
d

C

)2

C = Cm (3.29)

because
(
d
C

)2
is the inverse square of the transformer ratio in the quadripole

representation [91].
This validates the representation of the piezoelectric coupling by the schematic

of Fig. 3.5.
Defining the relative variables according to the piezoelectric plate (Table

3.1), the equations governing the piezoelectric coupling (3.16) and (3.17) are
linked to the constitutive Equations:

AD = ε
A

b
bE + dAT (3.30)

bS =
b

ẼA
AT + dbE (3.31)

The compliance matrix for constant electric field sE = 1
Ẽ

and permittivity
for constant stress εT = ε̃ yield the constitutive Equations

D = dT + εTE (3.32)

S = sET + dE. (3.33)
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Variable Definition SI units

Relative displacement S = ξ
b [−]

Stress T = Fc
A [N/m2]

Electric field E = Uc
b [V/m]

Electric displacement D = Q
A [C/m2]

Static capacity C ′0 = ε̃A
b [F ]

Compliance C = b
ẼA

[m/N ]

Table 3.1. Piezoelectric plate equations

3.4 FEM View of the Core Model

For the derivation of the FEM model we start with the constitutive equations
of piezoelectricity with T and D as independent variables given in (3.12). In
order to solve these equations according to the theory of finite elements, the set
of differential equations must be completed by defining the respective relations
among the involved quantities [110].

The elastic behaviour of the piezoelectric media is expressed by Newton’s
Law

F =
∂

∂t

(
ρ
∂ξ

∂t

)
(3.34)

and writes with force defined as the divergence of the dyadic stress tensor T ,
F = ∇ · T :

∇ · T =
ρ∂2ξ

∂t2
(3.35)

with the density of the piezoelectric medium ρ and the mechanical displacement
ξ. Further, the electric behaviour assuming insulating piezoelectric media is
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given by the Maxwell’s Equation.

∇ ·D = 0 (3.36)

Expressing the electric field in terms of electric potential Φ

E = −∇Φ (3.37)

and the mechanical strain in terms of the mechanical displacement ξ

S =



∂
∂x 0 0
0 ∂

∂y 0
0 0 ∂

∂z
∂
∂y

∂
∂x 0

0 ∂
∂z

∂
∂y

∂
∂z 0 ∂

∂x


ξ = Bξ (3.38)

we can solve the now complete set of differential equations (3.12 and 3.35-3.38)
with appropriate boundary conditions for mechanical displacements and forces,
as well as electrical potential and charge using Hamilton’s variational principle
as extended to piezoelectric media [206].

δ

∫
Ldt =

∫
(Ed − Ee + Ec +W ) dt = 0 (3.39)

with δ denoting the first-order variation.
The energies described by the Lagrangian term are the dielectric energy

Ed =
1
2

∫∫∫
V

DtE dV, (3.40)

elastic energy

Ee =
1
2

∫∫∫
V

StT dV, (3.41)
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kinetic energy

Ec =
1
2

∫∫∫
V

ρξ̇2 dV, (3.42)

and work done by the exciting electrical field and externally applied forces

W =
∫∫∫
V

ξtFB dV+
∫∫
AF

ξtFS dAF−
∫∫
AC

ΦQS dAC+
∑

ξtFP−
∑

ΦQP

(3.43)

where
V Volume of the piezoelectric medium [m3]
AC Surface where charges are applied [m2]
AF Surface where forces are applied [m2]
FB Vector of mechanical body forces [N/m3]
FS Vector of mechanical surface forces [N/m2]
FP Vector of mechanical point forces [N ]
QS Surface charges [As/m2]
QP Point charges [As]

On this basis FEM consists in the subdivision of a complex system to be com-
puted into small discrete elements defined by their nodes, where the mechanical
and electrical quantities ξ, F , Φ and Q are calculated. The process of subdi-
vision may be automated and is called meshing. The values of these variables
are determined at an arbitrary position of the system by a linear combination of
polynomial interpolation functions N(x, y, z) and the nodal point values of the
variables as coefficients. Instead of building the FE model by defining every sin-
gel node of every element individually, we exploit the powerful tools provided
by the commercial FEM software Ansys1. A CAD model thoroughly designed
for FEM serves as solid model for Ansys. It is defined by key points, lines, ar-
eas and volumes. Functioning as a basis for generating the FE model, the solid
model must anticipate the particularities of meshing. Furthermore, a dedicated
element design ascertains precision and avoids errors during the solving process.
We choose the 10-node tetrahedral element with quadratic displacement behav-
ior, designated as SOLID98 by Ansys, which is well suited to model irregular

1Ansys is a software for finite element modeling for the solution of non-linear problems in the
fields of fluid- and thermodynamics, piezoelectricity and electromagnetism. www.ansys.com
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meshes. For instance, the displacement ξ is then evaluated as

ξ(x, y, z) =
10∑
i=1

(Nξ,i(x, y, z)ξi(xi, yi, zi)) (3.44)

where Nξ,i is the interpolation function of the displacement.
The other variables are interpolated by analogy, using appropriate interpola-

tion functions. With the vector of nodal point displacements ξi (order 30), and
analogically, for the nodal forces Fi, electric potentials Φi and charages Qi.

With the interpolation functions for the displacement N ξ and the electric
potentialNΦ, (3.37) and (3.38) write:

E = −∇Φ = ∇ (NΦΦi) = −BΦΦi (3.45)

S = Bξ = BNξξi = Bξξi (3.46)

where Bφ and Bξ are the spatial derivatives of the respective interpolation
function arrays.

The solution of the Lagrangian (3.39) by applying the aforementioned ap-
proximation yields the set of linear differential equations that describe one single
piezoelectric finite element [42].

Finally, for the complete mesh, the differential equations for each finite ele-
ment are collocated to (3.47), where forces and electric potentials are averaged
to F and Φ on the region of interest.

[
M 0
0 0

] [
∂2ξ
∂2t
∂2φ
∂2t

]
+
[
C 0
0 0

] [
∂ξ
∂t
∂φ
∂t

]
+
[
Kξξ Kφξ

Kξφ Kφφ

] [
ξ
φ

]
=
[
F
Q

]
(3.47)

with the globally assembled field quantities as defined for numerical solution
with Ansys:

M = ρ

∫∫∫
V

N t
ξNξ dV (3.48)
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the mass matrix,

Kξξ = ρ

∫∫∫
V

N t
ξCNξ dV (3.49)

the stiffness matrix,

Kφφ = ρ

∫∫∫
V

N t
φεNφ dV (3.50)

the dielectric matrix,

Kξφ = Kt
φξ = ρ

∫∫∫
V

N t
ξdNφ dV (3.51)

the piezoelectric coupling matrix.
The Rayleigh damping matrix is expressed as

C = αM + βKξξ (3.52)

where α is the mass damping and β the stiffness damping. These constants
must be determined from two target damping ratios corresponding to two se-
lected modes of vibration [42]. The mass damping constant being close to zero
in our application [151], only β was considered for the numerical simulations.

3.5 Stator Optimisation Methodology
To respond to the need for efficient optimisation procedures adapted to the FEM
simulation based design of piezoelectric motors, we use a dedicated design method-
ology that combines sensitivity analysis and FEM based optimisation algorithms
[47]. It allows for well understanding the influence of the geometrical and phys-
ical parameters on the movement of the motor. The parameters with an impor-
tant impact on the objective function, the vibration amplitude of the stator, are
free during optimisation, the others are fixed. The methodology is applicable to
any PUM topology and will be applied similarly for designing linear and rotary
single-phase PUM with the goal of maximising output speed, force and torque,
respectively. This is achieved by optimising the actuator geometry in order to in-
crease the vibration amplitudes that cause the continuous movement. First of all,
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the motor structure is parametrised. Then, with the aim of reducing the number
of simulations, but also in order to limit the variation ranges of the simulation
parameters, a preoptimisation stage is necessary. Thus, sensitivity analysis is
carried out using design of experiments, which is a good way to obtain the in-
fluence of the input parameters on the objective function [15]. An optimisation
study, based on the results from preoptimisation, is then realised using Ansys.
The resonator shapes obtained at each stage of this optimisation process are fab-
ricated and analysed in order to validate the design methodology in the case
of the linear motor. After the successful validation we directly manufacture a
functional model of the final optimised design in the case of the rotary motor.
Interferometric vibration measurements validate quantitatively the FEM model
along with the suggested design methodology.

3.5.1 FEM Based Design Optimisation
A sensitivity analysis allows for selecting significant design variables of a numer-
ical model. The selected variables are then assigned as free parameters in a FEM
based optimisation algorithm. The insignificant variables are fixed. Hereby the
restriction of free variables reduces considerably the calculation time necessary
for the optimisation without reducing the accuracy of the results.

3.5.2 Finite Element Method
FEM simulations are used first to perform the modal analysis and then to calcu-
late the modal shapes at the selected frequencies with the respective harmonic
and transient analyses. The particular methods are explained in Appendix B.2.

3.5.3 Preoptimisation
The objectives of the preoptimisation stage are twofold. On the one hand we
aim to understand the influence of the different design variables on the objective
function. Only those with an important influence are used for the optimisation in
order to reduce calculation time. On the other hand, the fact to vary the design
variables for the sensitivity analysis leads already to a preoptimised motor design
[46]. The sensitivity analysis is performed according to the following steps:

• definition of the parameters to be analysed as design variables,

• creation of sets of values of the design variables according to an experi-
mental design,

• FEM simulations,
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• saving of the results vector,

• determination of the most significant design variables.

Interpretation,
 visualization

Sensitivity analysis

   Result �le
«RES�le.txt »

Reference �le 
«REF�le.txt»

input «SIM�lexx.txt»

  Simulation �les 
(Doehlert design)

«SIM�lexx.txt»

MATLAB

ANSYS

MATLAB

MATLAB

Ansys
SIM�le REF�le Simulation RES�le

!sim_�le.txt
...

U=300
T=20
F=30100
...

!REF�le.txt
/input,SIM�le,txt
/PREP7
!ElementType
...
*CFOPEN,RES�le,txt
*VWRITE,UY11258(1)
(6x,f12.6)
*CFCLOSE
...

%interactive.m
...

sim_�le(f)=fopen(‘SIM�le.txt’,‘w’);
fprintf(sim_�le(f),‘U=%g\nT=%g\nF=%g\n’,SIMmat(f,:));
...

[s, w] = dos([‘ansys71 -b -i REF�le.txt -o REF�le.out -p ansysrf']);
...
�dres = fopen(‘RES�le.txt’,‘r’);
N(f)=fscanf(�dres,‘%g’);
fclose(�dres);
...

Matlab

Figure 3.6. Steps of the preoptimisation procedure [47]

These different steps are carried out by using the Matlab2 software in con-
junction with Ansys. The first one is used to create simulation files by varying
the design variables according to the selected method. Once these files are cre-
ated, they are used in a reference file that is launched n times toward Ansys via
Matlab in batch mode in order to execute the simulations according to the experi-
mental design. At the end of each simulation, a result file is created by Ansys and

2Matlab is a commercial, platform independant software for the solution of mathematical prob-
lems and the graphical representation of results. It is particularly designed for matrix calculation,
wherefrom its name is derived: MATrix LABoratory. www.mathworks.com
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treated with Matlab, which stores the obtained results in a vector. This answer
vector is then analysed to determine the most significant design variables. The
employed routines as well as the various interactions between the two softwares
are illustrated with Fig. 3.6.

The performed sensitivity analysis is basically a Taylor approximation around
the initial input configuration of the system. The influences of the system vari-
ables on the function are given by the first order derivatives and the interactions
among them are the derivatives with respect to the different variables.

Say the considered system is described by a function f , which relates the
design variables x∗1, . . . , x

∗
d to an output y.

The second order Taylor approximation for a function with two design vari-
ables x∗1, x

∗
2 with the center of approximation at x∗1m, x

∗
2m is given by:

y(x∗1, x
∗
2) = f(x∗1m, x

∗
2m) + fx∗1 (x∗1 − x∗1m) (3.53)

+ fx∗2 (x∗2 − x∗2m) + fx∗1x∗2 (x∗1 − x∗1m)(x∗2 − x∗2m)

+ fx∗1x∗1 (x∗1 − x∗1m)2 + fx∗2x∗2 (x∗2 − x∗2m)2

In the sensitivity analysis we make a transformation of coordinates into the
center of approximation (at x̄∗m) and normalize the coordinates with dxi.

x1 =
x∗1 − x∗1m
dx1

(3.54)

x2 =
x∗2 − x∗2m
dx2

(3.55)

The variance of the input variable in the analysis, dxi, we can choose freely. It
is the average between the maximum and the minimum values for the design
variables in the simulations and defines how close to the center we place the
points for the approximation.

dxi =
x∗imax − x∗imin

2
(3.56)

Introducing the following definitions
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a0 = f(x∗1m, x
∗
2m) (3.57)

a1 = fx∗1dx1 (3.58)

a2 = fx∗2dx2 (3.59)

a11 = fx∗1x∗1dx
2
1 (3.60)

a12 = fx∗1fx∗2dx1dx2 (3.61)

a22 = fx∗2x∗2dx
2
2 (3.62)

(3.63)

we may write the response function based on the taylor approximation as:

y(x) = a0 + a1x1 + a2x2 + a11x
2
1 + a12x1x2 + a22x

2
2 (3.64)

By extending this representation of the response function y(x) to d design
variables, (3.64) yields:

y(x) = a0 +
d∑
i=1

aixi +
d∑

i=1,j=1

aijxixj + · · ·

d∑
i=1,j=1,k=1

aijkxixjxk + · · ·+ ai...dxi...xd

(3.65)

The coefficients a0, a1, . . . shall be called the effects of the xi factors. One
makes the distinction between:

a0 constant effect (equal to the experiments mean),

ai main effects,

aij effects of the first order interactions,

aijk effects of the second order interactions.

Effects of third or higher order interactions are generally not useful.
Equation (3.65) describes the so called response surface of the considered

system. It is an approximation of its behaviour around the center of the ap-
proximation at x̄∗m. The goal of a sensitivity analysis is to determine the coef-
ficients of this formula and by that to get quantitative values for the influence
of the different parameters and of their interactions. After we have determined
those coefficients we can use the formula to predict the response of the system
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at points where no experiment was carried out. The precision of the approxi-
mation depends on the order of the approximation. Of course, the accuracy of
the calculated results will increase the closer we get to the center of approxima-
tion. Beyond the study of the influence of the design variables we can use the
response surface methodology to find a minimum or maximum of the response
of our system. The coefficients indicate the direction of such maxima/minima
and we can change the design variables accordingly. Because too big changes
may give wrong results (because it is a local approximation), we have to apply
small changes and carry out new approximations at the new input configurations.
Like this we will find an optimum after several iterations. Nevertheless, it can
happen that the maxima/minima found with the help of this method are only lo-
cal maxima/minima of the response of the system. If this happens we have to
restart the iteration at a new point, that is, a new input configuration.

Figure 3.7. Response surface analysis illustrated for two factors.

The relation of simulation space and the response surface is illustrated in Fig.
3.7 in the case of two design variables. A response surface design according to
Doehlert reduces the number of simulations to be executed in comparison to
factorial or composite designs. With d design variables, n = d(d + 1) + 1
simulations must be executed. In matrix notation, which is best adapted for the
use with Matlab and Ansys, the matrix of simulations E for n simulations is
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given by:

E =


x11 x12 · · · x1d

x21 x22 · · · x2d

...
...

...
...

xn1 xn2 · · · xnd

 (3.66)

Transformed into the absolute coordinate system, where xim are the mean
values of the design variables i at the center of approximation:

E∗ =


x11 x12 · · · x1d

x21 x22 · · · x2d

...
...

...
...

xn1 xn2 · · · xnd




dx1 0 · · · 0
0 dx2 · · · 0
...

...
...

...
0 0 · · · dxd

 (3.67)

+


x1m x2m · · · xdm
x1m x2m · · · xdm

...
...

...
...

x1m x2m · · · xdm

 (3.68)

Hence we can write the model matrix X as:

X =


1 x11 x12 · · · x11x11 x11x12 · · · x11x11x11 · · ·
1 x21 x22 · · · x21x21 x21x22 · · · x22x22x22 · · ·
...

...
...

...
...

...
...

...
...

1 xn1 xn2 · · · xn1x1 xn1xn2 · · · xn2xn2xn2 · · ·


(3.69)

With the vector of coefficients

A =
(
a0 a1 a2 · · · a11 a12 · · · a111 · · ·

)T
(3.70)

the response function (Equation (3.65)) for n simulations is written in the fol-
lowing form:

Y = XA (3.71)

The simulation matrix has the elements xij . The xij are the simulation value
xj of the simulation i.
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With the response vector Y obtained from FEM simulation, the coefficients
are calculated:

A = (XTX)−1XTY (3.72)

3.5.4 FEM Optimisation
Topology optimisation of piezoelectric actuators was investigated with the con-
clusion that the efficiency improvements were not justifying the far more com-
plex fabrication of the non-standard topologies [191]. Promising for piezoelec-
tric actuators, thinfilm applications and microfabrication in general, the method
is not applicable to PUM at the current stage of research [22].

Therefore, because original research on the subject of topology optimisation
is beyond the frame of this dissertation, a FEM optimisation algorithm imple-
mented in Ansys is used to maximise the displacement of the stator by geometric
optimisation in accordance with the geometry defined for preoptimisation.

The FEM optimisation using the Ansys optimisation module involves sev-
eral steps. First, an analysis file to be used during looping must be created. It
builds the model parametrically, obtains the solution, and retrieves and assigns
the response quantities that are used as state variables and objective function to
the parameters. Finally, the design variables and the objective function must be
declared and the optimisation method must be defined.

The design variables are the variables that are modified during the optimisa-
tion process. They are selected out of the input variables used in the sensitivity
analysis. The calculation time increases strongly with the number of design vari-
ables. Hence, we select the significant input variables as design variables and
drop the insignificant ones. As we have seen in Section 3.5.3, due to a judicious
sensitivity analysis, the fact of using only a restricted set of design variables
does not influence the optimisation results. As Ansys minimises the objective
function and we are searching for the maximum, the negative displacement is
used as objective function. The first order method is used while choosing the
default values provided by Ansys for the line search step size and the forward
difference for the gradient computation. The optimisation is run in batch mode
for efficiency reasons.

The first order method converts the optimisation problem to an unconstrained
one by adding penalty functions to the objective function. It uses gradients of the
dependent variables with respect to the design variables. For each iteration, gra-
dient computations are performed in order to determine a search direction, and
a line search strategy is adopted to minimise the unconstrained problem. This
results in several analysis loops for each optimisation iteration. The optimisation
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loop terminates when the change in objective function either from the best de-
sign to the current design or from the previous design to the current design is less
than the objective function tolerance. The tolerance is defined as 1 percent of the
current value, which is the Ansys default. Moreover, the maximum number of
iterations is fixed in order to terminate the optimisation loop when none of both
above-mentioned terminal conditions is reached.

Because the first order method, if the starting points of the design variables
are not chosen appropriately, presents the risk of finding local minima of the
objective function instead of the global minimum, the optimisation results are
verified with the subproblem approximation method.

Further information on the particularities of the first order optimisation method
implemented in Ansys is available in the theory reference for ANSYS and AN-
SYS Workbench [3]. Sections 6.5.1 presents an experimental validation of the
optimisation methodology.
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4.1 Introduction
Along with sensorless control methods, optimally designed drive electronics are
of significant importance when searching to increase efficiency of a mechatronic
system. A generally accepted method for the design of motor drive electronics is
the numerical simulation of the electronic circuitry with PSpice. To be able to do
this, we need a load model, which translates to represent the piezoelectric motor
by an electric equivalent model. In addition to the electric equivalent represen-
tation of the piezoelectric coupling, the mechanical load will be integrated in the
electric equivalent model, which will in this way represent the complete driver-
motor system. After recalling the drive requirements, a review of the literature
on piezoelectric motor drivers is done. It shall give an overview on the most
common approaches and state their respective advantages and inconveniences.
On this basis, three concepts, a piezoelectric transformer based driver, as well
as LC and LLCC resonant converters are evaluated in more detail. A full ana-
lytical model of the electronics-motor system may prove useful for design and
control. But only if, for the first case, precision is high enough, and, additionaly,
for the latter case, the model is simple enough to permit real time control. Both
challenges were met up to some extend, but with important restrictions. Murphy
in the case of a piezoelectric stack transducer uses a complete transducer model
to compute the electric impedance over a large frequency range [136]. On the
one hand, this model is not easily extendable to other motor configurations than
stack actuators. On the other hand, we do not necessarily need a model for a
large frequency range, but an accurate model valid around resonance. Naka-
gawa [137], Maas [128], Bullo [18], Giraud [59], McFarland [70] and others did
not suggest a model based control for industrial use, but rather for laboratory
experiments. These analysis and design models are therefore not useful for the
indirect position detection objective. Hence, we rely on the equivalent electric
circuit methodology adapted from electro-acoustics [173] succesfully applied to
some extend [147] [122] [99] and extended in Section 4.2 in sight of design for
self-sensing.

4.1.1 Drive Requirements
PUM are nowadays established as an alternative to electromagnetic drives in
particular niche markets. The predominance of small motors and the main ap-
plication field being mobile devices, the motors we focus on in this work must
be supplied from battery or energy harvesters. Depending on the application the
available voltage of such power sources ranges from 3 V to 10 V DC and peak
currents should be kept below 100mA. Furthermore, the piezoelectric ultrasonic
motors dedicated to these application fields operate in the 100 kHz frequecy
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range. This implies some constraints on the drive electronics with respect to
time constants. In order to reduce stress in the piezoelectric element to increase
its longevity on the one hand and reduce losses on the other hand, the harmonics
of the drive signal should be suppressed. In other terms, a pure sine wave should
be used to supply the piezoelectric ultrsonic motor.

