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ABSTRACT

An ultrasonic linear motor has many excellent performances such as high precision, quick
response, hard break with no backlash, high power to weight ratio and negligible EMI. A variety
of ultrasonic linear motors have been developed and used as an actuator in motion control
systems. In recent years, a number of control schemes have been proposed to control the position
of ultrasonic linear motors, such as fuzzy reasoning control, neural network and adaptive control.
However, these control schemes are complex and hard to apply to actual implementation. Hence,
this thesis presents a new position control scheme for ultrasonic linear motor using a pseudo-
derivative control with feedforward gains (PDFF) controller designed by the coefficient diagram
method (CDM) which is an efficient and simple method to design the parameters of PDFF
controller. The effectiveness of the proposed control scheme is demonstrated by the several

simulations and experiments.
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Chapter 1

Introduction

1.1 Statement and Significance of the Problems

An ultrasonic linear motor is a type of actuator that uses mechanical vibrations in the
ultrasonic range as its drive source [1]. The ultrasonic linear motor operates on an indirect-drive
principle which uses piezoelectric ceramic elements to generate ultrasonic waves and produce a
linear motion. The characteristics of ultrasonic linear motor are high resolution, unlimited travel,
wide dynamic range of velocity, hold stability at power off and a small compact size. While the
ultrasonic linear motor has high potential for application in precision position control system, the
highly nonlinear features associated with the dynamics of these elements are challenges to how
efficiently these potentials can be realized [2].

In recent years, many control schemes have been proposed to control the position of
ultrasonic motors, such as fuzzy reasoning control [3-5], neural network [6-7] and adaptive
control [8-12]. Fuzzy reasoning control is a simple technique to control a complex system
because it does not need to use a mathematical model. Nevertheless, extract of fuzzy rules
depends on experience and intuition of the designer, and its tuning is tedious duties. Adaptive
control algorithm has been used to maintain good performance of the servo system subjected to
torque disturbance and parameter variations. However, adaptive control techniques have many
difficulties when applying to actual implementation. Neural network has a good potential for
control applications because it can approximate the nonlinear input-output mappings of the plant,
but there is some error while the network is leaming.

Hence, this thesis proposes a new position control scheme for ultrasonic linear motor using a
pseudo-derivative control with feedforward gains (PDFF) controller designed by the coefficient
diagram method (CDM) [13]. The PDFF control system compromises both tracking and
disturbance rejection performances [14]. The CDM is an efficient tool to design the parameters of
PDFF controller to meet the three major characteristics of control system, namely system

stability, response speed and robustness.



1.2 Research Objective and Approach Methodology

The need to control the position of ultrasonic linear motor with high performance has

motivated the following studies:

1

The electrical-to-mechanical energy transformation of piezoelectric material and its
mathematical equations as well as basic wave equation are studied. These are the
fundamental concepts to understand the action of each component of an ultrasonic linear

motor, and lead to drive it efficiently.

2) Derivation of ultrasonic linear motor model. In this work, the ultrasonic linear motor is

3)

4)

modeled to be a linear system in order that CDM can be applied. The model parameters

are determined from experimental data.

Study of the PDFF controller for position control system. The PDFF controller can be
designed to satisfy both the tracking and regulation performances, which are the most
important for the precision position control system. However, it is quite complicated to
design the PDFF controller parameters because this controller requires tuning of the
additional parameters [15). Hence, the CDM is adopted to design the PDFF controller

parameters. The parameters are obtained properly and easily.

Designing method for controller is proposed. The feedforward and feedback controllers
are added to the CDM standard block diagram of SISO system [16]. The plant and the
controllers are represented in polynomial form. The stability index y; and the equivalent
time constant 7 are defined based on the CDM while the tuning factor @ is defined as
0 <a <1. The coefficients of numerator and denominator polynomials of the closed-
loop transfer function obtained from the proper ¥;, 7 and & are related to the PDFF

controller parameters.

5) Implementation of PDFF controller for the ultrasonic linear motor. The effectiveness of

PDFF control algorithm used to control the position of ultrasonic linear motor is shown
in three aspects: response of position control system, disturbance rejection capability and

position tracking characteristic.



1.3 Summary of Thesis Contents

This thesis is organized in 6 chapters including references and appendices.