4.2 Electric Equivalent Circuit
The replacement of the mechanical branch by its electric equivalent in the repre-
sentation of Fig. 4.1 will lead to the electric equivalent circuit representation of
the piezoelectric coupling as shown in Fig. 4.2.

Electrical branch

v

Mechanical branch

I

C0
F

(-C/d) :1

eUc

C

Fi FcUi

Z

Figure 4.1. Caracteristic circuit model

Z m

L m

Uc R 0                              C0

Cm R m

UF

I Iv

Figure 4.2. Electric equivalent circuit of the motor

C0 is the static capacitor and Cm represents the equivalent compliance of
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the piezoelectric resonantor and is defined in (3.29). R0 displays the dielectric
losses in the piezoelectric element. The equivalent inductance

Lm = me

(
d

C ′0

)2

(4.1)

is an image of the vibrating active mass. It is found via the kinetic energy.
Reasoning with the example of the piezoelectric plate (Fig. 3.3), with b+ ξ ∼= b
along the z-axis and supposing the mass homogeneously distributed along b.
Then, the kinetic energy stocked in the element dz of z is

dEc =
mv(z)2

2b
dz (4.2)

where v(z) = zv
b . Integration yields the total kinetic energy

Ec =
∫ b

0

dEc =
1
2
m

3
v2. (4.3)

Hence, me = m
3 .

Zm represents the electric equivalent of the mechanical impedance in contact
with the piezoelectric element. It represents generally the mobile part of the
motor.

Some authors [179], [214] suggest to introduce losses into the equivalent
circuit model as shown in Fig. 4.3a. RF and Cr are an equivalent representation
of the slip phenomenon between the stator and the rotor, Rr models mechanical
losses resulting from the movement of the rotor, and RL is the equivalent load.

Two main reservations lead to the conclusion that for the present application
such a detailed model is inadequate. First, no reliable identification method for
all of the parameters representing the different loss factors is available. Second,
comparison of both, the simple model developed here and the model of Sashida
with approximate loss factors shows that around resonance where the model is
valid, the difference is too small in order to justify the considerably increased
complexity of the model. Similarly, a cascaded multimode electric equivalent
model (Fig. 4.3b) is not useful, as we cosider only the variations of frequency
characteristics strictly around the selected resonance frequency.

Plotting admittance and phase of the input impedance of the electric equiva-
lent circuits illustrates the close match of the complex and simple models around
resonance (Fig. 4.4). The motional admittance model of Fig. 4.2 and the cas-
caded circuit model of Fig. 4.3b are compared to a static model where the PUM
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Figure 4.3. Equivalent electric models taking into account a) losses and b) multiple modes

is modelled simply by its static capacitance C0. The numerical values of the
shown example with resonance frequency at 385 kHz and the corresponding
matching circuit are given in Tables 4.1 and 4.2, respectively.

4.3 Resonance Matching and Oscillation Condition

The motional capacitance Cm and motional inductance Lm in the electric equiv-
alent circuit represent stiffness and the inertia of the vibrator, respectively. The
mechanical losses of the vibrator are modelled with Rm.

The sharpness of the resonance is indicated by the quality factor Qm:

Qm =
1

ωmCmRm
(4.4)

Using the mechanical quality factor, we may define a figure of merit Mp
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Table 4.1. Numerical values of the evaluated motor models

Cascaded circuit model

Parameter Rm,1 Lm,1 Cm,1 Rm,2 Lm,2 Cm,2
Value 2500 Ω 137 mH 3 pF 1950 Ω 100 mH 2 pF

Parameter Rm,3 Lm,3 Cm,3 Rm,4 Lm,4 Cm,4
Value 2500 Ω 30 mH 5 pF 2800 Ω 90.9 mH 1 pF

Motional admittance Static Capacitor

Parameter Rm Lm Cm C0

Value 97.1048 Ω 5.11 mH 32.9 pF 557 pF

Table 4.2. Numerical values of the evaluated motor models

Parameter Rs Ls Cs Lp

Value 20 Ω 0.3 mH 560 pF 0.3 mH

defining the ratio of consumed reactive power to active power useful for motion:

Mp = Qm
Cm
C0

=
1

ωmRmC0
(4.5)

For optimal power transfer, the motional admittance Ym of the excited sys-
tem must equal the electric admittance Y . This translates to matching the electri-
cal resonance frequency to the mechanical resonance frequency of the ultrasonic
motor.

The motional admittance in terms of the (4.4) yields:

Y m =
1

Rm(1 + jQm( ω
ωm
− ωm

ω ))
(4.6)

where the dissonance between the mechanical resonance and the excitation is
expressed with ω

ωm
− ωm

ω .
Using this expression, the total admittance seen by the supply when consid-

ering the static capacitance of the piezoelectric vibrator C0 can be approximated
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Figure 4.4. Comparison of the cascaded model implementing parasitic modes, the model
implementing a single motional branch and the simplified model only implementing the static

capacitance.

around resonance as:

Y = Y 0 + Y m = jωC0 +
1

Rm(1 + jQm( ω
ωm
− ωm

ω ))
(4.7)

The admittance magnitude maximum at the mechanical resonance frequency
is slightly shifted with respect to the first zero crossing of admittance phase at
serial resonance ωs. Similarly, antiresonance, where the admittance magnitude
is minimal, does not coincide with the second zero crossing at parallel resonance
ωp. This situation is well illustrated by the off-centred unity circle in the admit-
tance locus in Fig. 4.5.

For a given frequency, which is in our case the mechanical resonance fre-
quency where vibration amplitude is maximal, this effect of the static capacitor
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Figure 4.5. Admittance locus of the piezoelectric element

can be compensated by an inductor Lp in parallel to C0:

Lp =
1

ω2
mC0

(4.8)

This inductor consumes the reactive component of the current and hence the
corresponding unity circle in the admittance locus is centered at the real axis.
The mechanical resonance frequency fm and the series resonance fs are thus
equal in the ideal case of perfect matching. The parallel resonance fp disappears
[147].

With these definitions the conditions for oscillation can be stated according
to the general oscillator theory [26]:

1. Amplitude condition: The loop gain must be equal to or greater than 1

2. Phase condition: The loop phase must be zero (or equal to an integer
multiple of 2π).

For design purposes, the phase condition may be expressed in terms of the
electric equivalence. As aforementioned, the admittance locus must cross the
real axis. With the imaginary coordinate of its center given as ωmC0 and its
radius 1/2Rm, this condition yields:

ωmC0 ≤
1

2Rm
(4.9)

In terms of the figure of merit (4.5) the oscillation condition is Mp ≥ 2.
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4.4 State of the Art

A variety of driving principles for piezoelectric motors exists, most having in
common a method to increase the voltage amplitude of a high frequency supply
signal.

4.4.1 Linear Amplifier

The drive electronics play a key role for maximum performance of piezoelec-
tric nanopositioning stages, tip-tilt mirrors and actuators. Ultra low noise, high
stability servo controllers and linear amplifiers are essential there, because piezo-
electric actuators respond to even microvolt changes of the control voltage with
motion [31]. The high intrinsic losses of amplifiers operating as variable re-
sistors, however, make such configurations little attractive for ultrasonic piezo-
electric motors, where the negative influence of a small amount of total harmonic
distortion on operation is not detectable and its effect on longevity is neglectable.

4.4.2 Switching Amplifier

Having excluded linear amplifiers, we will hence rely on some sort of switching
amplifier to generate the high frequency drive signal in the range of hundert to
several hundreds of kHz. A multitude of concepts and analysis are found in
literature, among which the most relevant are listed in Fig. 4.6 [33] [98] [115]
[116] [114] [223] [225] [150].

ENERGY
HARVESTER

BATTERY OR
SUPERCAP

STEP DOWN

TANK CIRCUIT

PUSH PULL

STEP UP

FLYBACK

PUSH PULL

FULL BRIDGE

HALF BRIDGE

POWER SOURCE      DC DC CONVERTER DC AC CONVERTER     

GRID
230V  50Hz

LOW PASS F LTER

TRANSFOMER LC /LLCC
RESONANT

FILTER

PIEZOELECTRIC
TRANSFORMER

CONVENTIONAL
TRANSFORMER

Q COMPENSATION

MOTORFILTER/TRANSFORMER

Figure 4.6. Driver configurations using switching amplifier.

Particular developments include self-adjusting power sources [9], [10] and
energy feedback configurations (Fig. 4.7 [123]).

Due to their oversize, they are however not suited for mobile and other ap-
plications where available space is restricted and weight must be minimal. For
the same reason, half-bridge configurations are prefered instead of full-bridges
and no electromagnetic transformer can be used.
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Figure 4.7. Resonant converter with energy feedback

4.4.3 Piezoelectric Transformer

Although the concept of a power transformer based on mechanical vibrations
instead of electric fields was introduced by Rosen in the fifties [172], suitable
materials only appeared in the eighties [38] and widespread application of the
technology started with LCD backlighting in the ninetees of the last century
[102]. Piezoelectric transformers have then been used to realise power convert-
ers of very high efficiency [117]. Fundamental limits on energy transfer were
investigated [51], [100] and optimal working point tracking operation allows
for maximising efficiency [119]. High power implementations are investigated
[160]. An in-depth state of the art on piezoelectric transformer technology is
beyond the scope of this work and can be found in [81]. Currently, two configu-
rations have found widespread application, IHB and CLE inverters [236].

Cp C0

R m

Cm

L m

L s

UcUdc L pT1

T2

Figure 4.8. Converter using a piezoelectric transformer to supply the voltage Uc to the
piezoelectric motor

When used as step-up converter, an additional switching stage (half-bridge)
is necessary, which cancels out somewhat the efficiency gain of the drive system
in the case of ultrasonic motors, adds additional components and cost. Much
more interesting would be to combine the piezoelectric transformer with the
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motor in order to transform directly the drive voltage to the needed amplitude
[104], [132]. Two concerns appear with such a configuration (Fig. 4.8): First,
the transformer must be able to transmit the necessary power to the motor, and
second, the resonance frequency of both must be very close. While recent PT
reach 97% efficiency up to 40 W output power, this is only true at a very narrow
frequency range around resonance . Hence, not only should motor and trans-
former have the same resonance frequency, but also, the drift with temperature
must be of the same order. The generally employed solution for the temperature
drift problem is a PLL phase controller to track resonance frequency and hence
the optimal working point [118]. More impeding is even the fact, that no straight
forward solution exists for compensating the drift in motor resonance frequency
depending on the applied load. Considering these arguments, the piezoelectric
transformers are not yet an alternative to conventional step-up converters in mo-
tor drive applications, but remain mainly bounded to the backlight power supply
and active damping [23] application.

UdcUs

T1

T1

R mCmL m

R’load

C’out

C in

Figure 4.9. Piezoelectric step-up converter. The piezoelectric transformer is represented by its
electric equivalent circuit [94]

Packaging of piezoelectric transformers is a major challenge and curbs the
rapid commercialisation of more general purpose devices. The vibrations of the
transformer must not be damped, else the efficiency decreases harshly. A good
thermal transfer must be enabled, too. The only way, therefore, to package the
device is to grasp it exactly at the nodes of the mechanical displacement. For this
reason, some authors suggest to excite the second harmonic instead of the funda-
mental in order to duplicate the nodal points. In this way, however, the maximal
performance potential of the PT is not exploited [94]. Current developments
include design optimisation [44], [75], [210] as well as lead free technologies
[64],[121].
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4.4.4 Resonant Converters
Resonant converters refer to power converters featuring an output filter matching
the mechanical resonance frequency of the piezoelectric load. Figures 4.10 and
4.11 illustrate the LLCC and LC configurations, respectively.

T1

T2

T3

T4

Cp C0

R m

Cm

L m

L s

UcUdc

Cs

L p

Figure 4.10. Full bridge LLCC converter with transformer

T1

T2

T3

T4

Cp C0

R m

Cm

L m

L s

UcUdc

Figure 4.11. Full bridge LC converter with transformer

Similarly, both configurations are possible without transformer, as well as in
a half bridge implementation [97].

4.5 Drive Electronics Design
For every element of the drive circuit, the optimal configuration must be found:

• DC-DC converter or power transformer

• Switching amplifier

• Resonance matching circuit
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This choice depends on the motor as well as its application. At this evaluation
stage of the design process, the requirements are not yet sufficiently well defined
to be able to deduce valid constraints. Therefore, a rough selection is done,
mainly based on the drive for miniaturisation. A step-up DC-DC converter is
used to provide the high level voltage of the half-bridge resonant converter.

4.5.1 Resonant Converter Selection

According to the input stage, providing a direct current or a constant voltage,
current source inverters (CSI) and voltage source inverters (VSI) are discerned.
Contrary to the linear amplifiers, switching amplifiers operate theoretically with-
out losses. The bridge transistors operate as switches instead of being used as
variable resistances. In this way square waves are generated at the output. Ide-
ally, implementing so called soft switching where the switch state is reversed
exactly at zero voltage drop across the transistor, voltage is null during the con-
ducting state and current is null during the open state. Real power losses are
therefore mainly induced by the non-zero resistance of the transistor during the
conducting state. Efficiency around 95% are reached for piezoelectric loads [1].
Both, LC and LLCC configurations are designed in order to be evaluated exper-
imentally. During the design process, two different models of the piezoelectric
load are used for each of the two configurations. The purpose of this approach is
to evaluate the reduction in simulation time due to a simplified model and at the
same time to verify if the consequent loss in precision is acceptable.

4.5.2 LC Resonant Converter

The piezoelectric capacitor C0 varies during motor operation causing the output
filter to get out of tune. In order to reduce this effect, a parallel capacitor Cp may
be placed in parallel to the motor as shown in Fig. 4.12 [97].

Cp C0

Rm

Cm

L m

L s

UcUdc T1

T 2

Figure 4.12. Half bridge LC converter without transformer
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Matching the LC filter resonance frequency ωf exactly to the mechanical res-
onance frequency of the motor (ωm) is not advisable, because of the instability
of a driver matched exactly to the motor resonance. Therefore, the filter is tuned
to somewhat above mechanical resonance and the relative resonance frequency
ωr is introduced

ωr =
ωm
ωf

< 1. (4.10)

The frequency of the signal applied to the system shall be noted as ωs.
With

ωm =
1√

LmCm
(4.11)

and

ωf =
1√

Ls(C0 + Cp)
(4.12)

the self inductor matching the filter to mechanical resonance is found by

Ls =
LmCm
C0 + Cp

(4.13)

With the input impedance

Zi = jωsLs +
1

jωsCs
+

1
Yp

(4.14)

where the parallel admittance

Y p = jωs(C0 + Cp) +
1
Zm

(4.15)

with the motional impedance

Zm = Rm + jωsLm +
1

jωsCm
(4.16)
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the transfer function of this configuration writes

GLC(jωs) =
U c
U i

=
Zm

jωsLs (jωsZm (C0 + Cp) + 1) + Zm
(4.17)

In order to express GLC in terms of Mp, adding the stabilising parallel ca-
pacitor Cp to the oscillatory figure of merit given in (4.5) yields:

Mp = Qm
Cm

C0 + Cp
=

1
ωmRm(C0 + Cp)

=
√
CmLm

Rm(C0 + Cp)
(4.18)

The transfer function at resonance is given by

GLC(jωm) =
Rm

jωmLs(jωmRm(C0 + Cp) + 1) +Rm
(4.19)

plugging Ls according to (4.13) yields

GLC(jωm) =
ω2
f

jωm
1

Rm(C0+Cp) + (ω2
f − ω2

m)
(4.20)

and using (4.18):

GLC(jωm) =
ω2
f

jω2
mMp + (ω2

f − ω2
m)

(4.21)

With the magnitude

‖GLC‖ =
ω2
f√

ω4
mM

2
p + (ω2

f − ω2
m)2

(4.22)

the value for Mp maximising the power factor is found:

Mp =

√
1−

(
ωf
ωm

)2

=
√

1− ω2
r (4.23)

Finally the optimal value for the parallel capacitor Cp can be derived:

Cp = C0

(
Qm

1− ω2
r

)
(4.24)

where Qm is the mechanical quality factor of the load given in (4.4).
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4.5.3 LLCC Resonant Converter

As we have seen in Section 4.3, it is possible to compensate the reactive power
drawn from the supply by the imaginary part of the current in the piezoelectric
ceramic with a parallel inductor Lp. However, in order to be able to tune the
resulting output filter to the mechanical resonance of the motor, we have to add
a series capacitor Cs. Hence we obtain a fourth-order LLCC resonant converter
(Fig. 4.13) having two resonance frequencies ωfs and ωfp. Such a configuration
allows for stabilising the voltage gain for the varibale quality factor of the piezo-
electric load as will be shown in this section. We are therefore able to overcome
one of the major drawbacks of series resonant converters.

Cp C0

Rm

Cm

L m

L s

Uc

Cs

L p
Udc T1

T 2

Figure 4.13. Half bridge LLCC converter without transformer

With the motional impedance

Zm = Rm + jωsLm +
1

jωsCm
(4.25)

We find the parallel admittance

Y p =
1

jωsLp
+ jωs(C0 + Cp) +

1
Zm

(4.26)

and adding the series tank the input impedance writes:

Z IN = jωsLs +
1

jωsCs
+

1
Yp
. (4.27)

We may now compute the transfer function of the LLCC filter with load:
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1
Z IN ∗ Y p

=
1(

− j
Lpωs

+ j(C0 + Cp)ωs + 1
Rm− j

Cmωs
+jLmωs

) (4.28)

· 1(
− j
Csωs

+ jLsωs + 1
− j
Lpωs

+j(C0+Cp)ωs+
1

Rm−
j

Cmωs
+jLmωs

)
In order to find the optimal excitation frequency, we consider first the LLCC

filter only, while approximating the motor at resonance by its static capacitance
C0 in parallel with a resistor RL representing the equivalent load of the motor
[122]. The reactances of the serial and parallel branches of the filter write

Xs = j

(
ωsLs −

1
ωsCs

)
(4.29)

and

Xp = j

(
ωsLp

1− ω2
sCpLp

)
, (4.30)

respectively.
The transfer function GLLCC of this approximation:

GLLCC =
1

1 +
Ls− 1

Csω2
s

Lp
+ (C0 + Cp)

(
1
Cs
− Lsω2

s

)
+ j

(
Lsωs
RL
− 1

CsRLωs

)
(4.31)

From the theory of complex numbers we find directly the phase

φ
LLCC

= arctan


(

1
CsRLωs

− Lsωs
RL

)
1 +

Ls− 1
Csω2

s

Lp
+ (C0 + Cp)

(
1
Cs
− Lsω2

s

)
 (4.32)

The real part of the denominator of (4.31) being equal to zero at resonance,

0 = 1 +
Ls − 1

Csω2
s

Lp
+ (C0 + Cp)

(
1
Cs
− Lsω2

s

)
(4.33)
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the two positive solutions are approximately the filter resonance frequencies

ωfs =

[
K

2
+

1
2

√(
K2 − 4

1
LsLpCsCp

)]1/2

(4.34)

ωfp =

[
K

2
− 1

2

√(
K2 − 4

1
LsLpCsCp

)]1/2

(4.35)

where ωfs < ωfp and

K =
1

CpLs

(
1 +

Cp
Cs

+
Ls
Lp

)
. (4.36)

The geometric frequency ωg is then defined by:

ωg =
√
ωfsωfp =

1√
LsCs

=
1√

Lp(C0 + Cp)
(4.37)

Designing the converter to be little dependant of the variations in the mo-
tional admittance, the quality factor Qs relative to ωfs should equal the quality
factorQp realtive to ωfp. Exploiting this property of the circuit, we can calculate
the respective quality factors (cf. Fig. 4.14 [194]).

X p R L

X s

(a)

X p R L

X s

(b)

Figure 4.14. Equivalent circuits of the LLCC resonant converter at a) ωs = ωfp and b)
ωs = ωfs

For ωs = ωfp,Xp is capacitive andXs inductive. By analogy, for ωs = ωfs,
Xp is inductive and Xs capacitive. Hence, the quality factors become [194]:

Qp =
RL

ωfpLs − 1
ωfpCs

(4.38)
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Qs =
RL

1
ωfsCs

− ωfsLs
(4.39)

From Qs = Qp we find:

Lp
Ls

=
Cs
Cp

(4.40)

In terms of the quality factor (4.39), magnitude (4.31) and phase (4.32) be-
come

GLLCC = (4.41)
1

1 +
Ls− 1

Csω2
s

Lp
+ (C0 + Cp)

(
1
Cs
− Lsω2

s

)
+ j 1

Qs

(
Lsωs− 1

Csωs

Lsωfs− 1
Csωfs

)

φ
LLCC

= (4.42)

arctan


(

1
Csωs

− Lsωs
)

Qs

(
1 +

Ls− 1
Csω2

s
Lp

+ (C0 + Cp)
(

1
Cs
− Lsω2

s

))(
Lsωfs − 1

Csωfs

)


respectively.

The PUM must be driven at the geometric frequency ωg (4.37). This because,
if ωs = ωg , the imaginary part of the denominator of (4.42) becomes zero and
the real part equals 1. This means that a variation of the quality factor does
theoretically not influence the voltage gain at ωg . Similarly, with this condition,
phase equals zero without being influenced by variations of Q. This behaviour,
where the magnitude variation is very small, is illustrated in Figures 4.15 and
4.16 for ωg = 2.44Mrad/s, the case of the resonant converter designed for the
rotary PUM.

Beyond the assumption that harmonics suppression leads to lower stress in
the piezoelectric stator, a detailed stress analysis was not performed, but may be
found in literature [2].
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Figure 4.15. Transfer characteristics for a) different quality factors; b) biased piezoelectric
capacitance.
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Figure 4.16. Gain and phase variations of the real LLCC converter

4.5.4 Comparison of the Converter Topologies
The better performance of the LLCC converter, compensating effectively the ca-
pacitive load and therefore suppressing the reactive power component is obtained
at the cost of an additional inductor (Figures 4.17 and 4.18).

On the one hand it is true that because of the slightly lower power drawn
from the source, the inductors Ls and Lp of the LLCC configuration may also
be smaller than the series inductor Ls in the LC configuration. However, at
this stage of research, no final decision should be taken, because first weighting
factor must be introduced among the different constraints (size, efficiency, cost,
allowable total harmonic distortion, stability, etc.).

4.6 Summary
This chapter introduced resonant converter concepts for PUM and the tools for
resonance matching were made available. It has been shown, that piezoelectric
transformers, despite the technology relationship, are useful to drive PUM only
in very specific applications.
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5.1 Objectives
Two control levels are necessary for efficient and save operation of the piezo-
electric ultrasonic motor. An inner control loop regulates the drive frequency
in order to track the working point where efficiency is maximised. Thereupon,
an outer control loop uses sensorless or self-sensing control methods which de-
liver position or speed feedback. After a discussion of prior art, a selection of
inner and outer control strategies will be evaluated in detail. Table 5.1 gives an
overview on the techniques treated in this Chapter.

5.2 Literature Review

5.2.1 Piezoelectric Ultrasonic Motor Control
Research on piezoelectric motor control has been a very animated research field
since the introduction of the traveling wave motor, hence for about the last thirty
years. Important to the success of the traveling wave motor was to master its vari-
able frequency characteristics. A frequency tracking controller does this [85].
Here, only the main subsequent achievements are listed:

• In 1990 a load-adaptive frequency tracking control implementation for ul-
trasonic motors driven by two-phase resonant converters was proposed
[54], [55]. Most of later research on the subject refers to the suggested
methods (Fig. 5.1).

• Speed tracking servo control systems combined phase and amplitude con-
trol techniques in order to reduce the influence of load variations [89].

• Adjustable speed control of ultrasonic motors by adaptive control strate-
gies allowed to follow more precisely the varying motor characteristics
[187].

• Artificial neural networks helped to further improve the adaptive con-
trollers [184].

• Model reference adaptive control with dead-zone compensation was used
to reduce the effects of the non-linear drive characteristics [183].

• An important criterion is also to drive the ultrasonic motor at its optimal
working point in order to reach maxmium efficiency [188].

• Recently, a multitude of advanced neural controllers are presented for
identification and speed control of PUM [233].
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• Finally, another important issue is sensor failure. A way to deal with this
problem are robust controllers [13], [62], [224], [14].

TWO PHASE
GATE DRIVE CIRCUIT

SET VALUE

_

+

USM

TWO PHASE
INVERTER

DETECTION
CIRCUIT

LPF VCO

PHASE
DETECTOR

OPERATIONAL
SIGNALS

Figure 5.1. Sensorless frequency tracking control of piezoelectric motors [55]

5.2.2 Sensorless Speed Control
Sensorless speed control of PUM using neural networks was proposed in [190].
In the suggested method, a three-layer NN is used with offline training. The drive
frequency, the RMS input voltage, and the surface temperature of the PUM are
used as the inputs to the NN for speed estimation. The use of a neural network
to identify nonlinear characteristics is very useful because of its nonlinear iden-
tification ability. However, this method presents some drawbacks when applied
to position sensorless control, since speed integration contains an integral error
that affects position estimation. A similar principle, but in a more general formu-
lation, is addressed in [5]. Along with these efforts, a large variety of different
sensorless speed controllers are known. Speed observers in combination with
a position sensor [226], speed and possibly force sensing using a master-slave
motor configuration [78], or using voltage look-up tables [72] are some of them.
Because our main objective is position control, these methods are not further
discussed here.

5.2.3 Sensorless Position Control
Three fundamentally different principles for detecting rotor position without a
direct position sensor are found in literature:
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• Interpretation of indirect measurements, for instance based on empiric mo-
tor models, mainly using artificial neural networks (ANN)

• Design for self-sensing of the PUM in order to produce position informa-
tion in the drive signals

• Indirect position detection with integrated sensing elements such as piezo-
electric stress sensors.

Stepper Motor

A first concept for sensorless position control proposed in 1990 was actually
inspired by reluctance stepper motors in open-loop operation [213]. Similarly
to the latter ones, this PUM motor uses standing waves designed such as that
the driving members are not in continuous operation any more, but in contact to
the rotor only for one step. At each step, a notch interrupts transmission of the
active member’s motion and the supply must be switched to the next consecutive
member in order to shift the standing wave and resume operation. Taking the
example of a rotary motor (Fig. 5.2), this working principle enables a priori
position control at approximately continuous motion. However, the motor must
be over engineered, motor performance is degraded by this special design and
efficiency is low.

RotorRotor

Rotor

Pusher

Elastic body
(vibrator)

Piezoelectric 
elements

Preload

(a) (b)

Figure 5.2. a) Principle of the standing wave motor; b) Stepper motor
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Integrated Sensors

Inspired from vibration sensors used in structural analysis, piezoelectric thin
film sensors on a cylinder surface were modelled [20], [11]. Such sensors may
be integrated on a cylindrical motor in order to sense the vibration mode and
hence motor velocity based on a observer [237].

Figure 5.3. Integrated piezoelectric stress sensor for position detection of an elastic force motor
[165]

Using integrated piezoelectric stress sensors that detect position by measur-
ing the stress induced by the elastic fins of an elastic force motor (Fig. 5.3)
is another intermediate solution. The sensing element is economic and does
not consume power, but adds additional steps to the fabbrication process [164].
Moreover, the method is applicable only to a small range of PUM.

Online observation of electric signals

Indirect position detection based on the electric signals, which are usually phase
voltage and current or charge, is generally implemented according to the block
diagram shown in Fig. 5.4.

A method to estimate the rotor position of a piezoelectric actuator on the
basis of phase voltage and the charge on the surface of the piezoelectric element
is suggested in [56]. However, the addressed principles are not valid as is for
PUM, where motion is generated by frictional coupling.

Position sensorless control for piezoelectric motors based on input voltage
information only was suggested in [189], a collaboration between Meidensha
Corporation and the Ryukyus University. The authors claim to observe an im-
portant position-dependant variation in the phase voltage of the motor, but do
not specify enough details for that the experiments could be repeated.
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Figure 5.4. Basic constituents of a sensorless position controller

Design for Self-Sensing

In view of the drawbacks encountered with stepper motors and indirect piezo-
electric sensors, [147] suggested an indirect position sensor based on angular
modulation of the motional admittance. The method intends to obtain the same
position information as the aforementioned approaches without compromising
the motor performance. The method was first proposed for indirect position de-
tection of a piezoelectric wrist watch motor and feasiblity tests were presented.

For the reliable operation of the motor, the stator must be excited close to the
resonance frequency of its fundamental mode. This is ensured by a phase-locked
loop (PLL) controller. With this configuration, the excitation frequency follows
the variations of the motors electric characteristics due to load and temperature
variations. In the case of an indirect position sensor, where the resonance is
modified as a function of rotor position, there are different approaches suggested
to detect the induced frequency variations:

• Comparison to a stable reference frequency

• Measurement with a frequency-to-voltage converter

• Measuring the time of a period, inversion

• Measuring the number of periods in a detection window

The limitations imposed by analog control techniques in this work may be
overcome at least to some extend by digital control.
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5.3 Inner Control Loop: Optimal Working Point
Tracking

In Chapter 4 we explained that the power which is transmitted to the motor max-
imises its effect when the electric resonance frequency of the system, which is
predominantely determined by the inductance of the electronic circuit and the
static capacitance of the piezoceramic element, is matched to the mechanical
resonance of the motor. Therefore, the drive electronics will be tuned such that
electric resonance of the overall system coincides with the mechanical resonance
frequency of the PUM. This point assured, we are able to track mechanical reso-
nance by measuring electric resonance. Two fundamentally different methods to
track resonance are distinguished: The self-oscillating configuration on the one
hand and a feedback controller on the other hand. The latter one may be realised
using different feedback variables or sets among them.

5.3.1 Self-Oscillating PUM

Oscillators are exemplary components to generate the drive signal for the exci-
tation of an ultrasonic device in general. One particular design are quartz oscil-
lators, exploiting the very stable resonance characteristics of the crystal to out-
put particularly precise and frequency stable signals. The self-oscillating motor
refers to a setup where the piezoelectric stator is not only used to generate the
mechanical vibration that induces continuous motion, but also as replacement
for a quartz oscillator governing the excitation frequency [83]. In contrast to
the quartz oscillator, the aim is not a stable signal, but a signal whose frequency
follows the variations of the piezoelectric motor and therefore excites it always
at resonance.

Active Filter

In a quartz oscillator one single resonance mode is favoured by appropriate cut,
electrode design and packaging and the resonator is therefore oscillating sponta-
neously at the selected mode given the oscillation conditions hold. With a piezo-
electric ceramic resonator, however, the selected mode is often not the one where
motional admittance is maximal and the unsolicited modes must be filtered.

Such an implementation is found in [147]. Two linear amplifiers in serial
connection with the piezoelectric motor constitute the oscillator. The first one is
a non-linear block ascertains that the circuit starts to oscillate while compensat-
ing the variations of the motional resistance. The second one is an active filter
supressing the parasite modes.
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Figure 5.5. Self-oscillating inner control loop [147]

The open-loop transfer function is given by

H(jω) = Hz(jω) ·Haf (jω) =
U3

U1

(5.1)

Closing the feedback loop, U3 = U1:

H(jω) = 1. (5.2)

Applying the oscillation condition for phase (4.9) yields:

φ = argH(jω) = φ1(ω) + φ2(ω) = 0 (5.3)

The open-loop gain must exceed unity for oscillation to start and to compen-
sate the motional resistance of the motor.

|H(jω)| ≥= 1 (5.4)

The phase condition is used to match the oscillation frequency to the selected
mechanical resonance frequency. Because the non-linear block, assuming an
ideal linear amplifier, has zero phase shift

φ1(ωm) = 0, (5.5)
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the filter block must not present any phase shift neither, which is the case
only for

ω0 = ωm =
1√

LafCaf
. (5.6)

The head-to-tail mounted zener diodes with the resistor Rz limit the voltage
amplitude of the oscillator at Vz . For |v2| < Vz the total loop gain at resonance
is given by

|H(jω0)| = Raf,2
Raf,1

· Rz
Rms

(5.7)

For the design of the filter, the following trade-off on its quality factor

Qaf = Raf,2ω0Caf =
Raf,2
ω0Laf

(5.8)

must be fulfilled:

1. The loop gain must not exceed unity for the parasite modes whose admit-
tance loci cross the real axis in the complex plane, hence Qaf must be
maximised.

2. Because the mechanical resonance of the motor governs the oscillator, the
filter quality factor must be in the same range as the motor quality factor,
hence not too big.

Furthermore, the presented method is only valid for low power motors usu-
ally supplied by 1.5V as presented in [147] due to the inherently low efficiency
of linear amplifiers. In order to maximise the efficiency of the self-oscillating
PUM, it must be placed in the oscillator loop where electric energy is maximal.

Switching Amplifier

In order to exploit the potential of a piezoelectric motor operating at 20V , 100mA,
therefore, the self-oscillating principle must be implemented with the switching
amplifier as presented in Chapter 4. A possible configuration is shown in Fig.
5.6. Particular implementations of the method uses a free phase of the motor as
feedback for the oscillator loop [198].

An oscillator circuit can also be realised with a switching amplifier [139],
[193]. A LC series resonant circuit allows to select the modal frequency. The
same conditions for loop gain and phase apply.
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Figure 5.6. Self-oscillating drive circuit with switching amplifier

5.3.2 Closed-Loop Resonance Frequency Tracking
Amplitude Measurements

Phase voltage With an ideal voltage source, the phase voltage amplitude would
remain stable with load variations and the consequent shift in resonance fre-
quency. In reality, however, at resonance, the drive electronics have an inter-
nal resistance comparable to the series resistance of the piezoelectric ultrasonic
motor, which varies with load. It is hence theoretically possible to control the
excitation frequency by measuring the voltage drop across the motor.

Phase current At steady state, the current amplitude depends on the drive
voltage amplitude and frequency [17]. Two working points are suggestive. First,
current is maximal at resonance where admittance is maximal, maxima which
coincides with the maximal vibration amplitude for the resonance matched drive
circuit. Hence, this is the working point where the maximal effect is reached
for a given supply voltage. Second, current is minimal at antiresonance where
admittance is minimal, minimum which is tantamount to minimise losses in the
piezoceramic.

Transmitted Power The variations in phase voltage being relatively small,
its measurement alone is not promising for a frequency controller implementa-
tion. A target-aimed indicator is rather the maximal power transmitted to the
piezoelectric motor by the drive electronics. It is obtained by four-quadrant mul-
tiplication of phase voltage and phase current. Adjusting the optimal working
point by the means of MPPT is a widely known practice which is used mainly in
solar power systems, asynchronous power generators [186] and wireless energy
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transfer [58]. We evaluate if the principle applies to the case of driving a PUM,
because, by definition maximal power is transmitted to the piezoelectric element
at resonance where impedance is minimal. Basically, power point tracking may
be implemented either in a continous way for analog control and with a discrete
approach for digital control [12].

Auxiliary Voltage The direct piezoelectric effect is commonly used to design
self-sensing piezoelectric actuators. Indeed, where an excitation signal is applied
to the piezoelectric element to induce displacement by the converse piezoelectric
effect, this very displacement engenders an electric potential by the direct piezo-
electric effect. With piezoelectric ultrasonic motors, we can use this reasoning
to track resonance. As we have seen, the displacement is maximal at resonance.
Hence, by tracking the maximum of the voltage induced by the displacement,
resonance can be tracked. In practice, an auxiliary piezoelectric element is used
to sense the induced potential. The Shinsei traveling wave motor integrates a
sensor element in the ring of active elements and single-mode standing wave
actuators use the free electrode as feedback electrode. Other standing wave mo-
tors incorporate an isolated sensor portion in the electrode of the active element
itself.

Limitations All the above mentioned amplitude measurements have in com-
mon that maxima or minima of the sensed variable must be controlled as a func-
tion of frequency. Hence, the corresponding function does not preserve its order
over the frequency range in question, which results in a non-linear control law. A
linearisation is possible for instance by limiting the permissible frequency range
such that the amplitude variations are described by a monotonic function. Un-
less the expected variations are very slight, this approach is not feasible with a
simple linear controller.

Phase Feedback

As can be seen easily in Fig. 5.7, the phase of the admittance and hence by def-
inition the phase difference between supply voltage and motor phase current is
a useful measure of the resonance frequency. At resonance, voltage and current
are in phase, below resonance, current leads and above resonance, current lags.
The shown admittance measurement is done at rest without load of a functional
model with resonance frequency at 386.4 kHz.

Fig. 5.8 illustrates the case where the resonance frequency fm is lower than it
was at calibration (f0). This occurs when temperature falls or load is smaller than
the reference values at calibration. In Fig. 5.9 the opposite case is shown, which
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Figure 5.7. Admittance measurement at rest without load

occurs for instance when load is increased. We should note that such resonance
frequency shifts are often a combination of different causes. The curves are
drawn using the electric equivalent model as introduced in Chapter 3.
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Figure 5.8. Admittance simulation when the resonance frequency is decreased

Phase differences, as well for phase current with respect to phase voltage as
for auxiliary voltage to phase voltage, are monotonic functions of the excitation
frequency around resonance. Therefore, in contrast to the amplitude measure-
ments, a linear controller may be used for frequency tracking based on phase
measurements.

Current Phase The phase shift of the line current with respect to the excitation
voltage equals by definition the phase of the input admittance of the device to be
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Figure 5.9. Admittance simulation when resonance frequency is increased

driven. With a resonance matched driver, current and voltage are in phase at res-
onance. Below resonance, current lead approaches π/2 and tends towards−π/2
above resonance. Within a control range that is restricted such that no parasitic
modes intervene, no second zero crossing appears. The method is attractive as
no additional electric connections are necessary and the phase can be measured
easily.

Auxiliary Voltage Phase Depending on the configuration with and the posi-
tion where the auxiliary voltage is measured, its phase difference with respect
to the phase voltage is variable. Once the motor configuration fixed, it can be
or predicted using analytical and numerical motor models or measured with an
impedance analyser. The phase difference is contained between −π/2 and π/2
and depends on the excitation frequency. The method is only interesting for mo-
tor configurations where an existing free phase can be used and no additional
sensor and electric connectivity are needed.

Synthesis

Two of the discussed optimal working point tracking methods are further evalu-
ated. Firstly, a maximum power ponint tracking (MPPT) controller is suggested
to control the power transmitted to the PUM, because it considers directly the
issue of interest. In order to control the phase shift and hereby the frequency
of the supply signal analogically, the phaselock loop concept is suited best [55].
Hence, secondly, a controller for tracking the current phase with a PLL is eval-
uated. In the case of a frequency matched drive design, it presents a simple
indirect measurement of maximal efficiency.
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5.3.3 MPPT Controller
Continuous Approach

t t

t t

¢Ud

¢Pd

¢Ud

¢Pd

                  P¢ d >   0¢Ud                   P¢ d <   0¢Ud Pd

UdUd0

Figure 5.10. Continuous MPPT

Fig. 5.10 illustrates the continuous MPPT principle. The working frequency
is generated by a voltage controlled oscillator. A periodic variation of ∆Ud is
added to the constant VCO control voltage Ud0. The frequency of this variation
is around 1kHz (well below the working frequency of around 400kHz and sig-
nificantly higher than 50Hz), introducing a variation ∆Pd to the mean power Pd.
At a frequency below the optimal working point, the product of ∆Ud and ∆Pd
is positive (∆Ud∆Pd > 0). This is easily exploited to increase Ud0 in order to
reach the optimal working point. Contrarly, at a frequency above the optimal
working point, ∆Ud∆Pd < 0, which allows for reducing Ud0 by the means of a
control circuit. Finally, at the optimal working point, ∆Ud∆Pd ∼= 0 and Ud0 is
maintained. Hence this strategy is very appropriate for analog control.

A schematic representation of the controller is shown in Fig. 5.11. As de-
scribed above, a periodic variation of ∆Ud is added to the standard VCO control
voltage Ud0. The VCO output is fed to the piezoelectric element where phase
current and voltage drop are measured. An analog four quadrant multiplicator
calculates power from this data. A band pass Bessel filter cuts out the power
variation corresponding to the perturbing signal and compares these two by the
means of a XOR gate. A PI control is then used to adjust the VCO control value
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Figure 5.11. Schematic representation of the analog MPPT controller

in order to reach the optimal working point.
With the open-loop behaviour given in Figures 5.12-5.14, feeding the XOR

output back to the VCO as shown in Fig. 5.11, the optimal working frequency
will be reached in any case as illustrated with the closed loop results (Fig. 5.17).

9 9.1 9.2 9.3 9.4 9.5
x 10−3

−0.01

0

0.01

∆p
 [V

A
], 

∆u
 [V

] (
da

sh
ed

 li
ne

)

time [s]
9 9.1 9.2 9.3 9.4 9.5

x 10−3

0

0.5

1

X
O

R
 [V

]

(a)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
0

2

4

6

8

10

12

V
C

O
 in

pu
t v

ol
ta

ge
 [V

]

time [s]

(b)

Figure 5.12. a) Open-loop behaviour of the MPPT circuit: perturbing signal and observed power
variation with the resulting XOR output signal at 1/10 of the resonance frequency. Signals

are in phase and the XOR output is high; b) Closed loop response of the MPPT circuit:
starting voltage corresponding to a VCO output of 1/10 of the resonance frequency.
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Figure 5.13. a) Open-loop behaviour of the MPPT circuit: perturbing signal and observed power
variation with the resulting XOR output signal at the resonance frequency. Power leads by

π/2, the XOR output is a half duty cycle signal; b) Closed loop response of the MPPT circuit:
starting voltage corresponding to a VCO output close to the resonance frequency.
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Figure 5.14. a) Open-loop behaviour of the MPPT circuit: perturbing signal and observed power
variation with the resulting XOR output signal at 2 times the resonance frequency. Phase shift
is π, the XOR ouput is low; b) starting voltage corresponding to a VCO output of 2 times the

resonance frequency.
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Discrete Approach
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 Δt
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Figure 5.15. Discrete MPPT

For digital control, the strategy illustrated in Fig. 5.15 is preferrable. Starting
from an initial working point Ud0, the DC voltage Ud is increased by a relatively
large voltage step ∆Ud. Then, the power Pd is measured. If the difference ∆Pd
between the new and the preceeding value is positive, Ud is increased again by
the same voltage step ∆Ud. If, contrarly, ∆Pd < 0, the variation direction is
inverted and the voltage step is divided by 2, hence decreasing Ud by ∆Ud/2.
After a settling time, the optimal Ud will be reached.

Hence, two samples of the transmitted power at different times t1 < t2 are
compared: ∆P = P2 − P1. If their difference is positive then the last step was
towards the power maximum, if in contrary their difference is negative then the
last step was away from the power maximum and the step needs to be inverted.
Adaptive step sizing is used to minimise oscillation around the power maximum.