Chapter 2 describes the fundamentals of ultrasonic linear motor, such as operating principle,
motor classification, modeling and etc.

Chapter 3 explains the basics of the CDM, which consist of the CDM standard block
diagram, basic mathematical relations concerning with the CDM and coefficient diagram.

Chapter 4 introduces the structure of PDFF controller and propose a general form of PDFF
control system for designing controller parameters by CDM. In this chapter, the overview of the
PDFF controller will be made first, and then the control system structure will be presented.
Finally, the design procedure will be explained.

Chapter 5 presents the application of PDFF controller to control the position of ultrasonic
linear motor. The experimental equipments will be described first. Then, the model of ultrasonic
linear motor will be found from experimental data. Finally, several simulation and experimental
results will be performed.

Chapter 6 concludes the results of this research and future works.



Chapter 2

Introduction to Ultrasonic Linear Motor

The ultrasonic linear motor is an innovative manipulator that has shown a high potential in
application that the manipulation within the micrometer is required. This motor uses mechanical
vibrations in the ultrasonic range to generate the thrust force in stead of electromagnetic field. The
use of ultrasonic waves is a direct outcome of using piezoelectric ceramic elements, which
expand or contract in accordance with an applied electric field, as the vibrational source. In the
ultrasonic linear motor, a sinusoidal voltage is applied to the piezoelectric ceramic elements to
generate alternating expansions and contractions in the ceramic body itself. The oscillations are
mechanically rectified in the motor to obtain the linear motion. The ultrasonic linear motor has
now been investigated for several years. Their key features are high trust forces related to volume
and good position-accuracy. A variety of ultrasonic linear motors have been developed and used

as an actuator in motion control systems.

2.1 Operating Principle of Ultrasonic Linear Motor

Driven part

Piezoelectric excited
vibrating body
“stator”

Elliptical motion of
surface points

Contact area

Figure 2.1 Operating principle of ultrasonic linear motor.

The operating principle is based on piezoelectric ceramic elements that convert electrical
energy to mechanical energy in the form of vibrations. Most often the piezoelectric ceramic
elements are attached to an elastic body (stator), which are excited by the inverse piezoelectric

effect. The points of its surface then perform elliptical motions with a frequency in the ultrasonic



range. Another body (slider) is pressed against the elastic body by a static normal force F,, and
thus each vibration cycle is transformed to continuous motion by friction forces F,. A picture

depicting this operation is shown in figure 2.1.

Based on this operating principle, many different types of ultrasonic linear motors have been

developed. The merits and demerits of ultrasonic linear motor are summarized in Table 2.1.

Table 2.1 Merits and demerits of ultrasonic linear motors

Merits Demerits
® ] ow Speed and High Torque ® High Frequency Power Supply Required
® Direct Drive ® Highly Nonlinear Features
® Quick Response ® ] ow Durability

® Wide Range of Speeds

® Hard Break with No Backlash

® Excellent Controllability

® Fine Position Resolution

® High Power-to-Weight Ratio

® Quiet Drive

® Compact Size and Light Weight

® Simple Structure

® No Generation of Electromagnetic
Radiation

® Unaffected by External Electric or

Magnetic Fields

2.2 Classification of Ultrasonic Linear Motors

There are many different types of mechanical structures to achieve the desired elliptical
motion of surface points. The main distinctive feature for classifying ultrasonic linear motors is
the utilized vibration type. The vibration induced in the motor is either in the form of a standing

wave or a traveling wave. The standing wave is described by



u,(x,t)=A cos(kx) cos(wt) , 2.1)
while the equation for a traveling wave is
u,(x,t)= Acos(kx—at), (2.2)

where u,(x,t) and u,(x,t) denote the wave functions of standing wave and traveling wave

respectively, and k is wave number. Equation (2.2) can be rewritten as
u,(x,t)=A cos(kx) cos(wt) +A cos(kx—x/2) cos(ot-7/2) . (23)
This equation shows that a traveling wave can be generated by superposing two standing
waves with a phase difference of 90 degrees between them. This is the only feasible way to

generate a stable traveling wave in a structure of finite size and volume.

2.2.1 Standing Wave Motor

y

Vibrator piece

\Y
x
/
7
Vibrator

Figure 2.2 Basic structure of standing wave motor.