Synthesis

A block diagram of the implemented digital MPPT controller is given in Fig.
5.16. The transient response of the analog controller is given in Fig. 5.17. Rise
time is above 9ms and settling time within a ±100mV band for the VCO input
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Figure 5.16. Program layout of the digital MPPT controller

is around 27ms. This poor dynamic controller performance is not acceptable.
The intrinsically non-linear controller in conjunction with digital filter design is
unrewarding. Furthermore, in digital control, phase techniques are much more
appropriate than amplitude measurements, where scaling problems, noise, and
sampling issues are limiting factors.
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Figure 5.17. Transient response of the MPPT controller
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5.3.4 Phaselock Techniques
This section will outline the working principle of the phaselock loop (PLL) for
motor control applications and introduce the elements composing the PLL cir-
cuit. Design constraints will be addressed with focus on the analysis of stability
for this type of control system. Finally, a PLL controller implemented with a
standard component will validate the approach.

Definitions

PLL are in principle nonlinear time-varying systems. However, with either a
large filter time constant or a narrow loop bandwidth as compared to the signal
frequency, the average behavior over many cycles is approximately linear and
time invariant. The detailed behaviour within a single cycle is of less concern
in this case. Therefore, tools of linear analysis are valid and the PLL can be
analysed by the means of Laplace transforms and the related transfer function
concept. In ordinary electric circuits, a transfer function relates voltages or cur-
rents of the input and output signals. But in a PLL, the input or output variables
of most interest are phases of the signals, not the amplitudes. The transfer func-
tions considered here relate phase modulation of a signal applied in one location
of the PLL to phase-modulation response in another location in the PLL [57].

F(s) VCO

Phase Detector

vd = Kd(θi - θo)

θo

θi

Loop Filter

vc

Figure 5.18. The three main constituents of a PLL: Phase comparator, loop filter and VCO

PLL for Frequency Tracking Control

From a control theory point of view the PLL is a feedback loop (Fig. 5.18)
whose output is controlled by a reference signal. The feedback loop allows for
comparing the output to this reference signal in order to adjust eventual errors.

For a PLL within its working range we can state:

• The output is the phase of an alternating signal θo
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Figure 5.19. The relation between phase and angular frequency allows for controlling the system
in the frequency domain (f = ω

2π
)

• The input is another alternating signal with phase θi

• The feedback loop compares the two phases θo and θi

• The output θo aligns to the input θi and phase error θe becomes ideally
zero.

• The output frequency ωo equals the input frequency ωi.

For driving the piezoelectric motor, the configuration shown in Fig. 5.20 is
introduced.

F(s)

Phase Detector Loop Filter

VCO

dθo

dt = Kovc

vcvd = Kd(θi - θo)

θo

θi

Motor

Figure 5.20. Simplified block diagram of the PLL based circuitry driving a piezoelectric motor

Voltage controlled oscillator

The voltage controlled oscillator (VCO), as its name says, outputs an alternating
signal whose frequency is proportional to the dc voltage amplitude at its input.
Most of implementations are based on the same working principle, which is ba-
sically charging and discharching a capacitor by the means of a current that is in
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turn controlled by the input voltage. The output frequency of the VCO is pro-
portional to the input voltage in a range called locking range. Within this span,
the PLL is locked, its output frequency equals the input frequency. However,
the capture range defined by the low-pass filter determines the frequency from
which on the PLL is able to lock. Hence, the capture range is always smaller or
equal to the locking range.

+ Vdd

vc [V]

f [Hz]

- Vdd

f0 f0 + fC f0 + fL

f0 - fCf0 - fL

capture range
locking range

Figure 5.21. VCO locking and capture ranges

Transfer function The transfer function of the VCO is equal to its sensibility:

Ko =
∆ω
∆vd

=
2π · 2fL

2Vdd
(5.9)

Vdd

Frequency [Hz]

DC voltage [V]
Vdd

 2

f0 + fL

f0 - fL

f0

Figure 5.22. VCO transfer function
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Phase detector

A phase detector compares the phase of two alternating signals and outputs a
signal proportional to the phase shift between them. However, harmonic fre-
quencies n× fe appear as multiples of the input frequency fe. Hence, the com-
parator output signal vd is composed of its directly exploitable mean voltage and
a multitude of harmonics which must be suppressed by a low-pass filter.

There are three ways to detect phase, namely:

• With a multiplyer circuit

• Using a XOR gate

• By the means of sequential devices

We use a phase-frequency detector for its ability to inambiguosly indicating
phase differences from −2π to 2π.

Three-state phase-frequency detector While a XOR gate expects input sig-
nals with 50% duty cycle, a three-state phase-frequency detector does not work
on the duty cycle, but on the rising edges of the input signals. Therefore, it is
the natural choise for the motor control application, where variable environment
and disturbances hinder an exact control of the duty cycle.

Vdd

vd [V]

0 2π

Δθ [rad]

- 2π

Figure 5.23. Response characteristics of a phase-frequency three-state phase comparator

The transfer function of the phase-frequency detector is given by its sensi-
bility:

Kd =
∆U
∆θ

=
Vdd
4π

(5.10)
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Loop filter

The main purpose of the loop filter is to establish the dynamic performance of
the PLL. Furthermore, the filter cutoff frequency determines the capture range
of the PLL. As a welcome side effect, the harmonics of the phase detector output
signal and high frequency noise are eliminated.

To understand the design criteria introduced in this section, it must clearly be
distinguish between the concepts of PLL order and PLL type. The order of the
PLL is defined by the degree of the transfer functions characteristic polynomial
B(s)+A(s), whereas the type refers to the number of integrators in the feedback
loop. The PLL order will have some influence on stability, while the PLL type
influences crucially the control precision.

Since there will always be a VCO, which contributes in any case one inte-
grator, a PLL is at least of type 1. Hence, the order of the loop filter defines the
type of the PLL.

Transfer function analysis

Phase detector The phase detector (PD) output voltage is

vd = Kd(θi − θo) = Kdθe (5.11)

where Kd is the phase-detector gain factor.

Loop filter The error voltage vd is processed by the loop filter (LF), whose
action is described in the frequency domain as

Vc(s) = F (s)Vd(s) (5.12)

Voltage controlled oscillator The deviation of the voltage controlled oscilla-
tor (VCO) from its center frequency is ∆ω = Kovc, where Ko is the VCO gain
factor. Since frequency is the derivative of phase, the VCO operation writes in
the frequency domain as

θo(s) =
KoVc(s)

s
(5.13)

Combined transfer functions Combining the elements of the PLL we can
write the overall loop transfer functions:

• Open-loop transfer function:

G(s) =
θo(s)
θe(s)

(5.14)
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• System transfer function:

H(s) =
θo(s)
θi(s)

=
G(s)

1 +G(s)
=

KdKoF (s)
s+KdKoF (s)

(5.15)

• Error transfer function:

E(s) =
θe(s)
θi(s)

=
1

1 +G(s)
=

s

s+KdKoF (s)
(5.16)

Phase Error

In order to understand how the PLL eliminates steady-state phase errors under
variable frequency conditions, we have to evaluate the phase-error transfer func-
tion (5.16) with respect to the PLL type.

The steady-state phase errors are readily evaluated by means of the final-
value theorem of Laplace transforms, which states that the steady-state value of
a function in the time domain is determined from inspection of its transform in
the tansform domain as follows [126]:

limt→∞y(t) = lims→0Y (s) (5.17)

Application to the phase-error Equation 5.16 yields:

limt→∞θe(t) = lims→0
s2θi(s)

s+KdKoF (s)
(5.18)

Phase offset There is no steady-state error resulting from a step change ∆θ of
input phase, as may be shown easily by substituting the Laplace transform of the
input θi(s) = ∆θ/s into (5.18):

limt→∞θe(t) = lims→0
s∆θ

s+KdKoF (s)
= 0 (5.19)

Frequency offset Since phase is the integral of frequency, a step change ∆ω
of input frequency manifests as input phase changing linearly with time θi(s) =
∆ωt. Hence, substituting θi(s) = ∆ω/s2 into (5.18) yields the steady-state
error for a step change of input frequency:

θv = limt→∞θe(t) = lims→0
∆ω

s+KdKoF (s)
=

∆ω
KdKoF (0)

(5.20)
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This static phase error, which may be written with the DC gain KDC =
KoKdF (0) as

θv =
∆ω
KDC

(5.21)

is not acceptable for the present application. If anything, the main goal of
piezoelectric motor control with a PLL is to eliminate the static phase error as
fast as possible in order to match the VCO frequency to the resonance frequency
of the piezoelectric actuator.

From the frequency offset equation (5.20) derives readily that

limF (0)→∞θv = 0 (5.22)

The goal of F (0) =∞ is reached with an integrator in the loop filter, hence
with a PLL of type 2.

Frequency ramp If input frequency is changing linearly with time at a rate of
Λ[rad/s2], that is θi(t) = Λt2/2, Laplace transformed phase is θi(s) = Λ/s3.
Then, for a second order type 2 PLL, phase error may be written as

θe(s) =
s2θi(s)

s2 + sKdKoF (s)
(5.23)

Applying the final-value theorem, the dynamic tracking error becomes ap-
parent:

θa = limt→∞θe(t) = lims→0
Λ

s2 + sKdKoF (s)
· ∆ω
s+KdKoF (0)

. (5.24)

For θa to be zero it would be necessary that F (s) had the form Y (s)/s2,
where Y (0) 6= 0. However, instead of using a loop filter with two cascaded in-
tegrators to reach this (which might introduce some annoyances at other points),
we rather accept a control performance limited by the dynamic tracking error θa.

Stability Analysis

A control system is useful only when it is up to a certain extend insensitive to
external factors, say stable. The Bode criterion of stability is useful to analyse
the stability of a PLL based motor controller.
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Loop parameters The transfer function in Equation 5.15 after replacing F (s)
for an adequate loop filter will contain numerous gains and time constants. Con-
sidering that only two poles and one zero are involved it is overdetermined. The
transfer function of the second order type 2 PLL is specified by two loop pa-
rameters, the undamped natural frequency ωn and damping ζ. With these loop
parameters

ωn =
√
KdKo

τ1
; ζ =

τ2
2

√
KdKo

τ1
=
τ2ωn

2
(5.25)

where τ1 and τ2 are the time constants of the second order loop filter, the
system transfer function rewrites as

H(s) =
2ζωns+ ω2

n

s2 + 2ζωns+ ω2
n

(5.26)

Damping ζ ωgc
K Phase Margin φM [deg]

0.5 1.27 51.8
0.707 1.10 65.6
1.0 1.03 76.4
2.0 1.002 86.4
5.0 1.00005 89.4

Table 5.2. Relation of phase margin and damping in a PLL

Stability Criterion A PLL will be stable if its phase lag at the gain crossover
frequency ωgc is less than 180◦:

Arg[G(jωgc)] > −π (5.27)

Two restrictions apply:

1. The amplitude plot crosses 0 dB at only one frequency

2. The open-loop transfer function G(s) is BIBO stable

The second condition is true if the system transfer function has no poles in
the right-half plane. For a proof refer to e.g. Longchamp [126].
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Figure 5.24. Transient and steady state response of the simple PLL

Stability margins The robustness of the PLL is given by its phase margin.
This value is a measure for the loss of phase acceptable before crossing the limit
of stability. Phase losses come either from phase noise or loop delays. The
concept of phase margin derives from the stability criterion and is accordingly
defined as

ΦM = Arg[G(jωgc)] + π (5.28)

A PLL is hence stable if its phase margin is positive. However, it also gives
a qualitative indication of the loop damping. From Table 5.2 we observe that:

• since ζ = 0.5 is a rough lower bound on reasonable damping factor, a PLL
should have a phase margin of at least 45◦, preferably more.

• With large damping, the phase margin approaches 90◦, a limit imposed by
the presence of the pole at s = 0 inherent in the VCO.
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Implementation of a 2nd order type 2 PLL

According to the above considerations we design a PLL that tracks the resonance
frequency of the piezoelectric load while accepting a dynamic tracking error θa.
To design an appropriate loop filter the transfert function must be stated as a
function of the filter time constant. Then, the loop filter is designed such that no
poles of the system transfert function are in the right half plane. Then, having
proved BIBO stability with zero or real negative poles, phase margin must be
checked to be above 45◦.
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Figure 5.25. Transient and steady state response of the PLL circuitry controlling the PUM drive
frequency

Spice simulation The PLL was evaluated without the piezoelectric load, sim-
ply matching the output to a reference signal. Fig. 5.24 shows the transient re-
sponse of the VCO control voltage which is an image of the drive frequency and
the steady state response of the VCO output compared to the reference signal.
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Static phase error is eliminated and the dynamic phase error becomes apparent.
Based on the stability considerations an additional loop gain must be intro-

duced when the PLL is used as optimal working point tracking controller. It
was designed cancelling phase difference between phase voltage and current in
accordance with the performance expectations for a type 2 PLL (Fig. 5.25). The
reference signal is an image of the PUM phase current.

5.4 Outer Control Loop: Speed and Position
Reliability concerns, the strive for miniaturisation and cost issues are the main
motivation to the replacement of direct position sensors in mechatronic systems.
Nowadays, therefore, indirect position detection methods and position observers
are good industry practice for many electromagnetic solutions, whereas research
on the subject is only in its beginning in the field of piezoelectric motors. This
section gives details on the researched methods.

5.4.1 Analytical Model Based Position Control
When the position is not directly measureable due to the above cited restrictions,
we must identify measurable information that can be measured cheaper, with
smaller sensors and more reliably. There are two distinct ways of doing so. Ei-
ther, the motor must be designed in a way to deliver those information, or, even
better, existing properties of phase voltage and phase current are identified to
contain some information on the rotor position. With the first solution, which
is also refered to as active method, the modifications of the phase currents will
inevitably result in electric noise and in some cases also in a loss of performance
[153]. The latter one, refered to as the passive method as no interference to the
motor is done, uses signal processing algorithms such as the Kalman filter to
identify the rotor position information contained in the drive signals. A Kalman
filter minimises the estimation error for a linear system, but needs a fairly accu-
rate system model in order to yield a succesful estimation.

The output characteristics of PUM are related to the drive signals by non-
linear laws, due to the non-linear nature of the stator vibration, and because of
the intermittent nature of the contact at the interface between stator and rotor.
Furthermore, this contact involves complex tribological interactions, which are
challenging to be described mathematically.

Recent modelling strategies aim for both, modelling the overall energy con-
version mechanism of PUM from the application of voltage to the piezoelectric
ceramic through to the rotation of the rotor, and validating their models and nu-
merical results by experimention [137]. Work in this field encompasses both,
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numerical [130] and analytical approaches [239]. A pathbreaking contribution
by Hagood and McFarland in 1995 [70] used the Rayleigh-Ritz method for the
dynamic response modelling of traveling wave ultrasonic motors. A review on
these early serious models of PUM is given in [228]. Transient characteristics
were later evaluated [209] and stick-slip models were introduced [61]. Sim-
pler, though accurate approaches are obtained at the expense of neglecting again
the transient phenomena [156]. Other important contributions are found in [65]
[146] [69] [42] [157] [158] [159]. A particular approach, useful not only for
optimisation, but also for controller simulation [93], used an equivalent electric
representation in order to join the models of the individual system functions. An-
alytical model based controllers have been developed [127] [60] and contributed
significally to the understanding of the phenomena involved in ultrasonic mo-
tor operation. However, the speed controllers resulting from such an approach
are only interesting for laboratory use and industrialisation in the field of small
motors fails because of the method’s exorbitant complexity. Furthermore, none
of the existing models does yet provide the tools for observer based position
controllers [18].

Confronted to this situation we aim to research passive methods for detecting
rotor position indirectly using empirical models which are linearised around the
operation region of the motor (Section 5.4.2). Also, we investigate the feasibility
of self-sensing methods which do not compromise the motor operation (Sections
5.4.3 and 5.4.4).

5.4.2 Artificial Neural Network Model Based Speed Control
A solution to this problem may be the development of dedicated numerical mod-
els. The aim is to replace the position sensor by indirect sensors and artificial
neural network models that has the data from the indirect sensors as input and
outputs speed. Design of Experiment (DoE) techniques are used to identify how
the input parameters influence the output speed and in which manner the inputs
interact. We consider only the linear regions of the experimental domain where
the motor’s behavior is useful. In such a way, a linear model can represent the
motor characteristics well enough. The results obtained in this process show us
which input parameters are useful as inputs to the ANN. The ANN is then trained
using the DoE data obtained with a test bench as well as experimental data from
the prototype of a force feedback joystick interface presented [49].

Modelling

While the linear characteristics of free vibration in the stator in the first stage can
be modeled by equations of motion, the phenomenon at the stator-rotor interface
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inherently displays non-linear dynamics and modelling becomes complex. Im-
portant contributions are the equivalent circuit model [179], finite element ap-
proaches [130] or the analytical model incorporating the stator-rotor interface
forces and predicting the resulting motor performance as a function of design
parameters [70]. Due to their complexity, these models are either difficult or
even impossible to exploit for sensorless control purposes. An alternative are
empirically built artificial neural network (ANN) models.
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Figure 5.26. Schematic of the motor structure. The piezoceramique wafer is etched into sectors
according to wavelength (λ) of traveling wave. ⊕ or 	 indicate poling direction of sector.

This means that the PUM is considered as black box. A sensitivity analy-
sis with designed experiments identifies how the input parameters influence the
output speed and in which manner the inputs interact. We consider only the lin-
ear regions of the experimental domain where the motor’s behavior is useful. In
such a way, a linear model can represent the motor characteristics well enough
for control. The results obtained in this process show us which input parame-
ters are useful as inputs to the ANN. The ANN is then trained using the data
obtained with a test bench as well as experimental data from a haptic interface
presented in [49]. The sensitivity analysis using DoE distinguishes the present
project from earlier research done on the subject [190]. It allows one to find the
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ideal input parameters to the neural network while optimising the accuracy of
the output speed prediction.

Test Bench

A schematic representation of the test bench is shown in Fig. 5.27.
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Figure 5.27. Test bench [18]

The mechanical system is composed of a Shinsei USR 60 PUM mounted on
a aluminium support and coupled to a hysteresis dynamometer. The dynamome-
ter delivers load torque independently of motor speed and therefore allows for
measuring the motor characteristics on the full range from no load to motor
blocking. Speed measurements for ANN training are obtained with a rotary op-
tical encoder.

The control algorithms are implemented on a microcontroller. The power
conversion circuit described in [18] generates the two alternating voltages which
drive the motor.
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Linear PUM Model

Using the experimental data with the design described in the previous section,
we are able to span a linear model of the motor speed characteristics which is
represented by its coefficients (Fig. 5.28).
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Figure 5.28. Linear model coefficients.

Temperature is held constant in experimentation, which is justified as in our
application the motor is never in continuous motion for longer than a few sec-
onds, and therefore its surface temperature remains stable. This hypothesis is
valid only in well defined laboratory conditions and the study presented here
must be extended to be of general validity.

The coefficients of the obtained linear model contain information about the
parameter’s influence on the output. Referring to Fig. 5.28a, we see that the
parameters with the greatest influence on the speed output are frequency (f ),
current (Iph and Itot) and the applied load torque (M ). Fig. 5.28b represents
the interaction coefficients. Interaction of Iph with Uph (a12), Itot (a13) and f
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(a15) is important. The interaction of the two current measures being obvious,
phase voltage and current are linked as the voltage is a image of the current by the
piezoceramic impedance. Amplitude and intensity are then linked to frequency
as the piezoceramic impedance is a function of its vibration frequency. From the
above observations, it is apparent that frequency and load torque must be taken
into account as inputs for the neural network. From the other possible inputs,
phase current is selected as a third input parameter. Although its contribution to
the output is slightly lower than the supply current’s, the correlation with phase
and supply voltage is higher.

Response Surface Analysis
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(a) Coefficients for the response surface shown
at Fig. 5.30; a1 ≡ f and a2 ≡M .
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Figure 5.29. Coefficients of the response surface models

The excitation voltage of the piezoceramics must be chosen to obtain an opti-
mal behavior and is not exploited as main control variable. For speed control we
have thus the choice between frequency f and phase shift φ. We are especially
interested in how the motor reacts on an externally applied load torque because
this represents the intended working condition. Two studies are therefore neces-
sary:

• speed output of the motor and the behavior under load when phase shift
between the two excitation signals is varied at constant optimal driving
frequency

• speed output of the motor and the behavior under load as a function of
drive frequency when the phase shift between the two excitation signals is
held constant.
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In both cases, a set of two parameters (f ,M and φ,M respectively) is cho-
sen to find the model coefficients by the method of least squares (Fig. 5.29).
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The coefficients are then used to draw the response surface based on the entire
normalised input space. The second order model taking into account main ef-
fects, interactions and squared terms delivers the best model of the real motor
behavior, which was verified with measures outside the central composite de-
sign. At three levels of load torque, the respective second model parameter was
varied in the region of interest (Fig. 5.31 and Fig. 5.30). The response surface
corresponding to phase shift control (Fig. 5.31) does not match reality at high
torque for low values of phase shift. Speed becomes negative there, which is
not true, but rotor stops due to non-linearity in the rotor-stator surface contact
phenomenon. This is known, and dead-zone compensation methods have been
proposed [183]. However, for the present application, where high load torque
is applied, this dead-zone is not acceptable and we therefore use a different fre-
quency control method. Fig. 5.30 shows that by controlling the frequency on
an interval of 40[kHz] ≤ f ≤ 44[kHz], the speed output follows a linear law
over the entire working domain (load torque of M ≥ 0.8 Nm is never applied at
normal working conditions).