The standing wave motor is sometimes referred to a vibratory coupler motor. A vibratory
piece P is connected to the vibrator V and the tip portion executes.an elliptical displacement as
shown in figure 2.2 The motion of the tip of the vibrator piece P while vibrator V is being driven

will be examined, taking the x-axis in the longitudinal direction and the y-axis normal to the x-



axis. When the vibrator V is oscillating, the base of the vibratory piece P moves in the horizontal
direction. At the tip, however, vertical movement is caused by the thrust force F,, which is the
tangential component of the force of piece produced owing to the angle of slant §. Combining

the synchronous harmonic motions in both directions, the tip will follow an elliptical path.

Pre-load

£

Slider

<—— Driving tip

\

Piezoelectric ceramic elements

Figure 2.3 Structure of standing wave motor driven by two piezoelectric ceramic elements.

The standing wave motor has the advantages of low production cost, simple structure and
high efficiency. The fundamental disadvantages of this design are related to some variability of
the locus, and the motion in both clockwise and counterclockwise directions is generally not well
controlled due to require only a single vibration source. In order to achieve the reversible
movement, double vibration sources are required. Figure 2.3 shows, for instance, the structure of
standing wave motor driven by two vibration sources. The two piezoelectric ceramic ¢lements are
positioned orthogonal to each other in order to generate the elliptical motion of the tip, and

control the direction of the slider.

2.2.2 Traveling Wave Motor

The superposition of two standing waves with a 90-degree phase difference produces a
traveling wave. A particle on the surface of the elastic body (stator) executes a displacement with
an elliptical locus due to the coupling of longitudinal and transverse waves as shown in figure 2.4.

This motor requires two vibrational sources to generate the traveling wave, leading to a rather low



efficiency. The moving direction is readily changed by switching the phase difference from 90 to

-90 degrees.

Pressure

«4——— Direction of motion j€«—Slider

/0\/ s

Elliptical motion Travellng wave <«—Stator

>

A B

Electrode Piezoelectric ceramic

Figure 2.4 Principle of traveling wave motor.

An ultrasonic linear motor driven by two bending vibrations is shown in figure 2.5. The two
piezoelectric vibrators installed at both ends of a transmittance steel rod. A piezoelectric vibrator
acts as a vibrator and produce the traveling wave to the other one that acts as an absorber.
Adjustment of the load resistance Z of the absorber produces a perfect traveling wave.
Movement in the reverse direction is induced by exchanging the exciting and receiving roles of

the piezoelectric vibrators.

Pressure

Transmission rod

|
()

O/
Vibrator Absorber

Figure 2.5 Linear motor driven by two bending vibrations.



2.3 Ultrasonic Linear Motor Drive/Control Techniques

Piezoelectric ceramics play a vital role in the ultrasonic linear motor because they serve as
vibrational sources of the motor. The conversion of electrical energy into mechanical oscillations
takes place in the piezoelectric ceramics. To understand how to drive the ultrasonic linear motor,
a basic equivalent circuit of piezoelectric ceramic must be regarded. Consider the basic equivalent

circuit of piezoelectric ceramic shown in figure 2.6 (detail in Appendix A).

The elements in this equivalent circuit have the following meanings:

C, : blocking capacitor (acts as a regular dielectric)

L_ : equivalent inductor (represents the mass effect of the ceramic body and driving tip)
C,, : equivalent capacitor (represents the spring effect of the ceramic body and driving tip)

r,: resistance representing losses that occur within the ceramic body and driving tip.

ﬂ@ =—C, r,

Figure 2.6 Basic equivalent circuit of piezoelectric ceramic.

When an alternating electric field is applied to the piezoelectric ceramic, the mechanical
vibration is excited. If the driving frequency f, is adjusted to the \mechanica;l resonance
frequency @, of the device, a large resonant strain is generated. This phenomenon is called
“piezoelectric resonance” and is very useful for applications such as actuators. At the resonant
frequency @,, the impedance of the equivalent circuit in figure 2.6 has a minimum value.
Conversely, there is a frequency at which the impedance has a maximum value. This is called the
antiresonant frequency @, (see figure 2.7). Thus, from figure 2.6, the response of the ultrasonic
linear motor is not directly proportional to the magnitude of applied voltage, but is dependent of

the driving frequency f,. The ultrasonic linear motor has a maximum speed when the driving
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frequency f, closes to the resonant frequency @,. In addition, the speed can be adjusted by
changing the driving frequency f,. This technique is called the “resonance drive”, which is
widely used for piezoelectric actuators. Moreover, there are the other methods for controlling the
ultrasonic linear motor, such as phase drive [7], voltage drive [17] and pulse width modulation

[18].