Speed Control

Now we know that, basically, the speed of the PUM can be controlled by varying
the frequency, the voltage amplitude and the phase difference of the two sinu-
soidal input waveforms. However, the PUM suffers from severe system nonlin-
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Figure 5.32. Schematic representation of the implemented speed controller

earities and parameter variations due to changes in load torque as well as surface
temperature. Therefore, it is not possible to use a basic PID type controller
without any precaution. We have developed a controller based on amplitude
modulation of the supply voltage. We use the degree of freedom offered by the
amplitude to linearize the frequency-speed characteristic chosen as control law
in the previous section. The optimal variation of the supply voltage, making it
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possible to linearize this characteristic, is obtained when the parameter of control
a is a function of the frequency according to the diagram shown in Fig. 5.32.

As soon as the motor is operated outside the linear domain, it is likely to
stop abruptly. Most commonly this happens when the commanded frequency is
dropped below antiresonance which varies as a function of applied torque. This
characteristic is taken into account in the control algorithm in order to prevent
this pull-out phenomena. As we would limit the allowed frequency range by
fmin, the drift of the resonance frequency induced by tempereture shift ∆T
would decrease the maximum speed by ∆nf . Hence we introduce a speed limit
nlim leaving just a small security gap ∆ns relating to the resonance peak.

Speed Estimation Using Artificial Neural Networks

Estimating speed instead of using encoders reduces cost and dimensions of the
haptic interface and increases reliability. An ANN algorithm is chosen for the
purpose of speed estimation because of the nonlinearity of the motor characteris-
tics and the fact that valid analytical models are still too complex to be exploited
for control purposes. A neural network, given that enough information is sup-
plied, can be trained to learn any function. Inspired by biologic nervous systems,
it is composed of simple elements (neurons) working in parallel which are linked
by weighted connections. These weights are adjusted during offline training in
order to minimise the error between measured and estimated output.

The sensitivity analysis showed that a mathematical relation

n = fn̂(f, Iph,M) (5.29)

gives the relationship between motor speed n and frequency f , phase current
Iph and load torque M . Using this function fn̂, we are able to estimate motor
speed. The ANN is then trained using the DoE data obtained with a test bench
as well as experimental data from the prototype aiming to identify this relation.
After the training step, the online simulation of the network, excited with mea-
surements of frequency (f ), phase current (Iph) and load torque (M ), allows us
to estimate speed (Fig. 5.35).

The model of the neuron used is represented in Fig. 5.33, with R the number
of elements in the input vector p. Each input is balanced by a corresponding
weight W1,R. The sum of the balanced inputs, with bias b, represents the input
of the transfer function fn associated to each neuron. Any differentiable transfer
function fn may be used to generate the neuron output. Several neurons com-
bined in parallel form a layer and multiple layers are called a multi layer ANN.
Every element of the input vector p is connected to every neuron via the matrix
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Figure 5.33. Neuron model

W containing the corresponding weights. The neuron model is hence applied for
every neuron in the layer to generate the output vector,

a = fn(Wp + b) (5.30)

which is the input to the next layer of the network. The structure of the ANN
designed to estimate the function 5.29 is shown in Fig. 5.34. Once the structure
is determined, the weights and biases for each neuron must be initialized and
training can start. The training process requires a set of input vectors p and
corresponding objective output vector t. During training, the weights and biases
are adjusted with the objective of minimising the performance function 5.31.
The performance function is defined as the mean of the squared error between
network output a(k) and objective output t(k) over the length N of one training
step. The weights and biases are updated at the end of each training step.

V =
1
N

N∑
k=1

(a(k)− t(k))2 (5.31)

The backpropagation algorithm [143] is used to train the ANN. The idea of
this algorithm is to calculate the partial derivative of the performance function
with respect to each weight of the network. Let Wi,j be the weight of any neu-
ronal connection i-j of the network, the adjustment ∆Wi,j at the end of every
training step is found with

∆Wi,j = −α δV

δWi,j
(5.32)

The algorithm calculates then the new value of the connection weight by the
following Equation:

Wi,j(h+ 1) = Wi,j(h) + ∆Wi,j(h) (5.33)
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where h is the hth iteration of the backpropagation algorithm.
To find the minimum of the performance function 5.31, we apply the Levenberg-

Marquardt algorithm [8]. The Hessian matrix (second derivatives) is approxi-
mated as

∇2V = JT J (5.34)

and the gradient can be computed as

∇V = JT e (5.35)

where J is the Jacobian matrix that contains first derivatives of the network er-
rors with respect to the weights and biases, and e is a vector of network errors.
Computing the Jacobian matrix through a standard backpropagation technique
is much less complex than computing the Hessian matrix [68].

Finally, with our network structure shown in Fig. 5.34, an analytical approx-
imation of the function 5.29 given by the ANN after being trained, enables speed
estimation (Equation 5.36).

n̂ = f 2
n

(
W2
(
f 1
n

(
W1 p + b1

))
+ b2

)
(5.36)

Where
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W1 is the weight matrix for the connection between the hidden layer and
the input of the network.

W2 is the weight matrix for the connection between the output layer and
the hidden layer of the network.

b1 is the bias vector of the hidden layer.

b2 is the bias vector of the output layer.

p is the input vector containing here the values of frequency, phase current
and load torque as follows:

p =

 f
Iph
M

 (5.37)

The transfer function of the hidden layer (cf. Equation 5.38) is of sigmoid
type, which allows the identification of non-linearities, while the transfer func-
tion of the output layer is of linear type, which means that the output may be
outside the interval [-1 1].

f 1
n(x) =

2
(1 + e−2x)

− 1 (5.38)

f 2
n(x) = x (5.39)

Experimental Results

The ANN is trained offline with the backpropagation method in 500 epochs using
the DoE data. To verify the validity of the proposed speed estimation method, the
estimated rotor speed is used as actual speed in the PI speed controller (cf. Fig.
5.32). We compare the predicted motor speed n̂ to the measured motor speed
for the transient response (Fig. 5.35) and the steady-state response (Fig. 5.36).
While the speed prediction error is below 5% when the temperature remains
approximatively constant, the error reaches 10% when the maximal resonance
frequency shift due to motor heating is reached.
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Hence, the proposed speed estimation method is valid for the application in
the haptic feedback device, but is less accurate for continous operation of the
PUM. Design of experiments methods make it possible to precisely identify the
sensitivity of the speed output on the different input parameters of the PUM.
This approach is particularly interesting because significant data can be acquired
with a minimal number of experiments. Using this data, we designed an ANN
modelling the rotor speed of the PUM based on frequency, phase current and
load torque measures. The implemented speed estimation based on this ANN
model was tested for its transient and steady state response. However, while
the results were good for the presented application, validity for other PUM and
different applications is not given.

5.4.3 Motional Admittance Modulation (MAM)
It is possible to split the motional admittance in the electric equivalent model in
its stator and rotor components, as seen by the stator (Fig. 5.37). In this control
view of the model, the stator termsCms, Lms andRms refer to the stator compli-
ance, equivalent mass and losses, whereas Cmr, Lmr describe compliance and
mass of the local rotor section brought into vibration by the stator impact and the
losses Rmr met thereby. For a given stator configuration, the stator terms vary
with temperature and other external influences. The dynamics of these varia-
tions being very small in comparison to the dynamics of rotor motion, the stator
terms are supposed constant. The same consideration holds for the rotor terms,
if the rotor mass and compliance is monotone along the contact region and the
contact interface uniform. Here, the motional admittance modulation may be in-
troduced. If one or several of the rotor terms are made dependant of its position
with respect to the stator, the motional admittance becomes a function of posi-
tion. Its variation can then be measured on the drive signals. For the realisation,
the following conditions apply.

If a resonance frequency of the rotor matches stator resonance, the method is
not valid. This is because then, the displacement in the rotor would not be limited
around the contact region as a reaction to the stator impact any more. Instead,
the rotor displacement would correspond to the excited Eigen mode independent
on the position with respect to the stator.

The MAM is not a standstill position detection method. A certain excitation
level must be reached to visualise the effects on motional admittance. Therefore,
no detection at low speed is possible, and we encounter similar limitations as in
self-commutated PM motors at start-up.

The modifications must match the contact nature. This is, in the case of a
standing wave PUM, the number of equally spaced rotor variations must match
the number of contact operators of the stator. If this is not the case, the effect is
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Figure 5.37. Control view of the equivalent electric model. Indexes s and r designate stator and
rotor, respectively

blurred out and detection made difficult. The methods is therefore not transfer-
able as is to other PUM concepts such as travelling wave motors.

During the design process it must be kept in mind that the considerations
on motional admittance modulation are valid only if the above conditions are
fulfilled.

Three distinct implementations of the MAM are possible. A local modifi-
cation of the rotor stiffness will influence Cmr. Local mass variations have an
effect on Lmr. And finally, the introduction of lossy behaviour affects Rmr. In
reality, however, a mass modification is not obtained without a variation in stiff-
ness and therefore modifications of Lmr and Cmr are coupled. As efficiency
should just not be reduced by the method, a variation of the motional resistance,
which would translate to an artificial introduction of losses for instance in the
form of a compromised contact interface, is not considered.

rotor

contact layer

stator stator

hole

Figure 5.38. Modulation of the motional admittance by mass and compliance variation of the
rotor. ∆w is the penetration depth of the stator in the contact layer of the rotor.

For an analog impplementation of the frequency tracking controller, the con-
trol frequency of the PLL is an image of its output frequency and yields therefore
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directly some information on the rotor position.
In the case of a digital implementation of the optimal working point track-

ing controller implemented in a digital signal controller (DSC), the frequency
variation of the excitation signal is directly available.

5.4.4 Indirect Position Detection for OEM PUM
Outgoing from the MAM method, another configuration with similar physical
implications is imaginable in the case of OEM motors where design for self-
sensing is not applicable. When, the rotor impacts to an external mass in the
form of a mechanical position reference, the oscillating mass is modified. In
this way, an end of motion range detection algorithm may be implemented by
analogy.

Detection Principle

In concrete terms, we assume that the piezoelectric element of the motor is fixed
at one extremity as it impacts to an external load of mass M as shown in Fig.
5.39. The mass of the piezoelectric element is very large in comparison to the
one of the contact setup.

M

mPiezoelectric

External load

Contact
setup

elementm

Figure 5.39. Bumper impact seen as increase of the vibrating mass

From (4.1) we calculate the effective mass me of the piezoelectric element,
which is approximately m/3. Furthermore, approximating the resonance fre-
quency of the piezoelectric element by an ideal mass and spring system, the
resonance frequency is given by:

fr =
1

2π

√
1

meCm
(5.40)
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These simplifications are justified, as the quality of the impact phenomenon
is well represented. Concerning the quantification of the effect, the precision
of the measurement system must be calibrated with the digital controller. The
resonance frequency after connection to the rotor with displaced mass mr is
given by f ′r.

f ′r = fr

√
me

me +mr
(5.41)

Hence, considering a second order system, the consequent phase shift can be
approximated as ∆φ.

∆φ = 2arctan
(
f ′r
fr

)
(5.42)

5.5 Summary
Optimal working point tracking and position control techniques were proposed.

Three of the discussed optimal working point tracking methods were thor-
oughly evaluated. A self-oscillating driver (SOD), a maximum power point
tracking (MPPT) approach and a phaselock loop (PLL) circuitry. The SOD can
not be implemented in digital control and will therefore not be retained here,
where a test bench with maximal flexibility for the evaluation of position con-
trollers is searched. Its potential performance for particular applications in con-
junction with integrated drive and control electronics is however uncontested. In
a comparison of the MPPT and the PLL controller dynamic responses, the PLL
showed a superior performance. A PLL resonance frequency tracker is therefore
implemented while considering the basics in sampled signal analysis.

Whereas the PLL could be identified as best practice for the inner control
loop, position control must be implemented in accordance with a specific appli-
cation. Position observation by measuring other motor characteristics such as
temperature and torque in conjunction with a ANN motor model is unrewarding.
Firstly, the goal to replace direct sensors by simpler ones is reached only for very
particular applications and does therefore not satisfy the requirement of a gen-
erally applicable method. Secondly, while good results are obtained for speed
control, position control is out of reach. Therefore, the discussed indirect mea-
surement techniques based on motional admittance modulation will be evaluated
in practice.
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6.1 Introduction

The developped design methodology will be applied to the example of mecha-
tronic locking devices wherein a mechanical locking configuration must be tog-
gled between a locked and an open state at a low response time. The load to be
moved is very small and the wanted motion range moderate. Historically, door
lock cylinders are operated manually by the user when he rotates a key in a key
slot for opening a door. The market which is more interesting to companies in
the segment, is however the automated version of door locks. A special prod-
uct type, that will be addressed here, is a mechatronic lock cylinder which is
foreseen for both, traditional mechanical and electronic operation. This config-
uration adds some specific requirements to the design problem. Namely, a key
slot as known from the traditional lock cylinders must still be available.

6.1.1 Mechanical Cylinder Lock

Driver pin

Key pin

Rotor

Spring

Key

a) b) c)

Figure 6.1. Working principle of the pin tumbler lock mechanism [229].

The outer lock cylinder casing has a cylindrical hole in which the plug is
housed. To open the lock, the plug must rotate. The plug has a straight-shaped
slot known as the keyway at one end to allow the key to enter the plug; the other
end has a cam or which activates a mechanism to retract the locking bolt. A
series of holes are drilled vertically into the plug. These holes contain key pins
of various lengths, which are rounded to permit the key to slide over them easily.
Above each key pin is a corresponding set of driver pins, which are spring-
loaded. The outer casing contains vertical shafts, which hold the spring-loaded
pins. The opening mechanism is shown in Fig. 6.1. Without a key in the lock,
the driver pins are pushed downwards, preventing the rotor from moving. When
the correct key is inserted, the gaps between the key pins and driver pins align
with the edge of the plug. With the gaps between the pins aligned with the shear
line, the rotor can rotate freely hence enabling opening of the lock.
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6.1.2 Piezoelectric Locking Device
Existing mechatronic locking devices are actuated by DC motors. Complex se-
curity setups are necessary to prevent the motor to be moved when not supplied
or to impede magnetic picking. PUM respond better to the combined challenges
of high safety, high efficiency, low cost in mass production, and easy integration
into small mechatronic devices. As a considerable holding torque is inherent to
PUM, no blocking mechanism is needed. The bolt can be inserted by direct actu-
ation, either with linear or with revolving motion. Existing mechatronic locking
device concepts feature or a hand knob for the electronics or place the electronics
in a specially arranged slot in the door (Fig. 6.2). The goal to integrate the elec-
tronics within the European formfactor dimensions is very central for the search
of a new solution. Besides a motor concept designed for easy integration into
the device, an important issue is therefore the replacement of the direct position
sensors.

Key with authorisation code

Locking actuator

Electronics

Figure 6.2. Existing mechatronic locking system

Outgoing from the piezoelectric actuation principles (Appendix A), linear
and rotary concepts are developped to reach this goal.

The flow chart of Fig. 6.3 illustrates the way to the new solution. The main
considerations are explained in the following sections. First, the requirement
specifications are evaluated and general issues on test benches and digital control
are introduced. Section 6.5 treats a custom linear motor design. Because this
motor did not satisfy the requirements, in Section 6.5.2 the linear locking device
based on a linear OEM PUM is presented. Finally, in Section 6.6 a rotary locking
device is proposed.
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Table 6.1. Requirement specifications

Functional specifications

Enable state change ”open/closed”
Permanent state monitoring
Compatibility with all form factors
Release time from wake-up < 175 ms
Release time from move command < 30 ms
Torque resistance (applied to cylinder rotor) 10 Nm
Locking bolt active force 4 N
Low power consumption, peak current < 150 mA
Voltage 2.3 - 5.0 V
Longevity, reliability 100’000 cycles
Self-impeding yes
Resistance: temperature -20/+80 ◦C
Resistance: shock attacks 1000 g
Resistance: magnetic picking yes
Resistance: vibrations yes
Resistance: chem., therm. Attacks yes
Resistance: contact discharge 6 kV
Resistance: air discharge 8 kV

Dimensions of electronic circuits

Max. connection cross-section 1.0 mm2

Max. driver volume (HxBxL) 18x16x7 mm
Acceptable distance drive-actuator 100 mm

Dimensions of mechanics: Rotating setup

Max. outer diameter (OD) 15.0 mm
Min. inner diameter (ID) 11.5 mm
Max. overall length (incl. prestressing mechanism) (B) 4.6 mm
Min. rotor length (b) 3.0 mm
Min. blocking surface 2.0 mm2

Dimensions of mechanics: Linear setup

Max. length 19.0 mm
Max. breadth 2.3 mm
Max. height 7.4 mm
Min. blocking surface 2.0 mm2



120 CHAPTER 6. DESIGN: MECHATRONIC LOCKING DEVICE

6.2 Requirement Specifications

1

2

3

4

Figure 6.4. The components of the schematic representation are 1: Locking bolt; 2: Lock cylinder
rotor with key slot; 3: Lock cylinder stator; 4: Motor rotor.

Mechanical-electronic or electronic lock cylinders need some sort of me-
chanical actuator to change the state of the lock from ”closed” to ”open” and
vice-versa depending on whether the authentication is positive or not. Often the
lock cylinder features some sort of locking bolt in its stator. To inhibit opening
of the lock, this bolt can be moved into an opening in the rotor, blocking its
movement. The task of the piezoelectric locking device is to move such a lock-
ing bolt to enable changing the locks state. While the motion of this actuator
can be either rotational or linear, the bolt’s relevant movement will always be
translational. The motor must enable the state change ”open / closed” with a 3V
battery supply, maintenance cycles being 2 years. The task of an actuator for the
piezoelectric locking device is to block and release the lock cylinder as shown
in the conceptual study of Fig. 6.4. Three states are distinguished. The locking
device may be open or closed. In its open state, the cylinder rotor can be rotated
manually by the user with a key or a door knob.

w

W OD

ID

(a)

housing
insert

key channel

rotor

stator{
(b)

Figure 6.5. a) Dimension of the rotary piezomotor to fit the European formfactor shown in b)
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The external dimensions of lock cylinders ar standardised. These standards
are called formfactors. The objective of using a piezoelectric motor for locking
device actuation is to find a solution that suites all formfactors. This goal can be
achieved by integrating the actuator to the cylindrical housing of the European
formfactor, because the european cylinder has the smallest diameter among all
formfactors (Fig. 6.5). The functional specifications are given in Table 6.1.

6.3 Test Bench

CAP ADC

SPI
DIGITAL

CONTROLLER

MCLK

NCO LUP DAC

M WORD

DRIVER

AMPLIFIER

CURRENT SENSE

CENTRAL PROCESSING UNIT FREQUENCY CONTROL BLOCK DRIVE ELECTRONICS

PIEZOELECTRIC LOADFEEDBACK BLOCK

VOLTAGE SENSE

CURRENT
EDGE DETECTION

VOLTAGE
EDGE DETECTION

SCI PC

Figure 6.6. Electronic circuit block diagram

Motor design, the considerations on drive electronics and the developped
control techniques must be integrated as to be able to evaluate their overall per-
formance. In order to fulfil the miniaturisation requirement, the drive and control
electronics must be integrated on a single chip, either a digital controller imple-
mented on a DSC with external components or an integrated analog controller.
The main constituents will be on the one hand the PLL based frequency adaptive
oscillator and on the other hand the integrated CMOS DC-DC step-up converter
that boosts the voltage available from battery supply (approximately 2.8 V) to
the necessary level to drive the piezoelectric motor. For a realisation example
of such an application specific integrated circuit (ASIC) refer to [66]. Here, a
fully digital control approach was chosen, instead. The core of this system is
the electronics test bench, bringing together the tools for digital control, power
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electronics to drive the motor as well as a communication interface for data ac-
quisition and command. An oversight on the test bench is given in Fig. 6.6. The
central processing unit is a Texas Instruments 28335 floating point DSC. Fig. 6.7
gives a picture of the complete control electronics configured for the Squiggle
motor. The visible part on the top face comprises the frequency control block as
well as drive and feedback electronics. The digital signal controller is integrated
in the developper kit below.

Figure 6.7. Evaluation electronics

6.4 Digital Control

The control electronics test bench places at our disposal a complete setup for
communication and control. The digital controller implemented on the DSC
being its core element, it is here, where information is gathered together and
used in a suggestive way.

6.4.1 DSC Programming Fundamentals

The distinction between Low-level programming is fundamentally distinct from
software engineering. A neat knowledge of the hardware is indispensible, not
only to be able to design high performance code, but for simple security and
robustness reasons. Although there are different beliefs as to the best approach
to choose for low-level code design, some basic guidelines in digital control
system analysis and design are a general imperative.
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Figure 6.8. Code Structure

• Values that are set by background code and evaluated in interrupt handlers
must be modified with the corresponding interrupt disabled.

• Checks must be performed to ensure that new control values have been
calculated before updates are done to control circuitry.

• Checks must be performed to ensure that new control inputs are not over-
writing values that have not been used by the control routines.

• The software stack must be checked for overflows.

• The watchdog timer must always be enabled. The watchdog timer con-
sists of a timer and a register that must be written to before the timer has
expired. If the timer expires before the register is strobed, the DSP chip is
reset.

• Global and external variables are avoided.

In order to implement a controller, it is necessary to have a basic code frame-
work that allows specific timing and data input/output to be maintained. That is
to say that interrupts and tasks should be compact, fast and remain separated by
function. The core control, system tasks and user interface are all called from a
single background task. What functions these routines perform is based solely
on data inputs from interrupt service routines. Basically this means no inter-
rupts, no action. Also of considerable note is the control of data with respect to
system inputs as well as control output. Additionally, an error handler concept
is adapted from [136].
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6.5 Concept 1: Linear Motor
In the first part of this section, the design of an original solution is presented.
Alternatively, an OEM motor is evaluated, which will be presented in the second
part of this section.