Impedance
(magnitude)

(N1 Frequency

or

Figure 2.7 Resonant frequency @, and antiresonant frequency @, .

2.4 Modeling of Ultrasonic Linear Motor

The friction force acts as the driving force of the ultrasonic linear motor. Thus, it is not easy
to find an explicit mathematical friction model for the ultrasonic linear motor because friction
plays a dual role. It provides the primary transfer mechanism to bring about the motion, while it
opposes the realization of precision motion control. For the methodology of controller designed
by CDM, the model of ultrasonic linear motor must be known roughly and be linearized. In
following sub-section, how to model the ultrasonic linear motor to be a linear system will be

described.

2.4.1 Mathematical Model

The structure of ultrasonic linear motor is shown in figure 2.8. The ultrasonic linear motor is
driven through the inverter. An AC voltage converted from DC source voltage by the converter is
fed to the motor with the proper frequency. This frequency, however, can be adjusted by the
control input voltage ¥, , which represents the thrust force F, (/N ) generated from piezoelectric

in?
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ceramic and transmitted to the driving tip: Therefore; the relation between the control input

voltage V;, and the thrust force F, can be expressed by

DC source voltage

+l -

Driving tip

Inverter

Stator
Control input voltage I/:,n

Figure 2.8 Structure of ultrasonic linear motor.
F =k y Vie» (2.4)
t

where kf denotes the thrust force constant (N /V ). The thrust force F, serves as the driving

force for the slider. By the Newton’s second law, the equation of motion for the slider is
Mi=F, ~bx 2.5)

where M represents the slider mass (kg ), x is the position (m ), and b is the viscc;us damping
coefficient ( N.sec/ m).

Static and coulomb frictions would also be presented to some degree, but they must be
neglected in a linearized analysis. Substituting F, of equation (2.4) into equation (2.5) and

rearranging, we get

Mi+bi=kV,. 26)
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Taking the Laplace transform of this equation; assuming zero initial conditions, we obtain
[ Ms® +bs | X(s) =k, (s). 2.7)

Hence, the ultrasonic linear motor transfer function from the control input voltage ¥, (s) to the

position X (s) is

_X@) _ K

G, ()= V., (s) B s(Ms +b) . @8)

The model is second-order system and the system type is one.

2.4.2 Parameter Identification
By applying the control input voltage ¥, to the system of figure 2.8, the output of the system

can be obtained as

k 14
X(s)=—L—"¢, 2.9
(s) s (Ms + b) S 29)

where V, is the magnitude of the constant control input. Expanding X (s) into partial fractions

gives

kV.|l1 1 T
X(s)=-L=|=-T—+ , 2.10
(s) b [sz s Ts+l] (2.10

where
T =—. (2.11)

Taking the inverse Laplace transform of equation (2.10), we obtain

kY,
b

x(t)y=—L=[t-T+Te"], for 120 2.12)
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The response curve of equation (2.12) to the constant control input voltage V, is shown in

figure 2.9. As t approaches infinity, the equation for the steady-state response X, can be written

x, =—L(¢-T). (2.13)

<—x_ (straight line)

OFT-%l > ¢

Figure 2.9 Response to a constant control input voltage V.

From equation (2.13) and figure 2.9, we see that

(1) The straight line x, extrapolated back to x=0 and intersects the time axis at t =T .
Thus, T can be found first.

(2) The slider mass M is generally defined by a designer since motor mounting procedure.

From equation (2.11), b can be found.

k.V
(3) From the slope of the steady-state response X,, [%J , kf can be found.

Therefore, the parameters of ultrasonic linear motor transfer function (2.8) can be obtained from

the experiment data.

2.5 Application Fields and Development Trends
Nowadays, ultrasonic linear motors are mainly used in precise positioning stages because
they economically combine unlimited stroke with highest resolution. Figure 2.10 shows several

technical application areas and the operating ranges covered by today’s ultrasonic linear motors.