6.5.1 Design of a Linear Tuning Fork Motor
The basic idea is to design a flat single-phase motor which can be integrated
along the key slot of the locking cylinder. Fig. 6.9 illustrates the concept.

Piezoelectric 
elements

L

GND
PZT

CuBe PZT
Resonator

Figure 6.9. Electric supply configuration of the tuning fork motor and FEM model

Working principle and modelling

In Fig. 6.10, a functional model of the linear motor is shown. The actuator is
placed within a flexible guidance, which at the same time preloads the resonator
tips and guides the linear movement of the actuator.

Unlike the motors using the direct working principle [227], the surface points
at the resonator tips of the linear motor that are in contact with the guidance do
not perform an elliptical movement. Rather, the particular displacement of the
resonator corresponds to a pushing or pulling movement respectively. The piezo-
electric plates are placed so that the positive potentials are at the exterior surfaces
and the negative potential comes into contact with the resonator. This configu-
ration allows for stimulating two of the resonator’s Eigen modes at the close by
frequencies 84 kHz and 69 kHz and realises hereby a single phase bidirectional
motor (Fig. 6.9). The displacement of the Eigen mode at 84 kHz pushes the
actuator forward. At the 69 kHz Eigen mode, the actuator is pulled backward.
Particularly, in the first part of a displacement cycle, the resonator tips bend to-
ward the contact. Due to the frictional contact between the resonator tips and
the guidance a force is created, that causes the actuator to move in linear direc-
tion. When the resonator tips bend away from the guidance during the second
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resonator

piezoceramics

prestressing device

contact glass

guidance

electrode

10 mm

(a)

resonator

glue

electrode
piezo-ceramics

copper wire

10 mm

(b)

Figure 6.10. a) Functional model of the linear motor; b) Side view of the actuator.

part of the displacement cycle, contact is lost. The actuator continues to slide
in the same direction because of the relatively high mass of the whole resonator
compared to the mass of the tips. This working principle is illustrated in Fig.
6.11. In the simulations that are displayed by these sequences, the contact was
not simulated and the resonator was moving freely. To drive the motor, a sin-
gle sinusoidal signal is applied to both piezoelectric elements simultaneously in
order to excite the resonator’s Eigen modes. To change direction, the frequency
must be switched between 84 kHz for forward motion and 69 kHz for backward
motion.

Model validation

Functional models of the linear motor were manufactured at the different stages
of the design process for validation purposes. In order to quantify the displace-
ment amplitudes of the resonator tip, interferometrical vibration measurements
were done with a Polytec MSA-400 vibrometer mounted on a microscope. In
the setup, the resonator was clamped with a piece of foam in order to emulate
the closest possible the boundary conditions of the FEM simulation, as can be
seen in Fig. 6.16. The vibration amplitudes had to be limited in order that on
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(a) Eigen mode at 84 kHz corresponding to forward movement

(b) Eigen mode at 69 kHz corresponding to backward movement

Figure 6.11. Motion sequences of the linear motor. The displacement amplitudes are strongly
overdrawn.

the one hand vibration speed does not exceed the bandwith of the measurement
instrument and on the other hand the x-component of the movement does not
move the resonator out of sight for the measurement of the y-component and
vice versa. A frequency sweep from 70 kHz to 110 kHz at a step of 25 Hz al-
lows to identify the Eigen modes of the resonator and compare it to the results
obtained with FEM simulation, what validates them as can be seen in Figures
6.12 - 6.15.

Firstly, the comparison of simulation results to experimental measurements
allowed for improving the numerical model. Since the motor consists of different
materials and interfaces between them, the mechanical damping factor is difficult
to determine analytically. Hence we started harmonic calculations on the FEM
simulation model with an initial guess of 0.2%. Then we used the experimental
results from the functional models to adjust the damping factor accordingly. The
final simulations were executed with a damping factor of 0.05%.

Secondly, once the FEM simulation model was accurate, the results obtained
from the functional models were compared to it and in this manner used to vali-
date the presented design methodology.

Fig. 6.13 compares the simulated and measured vibration amplitudes:

• Both graphs have qualitatively the same shapes and the same peaks.
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Figure 6.12. Displacement amplitude in driving direction (x) and perpendicular to the driving
direction (y): Comparison of the simulated and measured values for the free resonator in the

initial configuration. Supply voltage amplitude is 4.3V.

• The simulation predicted resonance at about 5% lower frequencies.

• The vibration amplitudes are up to 20% larger in reality.

The observed disparity lies within the expected range and is caused by the
following effects:

• Properties of piezoelectric materials are not constant among samples on
the one hand and vary with external conditions such as ambient tempera-
ture on the other hand.

• Only a simplified actuator was modeled, which can explain some differ-
ence in frequency and the maxima of the displacement amplitude.

• The mechanical damping factor varies from model to model due to vari-
able piezoelectric properties and manufacturing tolerances.

• During interferometry the movement of the motor was not absolutely free.
A small preload was still applied, in order to keep the motor in position.

These observations lead to the conclusion that the experiments did validate the
FEM simulations as the results are qualitatively similar and quantitatively very
close. No intermediate functional models will be necessary for future designs.
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Figure 6.13. Displacement amplitude in driving direction (x) and perpendicular to the driving
direction (y): Comparison of the simulated and measured values for the free resonator as

obtained after sensitivity analysis. Supply voltage amplitude is reduced to 1.5V.
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Figure 6.14. Displacement amplitude in driving direction (x) and perpendicular to the driving
direction (y): Comparison of the simulated and measured values for the free resonator as

obtained after sensitivity analysis. Damping factor for simulation is reduced to 0.05 percent.
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Figure 6.15. Measurement of the displacement amplitude in driving direction for the mounted but
blocked functional motor model. Supply voltage amplitude fixed at 21.5V.

(a) (b)

Figure 6.16. Setup for displacement amplitude measurement: a) Approximated free vibration with
a foam fixation; b) Vibration under preload in the testbench (blocked motion).
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Methodology validation

The factors considered for the sensitivity analysis are given in Fig. 6.17 and the
corresponding effects in Fig. 6.18. The significance threshold is situated at 8%.
The design variables with effects a3, a9, a10, a12, a13, a14 and a15 are free for
the FEM optimisation, the others are fixed.

x

y

18
17

15
14

13
10

8

765

a1: control a2: voltage a3: res kx7
a4: res ky7 a5: res kx8 a6: res ky8 
a7: res kx10 a8: res ky10 a9: res kx13 
a10: res ky13 a11: res kx14 a12: res kx15 
a13: res kx17 a14: res ky17 a15: res kx6. 

Figure 6.17. Definition of the resonator shape. The keypoints correspond to the main effects as
indicated. ”res k(x,y)i” designates the x and y positions respectively of the resonator keypoint

i.

The methodical resonator shape optimisation increased the displacement am-
plitude of the resonator tips to values up to six times higher compared to the
results obtained from the initially guessed resonator shape. Fig. 6.19 compares
the vibration amplitudes at three different stages of the design process. The res-
onator shapes used for the first FEM simulation, and the ones obtained after
preoptimisation and after FEM optimisation are shown.

This observations lead to the conclusion that the experiments did validate
the FEM simulations and the optimisation process as the results are qualitatively
similar and quantitatively very close. No intermediate functional models will
be necessary for future designs. However, with respect to the developped linear
motor in particular, negative conclusions are drawn. Resonantor shape modifi-
cations proved difficult, as the modal characteristics change along with dimen-
sions. Therefore, no functional model with stable drive characteristics could be
obtained with the available resources.
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threashold

Figure 6.18. Sensitivity analysis for the displacement amplitude in driving direction. Left: Main
effects. Right: Relative effects.

Figure 6.19. Comparison of the displacement amplitudes and the resonator geometries at the
different stages of the optimisation process.
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6.5.2 OEM Linear Locking Module

Instead of the custom made solution, a linear locking device was conceived to
be actuated by an OEM motor. A functional model is shown in Fig. 6.20. The
linear PUM by Newscale technology was selected. However, the motor selection
process with series of test for different candidate motors is beyond the frame of
this project. Only the integration of the position controller will be discussed in
detail here. Tests were made with the Squiggle motor integrated into the linear
locking module as shown in Fig. 6.21.

Figure 6.20. Functional model of the linearly driven locking module

Figure 6.21. Perspective view of the open locking module
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6.5.3 Characterisation of a Linear OEM Motor

Volts

Volts

Phase Shift 
+�/2 is forward
- �/2  is reverse

Screw 

 

 

PZT plates (4)  

Motion

Threaded rectangular metal tube

Figure 6.22. Squiggle motor motor configuration and electric supply signals [76].

The Squiggle linear PUM is fundamentally a threaded nut and screw (Fig.
6.22). Two-phase drive signals cause piezoelectric actuators to vibrate the nut at
a fixed resonance frequency of 171kHz for the selected model. The nut vibrates
in a wobbling motion that causes the screw to rotate and translate with sub-
micrometer precision. The screw translation is bi-directional, and the position
of the tip of the screw is precisely controlled by the driver. A position sensor is
required to achieve repeatable steps.

Position Control

A potential solution to this issue will be to block the rotor mechanically at and the
start and the end points of its movement in order to create an electrical reaction
when the motor reaches these positions. This electrical reaction can be detected
by measuring either amplitude or phase of voltages and currents. Fig. 6.23
illustrates the expected consequences of an impact with a bumper. For a few
control cycles, the current will lag voltage. This phase shift may be measured
by edge detection. Alternatively, when resonance frequency is tracked, the shift
induced by the collision with the bumper can be detected.

In order to evaluate the practical feasibility, first, the impedance characteris-
tics of the Squiggle motor at the different conditions were measured. Fig. 6.24a
shows the admittance and phase of the Squiggle motor around the working point
of 171kHz. This measurement is repeated with removed rotor (Fig. 6.24c) and
with blocked rotor (Fig. 6.24b). Fig. 6.24d compares the characteristics of these
three conditions.
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Figure 6.23. Bumper impact
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Figure 6.24. Impedance characteristic of the Squiggle motor: a) Normal configuration; b)
Blocked at bumper; c) Stator without rotor; d) Comparison of the different configurations in

one plot for the first phase.
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6.6 Concept 2: Rotary Motor

6.6.1 State of the Art
Concurrently to the linear solution, an implementation with a rotary PUM was
searched for. Fig. 6.25 illustrates the concept of the rotary locking device with
the piezoelectric motor integrated around the lock cylinder.

Figure 6.25. Concept of the piezoelectric locking device using balls as locking bolts [241]

After preliminary evaluations, two motor concepts were selected for FEM
analysis. The two single phase motors are a bidimensional mode standing wave
PUM and a standing wave stepper PUM, referred to as standing wave and stepper
motor, respectively.

(a) (b)

Figure 6.26. 3D CAD representation of the lock cylinder with rotational piezoelectric motor and
locking bolts: a) Stepper motor; b) Standing wave motor.

6.6.2 Standing Wave PUM
A standing wave rotary PUM is the first of two motor concepts selected for
further evaluation. The development will be based on an original motor concept
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first proposed by Wischnewskiy [231].
The ingenuity of the motor lies in the fact that in a single piezoelectric hollow

cylinder, a standing wave of two coupled orthogonal vibration components is
excited. This results in a bidimensional axial-tangential displacement by simply
applying an excitation signal between the outer and inner surface of the radially
poled cylinder. Furthermore, whereas the sweeping majority of known PUM
use piezoelectric ceramics to excite some mechanical oscillator, in the case of
this motor, the piezoelectric element is itself the oscillator, which is thus active
in its entity. So far unmatched efficiency can therefore be reached [222] and
manufacturing is simplified. Fig. 6.27 illustrates the electrode placement and
the excited mode of this PUM.

Figure 6.27. Electrode arrangement, polarisation and corresponding displacement of the 5th
coupled axial-tangential mode [221].

More specifically, the spacing of the electrodes as well as their extension is
half a wavelength of the excited mode. Hence, two groups, shifted by half a
wave length, are composed of as many segments as wavelength are present in
the cylinder, each. Only one electrode group is active at a time. At the central
points of the active electrode sections, the axial displacement is maximal and
tangential displacement is zero. At the equivalent point for the passive electrode
sections, no displacement occurs. The tangential displacement is maximal at the
interfaces of the electrodes. There, a surface point of the cylinder moves on a
straight line trajectory at an angle of 45◦ or 135◦ with respect to the cylinder
face, respectively. This configuration enables rotation in one direction when the
first electrode group is supplied and the second is allowed to float. Commuting
the role of the electrode groups shifts the standing wave by half a wavelength
around the cylinder and thus toggles the rotation direction.

Simulation results

First of all, a modal analysis has been carried out to find out the different vibra-
tion modes of the stator, including the pushers. After this modal analysis, it has
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been possible to determine the resonance frequency of the 5th degenerate cou-
pled tangential-axial as well as the 3rd mode when a structure with three pushers
is considered. Once the resonance frequencies of the interesting modes deter-
mined, harmonic responses for the two different stator configurations have been
obtained.

Fig. 6.28 shows the displacements obtained for the 3rd vibration mode to
obtain counterclockwise and clockwise rotations of the rotor. The resonance
frequency for this specific mode is 313.61 kHz. Then, Fig. 6.29 shows the
displacements obtained with a stator composed of 5 pushers (5th vibration mode)
to obtain counterclockwise and clockwise rotations of the rotor. The resonance
frequency for this specific mode is 333.15 kHz.

After the harmonic analysis, the transient response has been calculated. A
sinusoidal AC voltage of 100V (RMS) has been applied to the set of active elec-
trodes of the piezoelectric cylinder. For the simulations, a damping coefficient of
0.5% has been taken into account. This value is approximative and would need
experimental validation.

Figure 6.28. Displacement of the stator for the 3rd mode: a) for counterclockwise rotation of the
rotor, b) for clockwise rotation of the rotor

Figure 6.29. Displacement of the stator for the 5th mode: a) for counterclockwise rotation of the
rotor, b) for clockwise rotation of the rotor
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Figure 6.30. Working principle of the stepping motor and rotor design

6.6.3 Stepper PUM

Fig. 6.30 shows the configuration adopted for the realisation of a stepper PUM
using spatially shifted standing waves. Several phases, one supplied at a time,
around the annular stator allow for rotating a standing wave. When all the phase
A electrodes are simultaneously excited, the standing-wave vibration shown by
the solid curves can be created. Since the 8th vibration mode is adopted, there
are 16 nodal lines along the annular stator. Now, if the excitation is switched to
all the phase B, the resulting standing-wave vibration will be indicated by the
dashed curves. Thus, by pressing a rotor with teeth, which is in contact with
the stator surface thanks to a pre-stressing force, initially located at position 1,
will move to a new nodal line 2, and take a rest until the next phase is turned
on. The displacement between two consecutive nodal lines corresponds to the
step size. By exciting the phases in sequences, the rotor will rotate step-by-
step along the annular stator surface. Moreover, the direction of the stepping
motion can be easily controlled by changing the sequence of the exciting phases.
The 8th vibration mode was demonstrated by [27] and has been adopted for the
FE simulations. Other configurations are obviously possible but for a first case
study, this one has been chosen.

Simulation results

First of all, a modal analysis has been carried out to find out the different vi-
bration modes of the stator. After this modal analysis, it has been possible to
determine the resonance frequency of the 8th vibration mode. Then, the har-
monic response has been obtained by applying an AC voltage of 100V (RMS)
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to phase A as described in Fig. 6.30. Fig. 6.31 shows the displacement obtained.
The resonance frequency for this specific mode is 354.14 kHz.

Figure 6.31. Displacement of the stator for the 8th mode

After the harmonic analysis, the transient response has been calculated. A
sinusoidal AC voltage of 100V (RMS) has been applied to the set of active
electrodes (4 electrodes of phase A for example). For the simulations, the same
value of damping coefficient as previously has been considered (0.5%).

6.6.4 Selection
The first results obtained with the three different structures have demonstrated
that it is possible to obtain axial and tangential oscillation components in the
stator. The same conditions have been used for the three structures: applied
voltage, damping coefficient, materials, mesh size. It is hence possible to directly
compare the results. Table 6.2 shows this comparison in terms of the maximum
amplitudes obtained at the circumference of the stator cylinder.

Table 6.2. Comparison of the simulated vibrating structures

Stator structure (and fr) Amplitudes (axial/tang.)

Standing 3rd mode (fr = 313.61 kHz) 0.12µm / 0.034µm
Standing 5th mode (fr = 333.15 kHz) 0.06µm/ 0.031µm
Stepping 8th mode (fr = 354.14 kHz) 0.09µm / 0.015µm
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As it can be seen, the structure using the 3rd vibration mode of the standing
type ultrasonic motor gives the maximum amplitudes for the lowest resonance
frequency. Furthermore, the results obtained are quite similar, as well from the
point of view of the resonance frequencies as of the displacement amplitudes.
Moreover, these displacement amplitudes are not very high (less than 1µm for
an applied voltage of 100V ) but the damping coefficient taken into account dur-
ing the simulations has not been validated and may be adjustted for later designs.

Nevertheless, these first results allow us to say that these three different con-
figurations of stators are interesting and possible solutions for the rotating setup
of the locking system studied. No sensitivity analysis has been carried out yet.
It would give us more information on how to modify these structures (geometry,
materials, number of pushers, etc.) to obtain higher displacement amplitudes for
better characteristics of the motor (speed/ torque).

6.6.5 Optimal Design of a Standing Wave PUM
We applied the FEM based optimisation methodology to the standing wave PUM.

(a) The vibration mode at the resonance frequency of
411kHz for the 3rd mode and the corresponding
rotor motion is shown; the graphs at the bottom
show the corresponding displacement. Left: first
electrode group active. Right: second electrode

group active.
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Figure 6.32. Working principle of the rotory motor.
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Two designs, one with 3 wavelengths, the second with 5 wavelengths along
the circumference of the stator were evaluated with initial FEM simulations The
rotor motion was also simulated, but this model could not be sufficiently sim-
plified in order to use it for the optimisation, where every iteration step involves
several simulations depending on the optimisation method. Therefore, we sug-
gest an approach, where only the stator was simulated and a quantitative and
qualitative appreciation of the displacement is used to predict the rotor motion.
Furthermore, it showed out that for the given dimension the 3rd order mode
presented bigger displacement amplitudes, why this variant is selected for the
optimisation study.

Prediction of motor characteristics

It was explained that the displacement of a pusher surface point induces the
motion of the rotor when a continuous pre-stressing force between the rotor
and stator is applied. Due to the non-continuous nature of the contact and the
non-linearities in the physics of the frictional contact, an optimisation procedure
based on a complete FEM model is not practicable. Existing intermittent con-
tact models for FEM analysis [42] are used for the design of new motors [43],
[174], but their computational cost does not recommend them for optimisation.
Therefore, the stator is evaluated quantitatively with a FEM model and then, for
the characteristic analysis of the motor, the displacement of the surface points is
analysed qualitatively. The elliptical motions at all pusher surface points have
to be considered for the exact characteristic analysis of the rotary motor. The
displacement to the x-, y-, and z-directions is simulated at these specific nodes
using the 3D FEM model. Then, the rotary speed of the motor is determined
by the velocities of the displacements, especially by the tangential ones. Hence,
to simulate the number of revolutions per minute of the motor, the original co-
ordinate axis of each elliptical motion must be transformed to a new coordinate
axis. Then, the transformed elliptical motion of which the coordinate axis is
rotated to the tangential direction of a circle can be calculated as shown in Fig.
6.33. The elliptical motions presented in Fig. 6.32b has been calculated in this
way from the FEM simulation results to find axial and tangential displacements
of a pusher surface point. Motor motion can be predicted by considering the
following factors [170]:

• The displacement amplitudes of the free stator need to be of several hun-
dreds of nanometers for a proper operation of the motor. Otherwise, a
sufficiently high preload cannot be applied to the rotor.

• The tangential direction displacement component of the elliptical motion
has mainly an effect on the velocity of the motor and the axial direction
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Figure 6.33. a) rotation of the original coordinate axis to the tangential direction of a circle, b)
scheme of the velocity at the rotating circle

displacement component on the torque. It means that both need to be
sufficiently high to reach a good compromise between speed and torque
of the rotary motor.

• Rotation direction of the elliptical motion at all surface points must be the
same for efficient operation of the motor. If not, then they cancel out each
other so that the motor does not operate or the performance of the motor
is decreased.

Optimisation

The system variables considered for the sensitivity analysis are given in Fig.
6.34:

Figure 6.34. Definition of system variables

a0 Mean

a1 Outer diameter of the stator

a2 Inner diameter of the stator

a3 Height of the stator
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a4 Radius of pusher

a5 Angle between pushers

a6 Excitation voltage amplitude

a7 Resonance frequency

Fig. 6.35 shows the normalised main effects corresponding to the Taylor
series approximation of the response function. A positive effect signifies that
the related factor must be increased in order to maximise the objective function,
whereas when the effect is negative, the factor must be decreased.

Figure 6.35. Main effects for the rotary motor. Left: tangential displacement. Right: axial
displacement.

A larger outer diameter and a smaller inner diameter lead to higher vibration
amplitudes. A bigger pusher diameter and a larger angle between them result in
higher axial and tangential vibrations, as it is obviously true for a higher exci-
tation voltage. However, the conclusion for the material thickness is more diffi-
cult. The tangential displacement is bigger for a thinner piezoceramic, whereas
the axial displacement is bigger for a thicker piezoceramic. It becomes apparent
that we must find a trade-off between optimal axial and optimal tangential dis-
placement to get an optimal overall behaviour. In this case, the interactions must
be considered. In Fig. 6.36, the relative effects are shown with a threshold of
±20% as indicated. Looking at the effects which are higher than the threshold
for both, axial and tangential displacements, we see that the previous observa-
tion is confirmed: increasing outer diameter (relative effects a14, a15, a16) and
decreasing inner diameter (a24) leads to higher vibrations, whereas the thickness
of the ring may be fixed for optimisation.
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Figure 6.36. Relative effects for the rotary motor. Left: tangential displacement. Right: axial
displacement.

The variation ranges of the free system variables could be narrowed during
preoptimisation (Table 6.3).

Table 6.3. Narrowed design variable ranges after preoptimisation

Initial guess Lower limit Design variable Upper limit
18 mm 15 mm ≤ Outer diameter ≤ 16.75 mm
12 mm 10.75 mm ≤ Inner diameter ≤ 11.5 mm
1.5 mm 1.5 mm ≤ Pusher diameter ≤ 1.575 mm

The FEM optimisation resulted in an increase in axial and tangential vibra-
tion amplitudes as illustrated in Fig. 6.37. First, the geometric mean of the axial
and tangential displacement amplitudes was defined as objective function. How-
ever, this solution proofed to result in a poor compromise of both. Therefore,
two optimisation processes were executed, the first for maximal axial displace-
ment amplitude and the second for the tangential one. This approach allowed
for finding a first stator intended for maximal torque and a second one for max-
imal rotational speed. Because both amplitudes are directly linked, a maximal
tangential displacement also results in big axial displacement and vice versa. As
speed was the main issue, the stator with maximal tangential displacement was
retained, manufactured and tested. The final design variable values are listed in
Table 6.4.

The design resulting from the optimisation was tested experimentally with a
functional model. The improvement in terms of displacement amplitudes with
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Figure 6.37. Evolution of vibration amplitudes during the optimisation process for the rotary
motor.

Table 6.4. Design variables after optimisation

Objective function
Axial displacement Tangential displacement

Design variables
Ceramic outer diameter 16.27mm 15.52mm
Ceramic inner diameter 10.87mm 10.96mm

Pusher radius 0.78mm 0.76mm

Fixed variables
Angle between pushers π/3 rad π/3 rad

Height of the stator 4mm 4mm
Applied voltage 30 V 30 V

Results
Max axial displacement 458.63 nm 181.7 nm

Max tangential displacement 157.9 nm 382.52 nm
Resonance frequency 398 kHz 421 kHz

respect to the results presented in [45] could well be achieved by optimising the
stator geometry (Figures 6.38 and 6.39). This validates the way of proceeding
without intermediate functional models for intermediate model verification pur-
poses.
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Figure 6.38. Axial displacement of a surface point at the interface of two electrode portions
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Figure 6.39. Tangential displacement of a surface point at the interface of two electrode portions



6.6. CONCEPT 2: ROTARY MOTOR 147

6.6.6 Position Sensor

Detail B

B

Preload springsCylinder stator

PUM rotor

PUM stator

Blocking nuts

Ball bearing

Cylinder rotor

Key slot

Piezoelectric
ceramic

Locking
ring

Contact ring

Figure 6.40. Configuration of the piezoelectric locking device. Top: CAD model with steering
curve for the locking bolts. Bottom: Functional model

As shown in Fig. 6.40 the rotor structure inhibits a steering curve designed to
move the locking bolts. This steering curve presents angular variations depend-
ing on the number of locking bolts it is designed for. It may now be conceived
in a way that the resulting motional admittance modulation which is an image
of the steering curve can be sensed by the drive electronics. In concrete terms,
it was explained that the vibratory motion of the stator is transformed to a con-
tinuous rotor motion by frictional coupling at the contact points. During this
process, the rotor material is displaced by the stator impact around the contact
points. Because the resonance frequency of the rotor is distinct from the one of
the stator, no Eigen mode is excited in the rotor. Therefore, the moving mass
seen by the piezoelectric element depends on the position.
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(a) Contact model (b) Displacement of stator
and rotor

Figure 6.41. Displacement of the standing wave PUM in FEM simulation

The conditions for motional admittance modulation have been verified. First,
a FEM analysis was used to show that no Eigen mode of the rotor is not excited
when driven by the stator (Fig. 6.41). Hence, an effect as illustrated in Fig. 6.42
is expected and position detection resumes to measuring the admittance variation
caused by the steering curve.

6.7 Conclusion

Concerning the FEM based optimisation methodology, the complementary de-
sign approach, using design of experiments in a preoptimisation stage before
applying FEM optimisation algorithms to the motor model enables vibration
amplitude maximisation. Calculation time of the optimisation process is con-
siderably reduced as only significant parameters are used for optimisation and
others excluded during preoptimisation. Furthermore, the variation range of the
significant parameters can be narrowed. Functional models of linear motors cor-
responding to the initial, the preoptimised and the optimised geometry have been
built and tested on an experimental stage. The comparison of their characteris-
tics to the predictions from the FEM model validated the design methodology.
It was then successfully applied to a rotary piezoelectric motor with a differ-
ent working principle. In this case, implementing a model of the contact phe-
nomenon between stator and rotor is not advisable for optimisation because of
the important cost in calculation time for every optimisation iteration. Max-
imising directly output force or speed is therefore not possible with the chosen
approach. Observing the vibration characteristics, however, enables us to find
pertinent conclusions on the output characteristics of the motor. Once the opti-
mal solution found, the simulation of the full model validates the optimisation



6.7. CONCLUSION 149

360 370 380 400 410 420 430
0

5

10

A
dm

itt
an

ce
 [m

S] Locked
Open

360 370 380 385 400 410 420 430
−100

−50

0

50

100

Frequency [kHz]

Ph
as

e 
[°

]

Locked:

Open:

Rotor/stator contact area

Figure 6.42. Variation of the impedance characteristics as a function of the local moving mass

results.
An attractive extension of the presented work will be to use the full 3D FEM

model, taking into account the contact phenomenon between stator and rotor, in
order to validate the optimisation results by a force and torque output as well
as speed simulation. In concrete terms, the assumption that bigger axial and
tangential displacement amplitudes mean higher torque and speed, respectively,
does not take into account that output depends not only on the amplitude. The
quality of the contact is indeed very important. Hence, the trajectory of a surface
point of the stator under preload, as well as stick and slip phenomena would be
interesting to investigate.

Because at the decisive level of the design process, not enough information
was available in order to proceed with one single concept, two piezoelectric lock-
ing devices were designed. One is based on a linear OEM PUM, the Squiggle
motor, the other is an original rotary design, where the developped PUM is based
on an existing motor concept. Sensorless position controllers for both, the linear
and the rotary locking device will be evaluated.
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7.1 Motor Performance
An important design parameter for PUM is the preload wherewith the rotor is
pressed against the stator. Although contact characteristics vary considerably

151



152 CHAPTER 7. PERFORMANCE EVALUATION AND VALIDATION

among the different PUM concepts (cf. Appendix A), some principal issues are
of general validity.
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Figure 7.1. Measurement of the mechanical output speed as a function of applied external load M
for different preload conditions FN [18].

Figures 7.1 and 7.2 show the characteristics of the traveling wave ultrasonic
motor. An optimal preload exists for every motor, depending on the working
principle, the mechanical configuration, its dimensions, the contact materials
and other factors. For the linear and rotary PUM developped in the frame of this
project, no detailed preload analysis was performed. Firstly, an theoretical search
of the optimal preload is not at reach, because it was not an intention of this thesis
to obtain an analytical model of the contact phenomena. Secondly, at the func-
tional model stage, it can not be expected to validate the optimal performances
of the motor experimentally. The preload was therefore fixed experimentally for
maximal speed.

7.2 Standing Wave Rotary PUM
Four series of 10 samples, 3rd and 5th mode types of each, the small and the large
dimension, hence a total of 40 functional motor models were fabricated. Admit-
tance analysis and interferometrical vibration measurements are compared to the
FEM simulation results. Hereby we will be able to validate on the one hand the
FEM models and on the other hand we will gain an insight into the importance
of each fabrication step and the repeatability of the motor characteristics.
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Figure 7.2. Measurement of the mechanical output power as a function of applied external load
M for different preload conditions FN [18].

7.2.1 Fabrication and Characterisation of Stators
In this section, the fabrication and characterisation of the stators is explained. A
stator consists of a piezoceramic ring with an electrode for electric connectivity
on its surface and a contact ring on its top plane for enhancing the properties of
the friction contact with the rotor.

7.2.2 Electrodes

Figure 7.3. The electrode is soldered to the Zn-Ni surface of the piezoceramic.

Electrodes were brought onto the piezoelectric ceramic hollow cylinders
by Zn-Ni flash coating. The division of the outer electrode groups was then
achieved by milling. The inner surface is uniform and used as ground. The outer
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surface is diveded into 6 or 10 sectors for the 3rd mode and 5th mode motors re-
spectively. Then, two sets of 3 and 5 sectors respectively must be interconnected
to form two phases. This is done soldering a flexible printed circuit board on the
Zn-Ni surface as shown in Fig. 7.3.

7.2.3 Contact Rings
The contact rings must be connected to the piezoceramics in a virtually ever-
lasting way. This connection must therefore be mechanical and thermic shock
resistant and hazard persistent. Furthermore the connection must be as rigid as
possible to reduce losses within the piezoceramic-metal interface at most. Be-
cause the piezoceramics must neither be machined nor heated above their Curie
temperature, in order to preserve their piezoelectric properties, and cannott be
constrained in any direction apart from the axial proload, bonding with adhe-
sives is the natural selection.

Chemical Curing
Adhesives

Physical Curing
Adhesives

Aminoplasts Anaerobic
Adhesives

Light / UV curing
Adhesives

Hot Melt
Adhesives

Contact
Adhesives

Solvant Based
Adhesives

2 Component

Polyurethane
Adhesives

1 Component

Inorganic
Adhesives

Sodium Silicates

Phosphorus
Compounds

Foaming Agents

Cyanoacrylate
Adhesives

Epoxy
Adhesives

Heat curing
Polymers

Methacrylate
Adhesives

Figure 7.4. Adhesive Classification. The dashed framed adhesives are tested.

Yet, bonding metal to piezoceramics is a particularly challenging task be-
cause of the very different surface properties of these two material classes. There
are two main criteria for adhesive selection. Firstly, the glue must connect the
piezoceramic to the contact ring such that the vibrations are transmitted to the
contact points with smallest possible losses. This may be expressed as lowest
possible elasticity of the cured bond combined with sufficient resistance to the
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stress induced by the high frequency vibrations. Secondly, the glue must resist to
the hazards specified in the requirement specifications. The combination of the
smooth metal surface to the porous piezoelectric ceramic presents a particular
challenge. Among the tested products (Fig. 7.4), dedicated epoxies show the
best results.

7.2.4 Stator Admittance Measurement
In order to identify eventual deterioration of the actuator properties during the
manufacturing process, the admittance of each phase was measured after every
production step. The setup to measure admittance between the inner surface and
an electrode pattern consisting of three and five sectors respectively is shown in
Fig. 7.5

Figure 7.5. Admittance measurement setup with the Agilent 4294A Precision Impedance Analyzer
(http://www.agilent.com) for the preloaded actuator.

The electric connection was assured by spring mounted testing contacts in
order to simulate a free piezoceramic ring.
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Measurement results

Fig. 7.6 shows the evolution of the admittance versus frequency during the man-
ufacturing process (glueing and soldering) for a representative stator (OD18 3rd

mode). This representation shows clearly the influence of bonding the contact
ring on the top plane and soldering the electrode around the surface of the piezo-
ceramic tube. Through each of the steps, rigidity is increased and therefore
the resonance frequency decreased. However, the influence of soldering to the
frequency is minor. We can hence conclude that the electrode only negligibly
deteriorates the piezoelectric characteristics of the ceramic hollow cylinders.

7.3 Driver
It has been shown that a minimised ripple or in other words minimal devia-
tion from the ideal sinusoid of the drive voltage minimises wear and tear in the
piezoelectric motor [235]. Besides the strive for maximal efficiency and minia-
turisation, the sinusoidal nature of drive voltage and current were a central design
criterion.

For validation, a LLCC configuration is implemented for the rotary motor,
and a LC configuration for the Squiggle motor driver. Beeing arbitrary in fact,
this choice has some justification, as the rotary motor operates with a single drive
signal, whereas the Squiggle motor comes in a dual-phase configuration. The
number of inductors is hence the same for both implementations and therefore
the size of the driver is comparable.

A block diagram of the designed drive circuit representing the piezoelectric
element with this electric equivalent circuit and indicating the values for the
components is shown in Fig. 7.7.
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Figure 7.7. Supply diagram with electric equivalent circuit for the piezoelectric element
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Figure 7.8. a) Impedance characteristics of the standing wave PUM with LLCC resonant
converter and b) the corresponding drive signals
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For model verification, the equivalent model parameters were measured. The
corresponding plot in Fig. 7.8a compares the PSpice simulation of the electric
equivalent circuit and the results of impedance analysis with an Agilent 4294A
precision impedance analyzer. The measured steady state drive signals of the
rotary motor are shown in Fig. 7.8b. These measurements correspond to the
configuration illustrated with the electric equivalent model of Fig. 7.7 with the
respective filter component and equivalent model values.

7.4 Sensorless Position Control
As we have seen, for an ultrasonic motor that is driven by a resonant converter,
the electric resonance frequency of the drive circuit must match mechanical res-
onance of the piezoelectric actuator. In this case and with constant load and
ambient conditions, power transmission to the piezoelectric element is maximal
at the resonance frequency of the motor. Therefore, resonance frequency track-
ing is necessary when piezoelectric motors are used in harsh environment with
large thermal gradients and important load variations, that modify the resonance
frequency [50], [48].

Signal period and phase difference, voltage and current amplitude are de-
tectable with the developped electronics setup which is explained in Fig. 6.6.
Analyzing impedance characteristics and the mechanical resonance frequency
of the motor, we see that an electrical resonance occurs at the same frequency as
the mechanical resonance. It stands to reason that the proper drive frequency can
be obtained by closing the control loop using the impedance phase angle. Also
of importance is the actual phase angle that will produce the maximum ampli-
tude. As we have seen, thanks to the resonance matching design, antiresonance
disappears and the maximal vibration amplitude coincides with a phase angle
of zero. We may therefore command the phase to zero in a feedback controller,
which implies also, that the controller will naturally correct for the temperature
and load effects because the impedance characteristics will follow the resonance
frequency as it shifts.

Measuring the transient response of the controller, we see that the system is
over-damped, stable and has zero steady state error due to the integration of the
frequency signal. Even with a very high noise level, the system remains stable.
This is a very useful feature of the controller because, due to the low drive signal
levels, the phase measurement results indeed in a distorted and somewhat noisy
signal.

In this way, the detected variation translates to an angular position dependant
variation of the excitation frequency. At constant rotation speed, this variation
becomes a time dependant signal close to a sinusoid as shown with the measure-
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ment in Fig. 7.9. All indirect sensors were detected, which was checked with a
Braun moviport C118 tachometer.
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Figure 7.9. Signal of the indirect position sensor.

These results indicate the detectability of the locking position without di-
rect position sensor. With an adaptive frequency controller, the variations of the
admittance are detectable through distortion in excitation frequency. As seen
from the practical test, the position detection method works for different rotation
speeds. The hysteresis is fairly low. Indeed, the advantage of the method is that
the evaluation is done entirely in the microprocessor implemented control loop
and therefore the very small frequency variation of about 300 Hz at a resonance
frequency of 386 kHz can be detected, which would be hardly possible with
DAC and ADC interfaces.

7.4.1 Limitation
The MAM is not a standstill position detection method. A certain excitation
level must be reached to visualise the effects on motional admittance. There-
fore, no detection at low speed is possible, and we encounter similar limitations
as in auto-commutated PM motors at start-up. Furthermore, the modifications
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must match the contact nature. This is, in the case of a standing wave PUM,
the number of equally spaced rotor variations must match the number of contact
operators of the stator. If this is not the case, the effect is blurred out and detec-
tion made difficult. The method is therefore not transferable as is to other PUM
concepts such as travelling wave motors.

7.5 Position Sensor for OEM PUM

The bumper impact detection was evaluated with the Squiggle motor. It must be
ensured, that a bumper detection corresponds to a real bumper impact event. In
other words, when the motor is blocked without having reached the bumper, the
feedback to the door lock control must be failure instead of bumper impact. Rea-
sons for blocking without having reached the bumper may be, first, malfunction
due to electronics or connectivity problems. In this case, no signal indicating a
bumper impact can be detected. Second, wear and tear may lead to a blocking of
the motor. Third, external polluting agents may lead to a blocking of the motor.
Assuming, that pollution that enters the lock housing is only in the size of dust
and no large polluting materials may enter the lock housing, none of these events
can lead to a condition creating bumper condition electric signals which may be
misinterpreted. These considerations are true by analogy for the alternative solu-
tion where the thread is removed at the end of the rotor to indicate the end point
(Fig. 7.10).

Stator
Piezo

Rotor

Bumper Stator
Piezo

Rotor

Spring

Figure 7.10. Squiggle motor blocked due to a bumper or thread stop

Then, the time variable signals were evaluated using the test bench. The
variation of the phase shift between current and voltage, voltage amplitude and
current amplitude are mesured (Fig. 7.11). In this way, end of motion range
detection was demonstrated for the linear locking device.

The time constants of amplitudes on the one hand and phase shifts on the
other hand differ in the measurements. This is explained by the fact that the
phase shift is detected by the capture module of the DSC, whereas the amplitude
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values are filtered before being fed to the ADC, and the filter time constant is
therefore added to voltage and current amplitude.
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Figure 7.11. End of motion range detection for the Squiggle motor
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The detected variations are equivalent for forward and reverse motion. Not
only the collision with the bumper, but also the blocking of motion when mov-
ing in the wrong direction at the bumper is detectable. This may be helpful for
designing a robust controller. Besides the results presented in this report, tests
over 100’000 cycles indicate that life time of the motor is not reduced signifi-
cantly by running it against a bumper. Furthermore, the proposed method also
applies when the rotor is running against a spring or an equivalent shock absorb-
ing equipment.

7.5.1 Limitations

First, it must be noted that the presented measurement results are obtained with
very sensible measurement equipment. With respect to voltage, equivalent mea-
surement results are possible with onboard components on a miniaturised driver
card. However, the current measurement might be less accurate when minia-
turised. Second, the indirect bumper sensor based on phase voltage and current
measurements is applicable only in the case of the locking device and similar ap-
plications where the slider changes position without moving a high load. If high
loads close to the nominal load of the motor or variable loads must be moved,
the proposed method does not apply. Fig. 7.12 compares phase shift and current
amplitude measurements.
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7.6 Conclusion
Both locking device concepts showed potential as sensors were replaced by indi-
rect position detection methods and the integration of the system was improved.
Concerning the industrial aspect of the work, the linear system was selected for
commercialisation. The decisive criterion was risk management. The chance
of success is much higher and the risk of premature failure after sale is con-
siderably lower when relying on an existing product rather than developping a
fundamentally new solution.

A limitation of the rotary motor is the involved wear and tear, due to the in-
trinsic friction drive characteristics, but also because of the locking concept. The
torque could be increased by placing the pushers adequately as had been shown
during the FEM based design process. Indeed, the angle between the pushers
was fixed, hence placing them exactly at the interface of two electrode sections.
This is because for a unidirectional motor, the new factor of axial and tangential
displacement due to a slight radial dislocation of the pusher may be interesting.
However, for bidirectional operation, an obtained positive effect for clockwise
rotation would prove negative during counterclockwise rotation and symmetry
would be lost. For the locking device application, the loss of bidirectionality is
not necessarily a problem in the current design, because the rotor can rotate al-
ways in the same direction, stopping at the right (locked/closed) position without
reversing its direction of rotation.



CHAPTER 8

Conclusion

This thesis addressed the research of indirect frequency tracking and position
control methods for PUM. The current state of the art in sensorless control for
PUM was evaluated in terms of the research objectives, indirect sensors as well
as mechatronic system design. As a response to the three main issues identified
in this process, geometrically simple, single phase PUM drivable from battery
supply and featuring sensorless position control were developed.

Choosing a mechatronic conception of the problem, design models for the
electromechanical conversion, the drive and control electronics, the mechanics
and finally the implementation of digital control were put into relation with an
equivalent electric model. Thereby, the latter one served as core model for the
global design process, developping a particular view for every individual func-
tion, most notably:

• A FEM based methodology for the optimal design of piezoelectric stators,

• Numerical models of the drive electronics with a detailed load representa-
tion to find the most favourable drive configuration,

• A simplified analytical representation of integrated indirect position sen-
sors, which was exploited in digital control for closed-loop position con-
trol.
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Finally, optimal working point tracking and position controllers were tested
along with the performance of functional models of linear and rotary PUM. The
comprehensive analysis of design issues along with the test results provided a
thoroughgoing understanding of the crucial elements in sensorless PUM control.
A number of conclusions can be drawn.

A complete FEM model including the stator, rotor and the integrated sensors
of a PUM turned out to be too complex for optimisation. All the more, the
proposed combination of the quantitative approach with a qualitative evaluation
of the contact phenomena at the stator/rotor interface allows to design PUM
without referring to functional models in an iterative design process.

Digital control enables the succesful implementation of sensorless control
strategies presented earlier [148], which at that time were judged difficult to
implement in analog control.