14

It is obvious that ultrasonic linear motors could be used as drives for storage device or other
office equipments as well as in special applications like micro-robot’s grippers. Some
applications such as car-industry require higher thrust forces and velocities.

At present, the ultrasonic linear motors are used for micro-scale applications because their
efficiency is independent on their size. Therefore, the design concept of new ultrasonic linear
motor development must be optimized the following:

(1) A simple structure for which the number of components is small as possible as desired.

(2) A simple construction process.

(3) It is best to minimize the number of vibration sources and drive circuit components

required for operation.

10'

device

axis drives
machine tool

office

107 f equipment

Velocity[m/s]

robot
) grippers
107 r valve )l
t:'Y drives
stages
10-3 \ 2 2
10° 10! 10? 10° 10*
Thrust force[N]

Figure 2.10 Application fields for ultrasonic linear motors.

From above requirements, the standing wave motor meets them nicely. In addition, the
standing wave motor is generally less expensive because of simpler structure. This type also
offers an exceptionally high efficiency. One important consideration in the design of ultrasonic
linear motors concerns the support of the stator. The nodal points or lines of a standing wave
motor is stationary and thus serve as ideal contact points for the support structure. The traveling

wave motor will not have this feature and care must be taken in selecting and making contact with
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support points so that the bending vibration is not significantly suppressed. This problem
precludes any further miniaturization of the traveling wave motor. Thus, no product of the linear

traveling wave motors made to market until today.



Chapter 3

Coefficient Diagram Method

The general problem of control system design how to choose a proper controll;ar to meet
desired performance specifications. There are three main theories employed for a design
procedure: Classical Control Theory, Modern Control Theory and Polynomial Approach, which is
sometimes called the Algebraic Approach. The classical control method, such as frequency
response method and root-locus method, uses the transfer function for the system representation.
The transfer function is easy to handle, but it becomes inaccurate when pole-zero cancellation
occurs due to uncontrollable or unobservable situations. The modern control method like pole-
placement method and optimal control, uses state-space representation. This representation is
accurate and well-suited in machine computation. The Coefficient Diagram Method (CDM) is an
algebraic control design approach. This method uses polynomials for system representation. The
denominator and the numerator of the transfer function are considered independently from each
other. Thus, the better results can be achieved against pole-zero cancellation. In this chapter, the
CDM standard block diagram and the basic mathematical relations concerning the CDM will be

described.

3.1 Basic Features of CDM
The CDM is an algebraic control design approach with the following five features.
(1) Polynomials are used for system representation.
(2) Characteristic polynomial and controller are simultaneously designed.
(3) Coefficient diagram is effectively utilized.
(4) The sufficient condition for stability by Lipatov constitutes the theoretical basis of CDM.

(5) Kessler standard form is improved and used as the standard form of CDM.

CDM design is based on the stability index y; and the equivalent time constant 7 as defined
later. The equivalent time constant 7 specifies the response speed. The stability index y;
specifies the stability and the wave form of the time response. The variation of stability index ¥;

due to the plant parameter variation specifies the robustness.
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3.2 CDM Standard Block Diagram
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D(s)
CDM Controller Plant

| ' HRUCS AN E sk
D= %0 46 | 1 ™4 [ 1LY T

| - l L e e )

| |

I |

i |

: B.(s) <:r

|

Figure 3.1 CDM standard block diagram of SISO system.

The standard block diagram of the CDM design for a single-input-single-output system is

shown in figure 3.1. 4,(s) and B, (s) are the polynomials of the plant, A.(s), B,(s) and

B, () are the polynomials of the standard CDM controller. D(s) is the disturbance entering to

the controlled system. The transfer function of the plant in polynomial form can be expressed as

A (5)=ps* + s+t py
B,(5)=q,S" +qpys"" +ot gy
and the controller polynomials are given by
A(s)=Ls* +1,_s* +...4],
B.(s)=k;s* +k,_s*" +...+k,

B,(s)=p;s* + pis* +ot Py

(3.1

(3.2)

(3.3)

(3.4)

(3.5)

where A <k and m <k . B,(s) is called pre-filter. Since the transfer function of the controller

has two numerators, it is resembled to a two-degree-of freedom (2DOF) system structure.
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The better performance can be expected when using 2DOF structure, because it can compromise

on both tracking the desired reference signal and disturbance suppression.