Best position control results are obtained when the PUM is designed for self-
sensing. Yet, indirect sensors also enable good position control results for OEM
motors within some clearly defined boundary conditions and for well defined
applications. In concrete terms, some specific issues such as indirect end range
bumper detection can be achieved. However, position detection with very high
resolution may not be obtained using the suggested methods.

Batch fabrication is a very delicate procedure and multitudinous factors in-
fluence the performance of the final product. In order to evaluate this, test series
of functional models were produced. The results highlighted that, even with tight
process control, standard deviation of performance of the PUM is considerable.
Therefore, optimal working point tracking is necessary for efficient and reliable
PUM operation.

8.1 Contributions
The multidisciplinar system approach is the strength of this thesis. A global
view, aiming for coherence and covering the entire set of technologies involved
in a mechatronic device driven by PUM was established. This chosen strat-
egy responds to a demand of mechatronic industry which strives for integrated
solutions bluring the borders between mechanics, electronics and information
technology.

The particular contributions are:

• The design process is based on a core model, that develops simplified
views of the involved techniques in order to interrelate all functions of a
mechatronic system. Sensorless position controller design on this basis is
shown to be possible.
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• Integration of optimal working point tracking controllers with position
controllers was achieved without compromising the efficiency and other
properties of the PUM. Resonance frequency is tracked and position is
sensed by interpreting the frequency command variable within the digital
control loop.

• However, for these solutions, design for self-sensing is necessary and
rather complex. Therefore, alternative approaches applicable to OEM mo-
tors were evaluated. Blocking at the desired position by a flexible bumper
is detected via the control electronics by using simply a shunt resistor and
comparator for current sensing. Unreliable end-range detection sensors
can be replaced thereby.

• A FEM based optimisation methodology was successfully applied to new
and existing motor concepts. The combination of numerical stator models
and simplified analytical contact models allows for predicting correctly
the qualitative output characteristics of the PUM.

• Digital control techniques enabled the successful implementation of in-
direct position detection methods, which were considered unreliable in
earlier work, where analog electronics were used for the purpose.

8.2 Further Research

Certainly, the universal discourse, which is the strength of this thesis work, has
the reverse side that no in-depth study of the particular technologies is provided.
Thus, it is judicious to enlarge upon various aspects of the technologies that were
treated.

Concerning sensorless control of PUM, the final aim clearly must be a lin-
earised analytical model of the the stator/rotor contact phenomena. With respect
to the rotary PUM, modelling precisely the local admittance modulation through
mass and rigidity variations of the rotor used as indirect sensors, for instance,
would lay the basis for a position observer using Kalman filters alike the acquired
methods in the field of stepper motor control [154]. Furthermore, a linearised an-
alytical model of the admittance modulation, would allow for implementing ad-
vanced optimal and robust controllers. Additionally, standstill position detection
is an unsolved issue.

An extension would be to develop an optimisation and control model on the
basis of existing analytical design models in order to obtain a core model, which
is developable to an optimisation model and a control model at the same time. In
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this way a continuous and really integrated approach to design for self-sensing
would come into reach.

Another related route present FEM contact models of PUM. The existing
models are too complex to be used for motor optimisation.

An interesting direction for further investigation would be to develop an an-
alytical model of the stator for optimisation. The procedure could be similar to
what is done with the numerical model in this work, with a qualitative considera-
tion of the complete motor, by approximating the contact phenomena in a similar
way as has been presented.

Beyond the application to conventional mechatronic systems, sensorless po-
sition control could open new perspectives in neuroscience studies. Haptic in-
terfaces employed in this research field use PUM because of their non-magnetic
nature. However, for force-feedback control, PUM [49] or hybrid ultrasonic mo-
tor clutch actuators need sophisticated magnetic resonance imaging compatible
position sensors [25]. These could be replaced by customised sensorless position
controllers.
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PUM classification

A.1 Piezoelectric Actuation Principles

Piezoelectric motors convert electric energy to continuous motion by two stages.
Based on the converse piezoelectric effect, electric energy in converted to strain
energy in the piezoelectric element, where time changing electric fields initiate
vibration. The unidirectional movement is then induced to the rotor by frictional
coupling [53]. As the piezoelectric coupling is well understood, the main chal-
lenge in designing a piezoelectric motor is to find a way to effectively exploit
the vibrations generated by the active element [147]. The bibliographic study
of the subject presented in this chapter contains a description of the various ap-
proaches to fulfil this function. The review is limited to the most current or most
significant solutions and contains, in addition to a classification of piezoelectric
motors, the elements necessary to compare the essential characteristics of each
solution. A classification is given in Fig. A.1.

Because virtually every motor class shown therein can be implemented as
linear or as rotary motor, in a first part, we will not explicit the form of output
motion. The static part of the motor will be called stator, the moving part we call
rotor, even if a translatory moving component is considered. Every piezoelectric
ceramic element inherits a particular elastic vibration frequency depending on
its shape and material properties. By applying an electric signal that alternates at
a frequency corresponding to such an eigen mode, the piezoelectric element res-
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Piezoelectric Motors

Ultrasonic

Standing wave Traveling wave

Quasi-static

Stepping Inertial

Surface acoustic
wave

Figure A.1. Classification of piezoelectric motors

onates. This phenomenon is taken advantage of in many piezoelectric actuation
devices, because at resonance the electro-mechanical coupling factor is maxi-
mal. The resonant modes may be classified as shown in Fig. A.2 for the shapes
commonly used in piezoelectric actuators.

A.1.1 Ultrasonic Piezoelectric Actuation
Standing wave

The motion of standing wave motors is generated, as the designation indicates,
by a wave which is stationary in the stator plane. The position of the wave nodes
is determined by the position of the electrodes used to excite the piezoelectric
element. Two fundamentally different ways to excite the stator motion are possi-
ble. The first concept, a bimodal piezoelectric ultrasonic resonator, is excited so
as to create simultaneous longitudinal and bending standing waves. For instance,
the first longitudinal mode and the second bending (flexural) mode combine to
an elliptical motion of the surface points of a piezoelectric plate [216]. The sec-
ond concept consists in exciting a single Eigen mode of a piezoelectric element
in order to create translatory motions at one of its exterior surfaces. Often, the
contact to the rotor is realised with pushers (Fig. A.3). When the stator is ex-
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Figure A.3. Working principle of a standing wave ultrasonic motor [73]

cited, the vibration of the pushers actuates the rotor. The position of the pushers
with respect to the nodes of the standing wave determines the direction of the
movement. The speed of the moving part is proportional to the frequency of the
eigen mode and the length of the pushers.
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Figure A.4. Working principle of a travelling wave ultrasonic motor [147]

Driving a vibration source at one position of a closed ring excites a standing
wave, because the displacements induced symmetrically on both sides of the
excitation position interfere with each other. A travelling wave may therefore be
generated by adding a second vibration source whose excitation is phase shifted
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with respect to the first one. In this case, the two waves are superimposed and
the wave pattern propagates around the ring. Fig. A.4 depicts schematically
the operating principle of the travelling wave ultrasonic motor. The horizontal
displacement ζ of a surface point P is approximatively given:

ζ = −πξ0(
e

λ
) cos(

2πx
λ
− ω0t) (A.1)

where λ is the wave length of the progressive wave, e the stator height and
ξ0 the perpendicular displacement amplitude [147]. Thereby, the surface points
of the stator follow an elliptical locus, being free in the direction of wave prop-
agation and in contact with the rotor surface when propagating in the opposite
sense (traction zone). This induces the rotor to move in the inverse direction
with respect to the traveling wave.

Surface acoustic wave

The motion of the Rayleigh wave, a kind of surface acoustic wave, is illustrated
in Fig. A.5. Each surface point in the elastic medium moves along an elliptical
locus, because the Rayleigh wave is a coupled wave of the longitudinal wave and
the shear wave which has normal displacement component to a boundary. The
motion of the surface is similar to the flexural wave, therefore the Rayleigh wave
is suitable for an ultrasonic motor. Conveniently, the wave motion is attenuated
in the thickness direction, hence permitting rigid mounting at the bottom of the
substrate [107].

Motion of surface points
Rayleigh wave propagation

Slider motion

Elastic material

Preload

Figure A.5. Working principle of a surface acoustic wave motor



A.1. PIEZOELECTRIC ACTUATION PRINCIPLES 175

A.1.2 Quasistatic Actuation
Quasistatic piezoelectric motors operate below the resonance frequency of their
piezoceramic actuators.

Inertial drives

Inertial drives use the difference between the static and dynamic friction coeffi-
cient at the stator-rotor contact interface. During the slower displacement of the
actuator in the drive direction, the rotor follows the actuator with no slippage.
Then, the actuator moves in the opposite direction rapidly enough to overcome
friction and hence slips back beneath the rotor without moving it. This impulse
principle combines high resolution with large strokes through the repetition of
many small steps of a short range actuator. Generally inertial drives are divided
into stick-slip drives and impact drives. They are both driven with an asymmetric
- typically a sawtooth - signal, which causes their motion to consist of a stick and
a slip phase. The fundamental difference between these two driving principles
is that the rotor mass is very small for stick-slip drives and rather big for impact
drives [16].

Stepping drives

In stepping drives, the rotor is passed hand-over-hand between either clamping
and driving actuators or the teeth of a solid stator [193].
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APPENDIX B

Fundamentals of Piezoelectricity

B.1 Symmetric Tensors in Crystallography
Using the Voigt notation we are able to simplify considerably the constitutive
equations of piezoelectricity by exploiting symmetry.

Generally D and E are vectors, that is, Cartesian tensors of rank 1; and per-
mittivity ε is a Cartesian tensor of rank 2. Strain and stress are, in principle, also
rank 2 tensors. Exploiting symmetry of the strain tensor

ε =

εxx εxy εxz
εyx εyy εyz
εzx εzy εzz

 (B.1)

define

S = (εxx, εyy, εzz, 2εyz, 2εxz, 2εxy). (B.2)

For the stress tensor

σ =

σxx σxy σxz
σyx σyy σyz
σzx σzy σzz

 (B.3)
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T = (σxx, σyy, σzz, σyz, σxz, σxy). (B.4)

The factor 2 is due to the fact that the scalar product equals the inner product
of stress and strain tensors:

S · T = ε · σ = εijσij with i, j = x, y, z. (B.5)

That is why S and T appear as 6 element vectors. Consequently, s is written
as a 6x6 matrix in place of a rank 4 tensor.

The constitutive equations write therefore in the Voigt notation


S1

S2

S3

S4

S5

S6

 =


sE11 sE12 sE13 0 0 0
sE21 sE22 sE23 0 0 0
sE31 sE32 sE33 0 0 0
0 0 0 sE44 0 0
0 0 0 0 sE55 0
0 0 0 0 0 sE66




T1

T2

T3

T4

T5

T6

+ (B.6)

+


0 0 d31

0 0 d32

0 0 d33

0 d24 0
d15 0 0
0 0 0


E1

E2

E3

 (B.7)

D1

D2

D3

 =

 0 0 0 0 d15 0
0 0 0 d24 0 0
d31 d32 d33 0 0 0



T1

T2

T3

T4

T5

T6

+ (B.8)

+

ε11 0 0
0 ε22 0
0 0 ε33

E1

E2

E3

 (B.9)

where sE66 = 2
(
sE11 − sE12

)
and the symmetric tensor T is defined with V a

vector space and

T ∈ V ⊗r (B.10)
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a tensor of order r. Then T is a symmetric tensor if

τσT = T (B.11)

for the braiding maps associated to every permutation σ on the symbols
1, 2, ..., r or equivalently for every transposition on these symbols.

Given a basis ei of V , any symmetric tensor T of rank r can be written as

T =
N∑

i1,...,ir=1

Ti1i2...ire
i1 ⊗ ei2 ⊗ · · · ⊗ eir (B.12)

for some unique list of coefficients Ti1i2...ir
(the components of the tensor

in the basis) that are symmetric on the indices. That is to say
Tiσ1iσ2...iσr = Ti1i2...ir
for every permutation σ [108] [84] [205].

B.2 Formulation of Piezoelectricity for FEM

The differential equations describing the piezoelectric effect are solved numeri-
cally in this work using Ansys. The solution for nodal displacement is obtained
with Ansys. In concrete terms, a voltage is applied as constraint to the nodes of
the FEM model of the piezoelectric element. Defining a set of coupled degrees
of freedom using the CP command and the electric label VOLT does this. An
amplitude value is then attributed to the voltage variable.

To model a PUM, the following assumptions are made:

• The piezoceramic actuator is in direct contact and immobile in reference
to the resonator. The glue is taken into account by adjusting the damping
factor of the resonator system.

• The electrodes glued or soldered on the piezoceramics are not modeled
physically. It is supposed that the outer surfaces of the piezoceramic are
on positive and that the inner surface is on negative electrical potential.

• The surface points of the resonator that are in contact with the rotor are
supposed to move freely.
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B.2.1 Modal Analysis
Modal analysis is the study of the dynamic properties of structures under vibra-
tional excitation. From the numerical point of view, it consists in solving the
equation of eigenvalues (B.13). This is done using the Householder-bisection-
inverse iteration. Because near resonance, damping can be neglected, the system
is considered undamped for the modal analysis.

KξξΦi = ω2
iMΦi (B.13)

The unknown variables in this problem formulation are the Eigenwert ωi and
the Eigen vector Φi.

B.2.2 Static Analysis
The static analysis is not approached directly with Ansys, but by applying po-
tentials and forces to selected nodes of the numerical model. The software rear-
ranges these electromechanical boundary conditions and solves the linear equa-
tion of statics (B.14).

Kξξξ = F (B.14)

B.2.3 Harmonic Response Analysis
Any sustained cyclic load will produce a sustained cyclic response in a struc-
tural system. The harmonic response analysis predicts the sustained dynamic
behaviour of the system, which is the steady-state response to loads that vary
sinusoidally with time. The idea of the FEM based approach is to calculate the
structure’s response at several frequencies and obtain a graph of displacements
versus frequency. Response maxima are then identified on the graph and stresses
reviewed at those peak frequencies.

Starting from the general equation of motion for the structural system (B.15)

Mξ̈ +Cξ̇ +Kξ = F (t) (B.15)

and assuming that all points in the structure move at the same known fre-
quency, however, not necessarily in phase, the displacements are defined as:

ξ = ξmaxe
jφejΩt (B.16)
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The force vector is defined analogously to the displacement:

F = Fmaxe
jψejΩt (B.17)

Plugging Equations (B.16) and (B.17) into (B.15) yields:

(
K − Ω2M + jΩC

)
(ξmax(cosφ+ j sinφ)) = Fmax(cosψ + j sinψ)

(B.18)

A wavefront algorithm is used to solve these equations.

B.2.4 Transient Analysis
The harmonic analysis calculating only the steady-state, forced vibrations of a
structure, the transient vibrations, which occur at the beginning of the excitation,
must be evaluated seperately.
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APPENDIX C

Material Data

C.1 Pz26 by Ferroperm
Stiffness matrix:

cE =


16.8 11.0 9.99 0 0 0

16.8 11.0 0 0 0
12.3 0 0 0

3.01 0 0
3.01 0

2.88

 · 1010N/m2 (C.1)

Piezoelectric charge constants:

d =

 0 0 0 0 3.27 0
0 0 0 3.27 0 0

−1.28 −1.28 3.28 0 0 0

 · 10−10C/m2 (C.2)

Permittivity:

εS1,r, ε
S
2,r = 8.28 · 102 [-] (C.3)
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εS3,r = 7.00 · 102 [-] (C.4)

Curie Temperature: Tc > 330◦

Density: ρ = 7700 kg/m3

C.2 PZT-8 Corresponding to EBL Piezoceramics
Stiffness matrix:

cE =


14.7 8.11 8.11 0 0 0

14.7 8.11 0 0 0
13.2 0 0 0

3.13 0 0
3.13 0

3.29

 · 1010N/m2.

Piezoelectric constants:

e =

 0 0 0 0 10.34 0
0 0 0 10.34 0 0

−3.87 −3.87 13.91 0 0 0

 As/m2.

Dielectric constants:

εT =

 1.14 0 0
0 1.14 0
0 0 0.89

 · 10−8As/V m.

Density: ρ = 7600 kg/m3.
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List of Symbols

Symbol Description Units

Latin letters
a Width [m]
A Surface [m2]
A Vector of coefficients [–]
AC Surface where charges are applied [m2]
AF Surface where forces are applied [m2]
b Height [m]
b Bias vector [–]
C Elastic compliance [m2/N ]
C Rayleigh damping matrix [kg/s]
C0 Static capacitance [F ]
Cm Motional capacitance [F ]
Cp Parallel stabilising capacitor [F ]
Cr Equivalent capacitor modeling slip [F ]
Cs Serial matching capacitor [F ]
d Piezoelectric constant [C/N ] or [m/V ]
D Electric displacement [As/m2]
e Piezoelectric constant [C/m2] or [N/Vm]
E Electric field strength [V/m]
E Matrix of simulations [–]
E∗ Matrix of simulations (absolute coord.) [–]
Ec Kinetic energy [V/m]
Ed Dielectric energy [V/m]
Ee Elastic energy [V/m]
f Frequency [Hz]
F Force (in the mechanical branch) [N ]
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Symbol Description Units

f0 Initial control frequency [Hz]
fa Antiresonance frequency [Hz]
FB Vector of mechanical body forces [N ]
Fc Traction applied to the piezoceramic [N ]
fp Parallel resonance frequency [Hz]
F P Vector of mechanical point forces [N ]
fs Series resonance frequency [Hz]
F S Vector of mechanical surface forces [N ]
fr Resonance frequency [Hz]
g Piezoelectric constant [V m/N ] or [m2/C]
GLC LC resonant converter transfer function [–]
GLLCC LLCC resonant converter transfer function [–]
h Piezoelectric constant [V/m] or [N/C]
i Instantaneous current [A]
I Current [A]
ID Inner diameter [m]
j

√
−1 [–]

Kd Phase detector gain [V/rad]
Ko VCO gain [rad/V s]
Kξξ Stiffness matrix [N/m]
Kφξ Piezoelectric matrix [C/m2]
Kφφ Dielectric matrix [F/m]
Lm Motional inductance [H]
Lp Parallel matching inductance [H]
Ls Serial matching inductance [H]
m Mass [kg]
M Mass matrix [kg]
me Equivalent mass [kg]
Mp Figure of merict [–]
mr Displaced mass portion of the rotor [kg]
mv Vibrator mass [kg]
OD Outer diameter [m]
p Neural network input vector [–]
P1 Starting point [–]
P2 End point [–]
Pd Mean power [W ]
Q Electrical charge [As]
Qm Quality factor [–]
QP Electrical point charge [As]
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Symbol Description Units

QS Electrical surface charge [As/m2]
RF Equivalent slip losses [Ω]
RL Load resistance [Ω]
Rm Motional resistance [Ω]
Rr Equivalent mechanical losses [Ω]
s Elastic compliance [m2/N ]
S Strain tensor [m2/N ]
t Time [s]
T Stress tensor [N/m2]
T Temperature [K]
Uc Static capacitor voltage drop [V ]
Udc DC voltage [V ]
Ud Mean voltage [V ]
v Speed [m/s]
V Volume [m3]
vc(t), Vc(s) VCO control voltage [V ]
Vcc Logic section voltage source [V ]
vd(t), Vd(s) Phase detector output voltage [V ]
Vdd DC voltage source [V ]
w Rotor length [m]
W Overall motor length [m]
W Weight matrix [–]
x, y, z Cartesian coordinates [–]
x′, y′, z′ Rotated cartesian coordinate system [–]
X Reactance [Ω]
X Model matrix [–]
y Response function [–]
Y Admittance [S]
Y Response function (matrix form) [–]
Y0 Static admittance [S]
Ym Motional admittance [S]
Yp Parallel admittance [S]
ZIN Input impedance [Ω]
Zm Motional impedance [Ω]
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Symbol Description Units

Greek letters
α Angular position [rad]
α Mass damping coefficient [s−1]
β Stiffness damping coefficient [s−1]
δ First order variation [–]
∆ Difference [–]
ε Dielectric constant [Cm/V ]
ε Strain [–]
ζ Loop damping [–]
θi Reference phase [rad]
θo VCO phase [rad]
θe Phase error θi − θo [rad]
λ Wave length [m]
ξ Displacement [m]
ξ Nodal displacement vector [m]
ξ0 perpendicular displacement amplitude [m]
ρ Density [kg/m3]
σ Stress [N/m2]
τi Time constant, i=1,2,. . . [s]
Φ Electric potential [V ]
ΦM Gain margin [◦]
ωf Filter resonance frequency [rad/s]
ωg Geometric frequency [rad/s]
ωfs Serial filter resonance frequency [rad/s]
ωfp Parallel filter mechanical resonance frequency [rad/s]
ωgc Gain crossover frequency [rad/s]
ωm Angular mechanical resonance frequency [rad/s]
ωn Natural frequency [rad/s]

Subscripts
d Number of design variables
max Maximum
min Minimum
p Parallel
r Rotor component
s Serial / Stator component
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Symbol Description

Superscripts
D At constant D
E At constant E
S At constant S
t Transposed
T At constant T

Acronym Meaning

3D 3 dimensional
AC Alternating current
ADC Analog to digital converter
ANN Artificial neural network
CAP Capture unit (edge detection)
CPU Central processing unit
DAC Digital to analog converter
DSC Digital signal controller
DC Direct current
LUP Lookup table
MAM Motional admittance modulation
MCLK Master clock
NCO Numerically controlled oscillator
PM Permanent magnet
PUM Piezoelectric ultrasonic motor
PZT Lead zirconium titanate
RMS Root mean square
SCI Serial communication interface
RMS Serial peripheral interface
USM Ultrasonic motor
VCO Voltage controlled oscillator
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