3.3 Characteristic Polynomial

The characteristic polynomial of the closed-loop system without pre-filter is defined as
P(s)=A.(s)A,(s)+ B.(5)B,(s)

n n-1
=a,s"+a,,s" +..+as+a, (3.6)

n -
— 4
= E a;s
i=0

where a,,a,,...,a, are the coefficients of the characteristic polynomial. The stability index y;,

the equivalent time constant 7 and stability limit }',.. are defined as follows.

y, = 3.7)
;19
=4 (3.8)
a,
N | 1
Vi ==YV =® (3.9)
Yin Via

where i =1,...,n—1. From (3.7)-and (3.8), the coefficient a; can be written by

; 1
@ = a7 ——
’ Via--Y2 271 l
i-1
a7 1 (3.10)
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Substituting each coefficient a; into equation (3.6), then the characteristic polynomial will be

expressed in term of a,, 7 and ¥; as

1
=2\ j }’ij—j

P(s) =4, {Z( 2 ——j(rs)‘}+rs+1 . (3.11)

3.4 Coefficient Diagram

Coefficient diagram is a powerful and useful tool for the controller design. It gives
information on stability, time response and robustness of systems in a single diagram. In
coefficient diagram, vertical axis logarithmically shows the coefficients of characteristic
polynomial a;, stability index y;, stability limits 7; and equivalent time constant 7 while the
horizontal axis shows the order i values corresponding to each coefficient. The degree of
convexity is a measure of stability. The general inclination of the curve is a measure of response
speed. The variation of the shape of the curve due to the plant parameter variation is a measure of
robustness.

To give an idea about the coefficient diagram consider the characteristic polynomial
P(s)=0.255° +5* +25° + 25> +5+0.2 (3.12)

for the following CDM parameters

vi=[22223] (3.13)
=5 ' (3.14)
y; =[0.510.9 0.5]. (3.15)

These values are shown in a coefficient diagram as in figure 3.2. The control system becomes
more stable if the curvature of the a; curve becomes larger corresponding to larger stability index
¥; as shown in figure 3.3a. If the a; curve is left-end down, the equivalent time constant 7 is

small and response is fast as shown in figure 3.3b.
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Figure 3.2 Coefficient diagram.
a; largerl}'i more stable a; - larger 7 slower response
1 1 //
P ~
/ A smaller 7; less stable \\ / . \\
- \\\\
0.1 0.1
smaller 7 faster response \
5 4 3 2 1 0 5 4 2 1 0
] )
(a) system stability (b) system response

Figure 3.3 Variation of stability index y; corresponding to system stability and system

response.

3.5 Stability Condition

Stability analysis of systems with the third or fourth order characteristic polynomial can

easily be done using Routh-Hurwitz stability criterion. However, the effect of coefficient

variations on stability cannot be seen clearly for systems with higher orders. Necessary conditions

for stability or instability of systems with higher orders can be found easily using Lipatov’s work.
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From the Routh-Hurwitz stability criterion, the stability condition for the third order is given as

a,a, > a,a,. (3.16)
If it is expressed by stability index ¥;,

yah > 1. (3.17)
The stability condition for the fourth order is given as

a, >(a,/a;)a, +(a,/a,)a,, (3.18)

Y273 >1. (3.19)

Form equations (3.9), (3.17) and (3.19), it is concluded that the stability condition for the third

and fourth order is written by
y,>y;, foralli=2~n-2. (3.20)

For the system higher than or including the fifth order, Lipatov gave the sufficient condition
for stability and instability in several forms. The conditions most suitable to CDM can be stated
as follows;

“The system is stable,if all the partial fourth-order polynomials are stable with the

margin of 1.12. The system is unstable if some partial third-order polynomial is unstable.”

Thus the sufficient condition for stability is given as

: a
a,>1.12 Zg, , + 50 (3.21)

i+1 i-1

y,>1.12y", forall i=2~n-2. (3.22)
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The sufficient condition for instability is given as

A;08; < ;50 (3.23)

Yin?: <1, forsome i=1~n-2. (3.24)

3.6 Standard Form of CDM

Kessler proposed stability index ¥, to be 2 for all i in order to decrease the oscillation and
overshoot in the ITAE (Integral Time Absolute Error) form. But it was later found that better
response, no overshoot and shorter settling time can be obtained by increasing y, to 2.5. Thus the

standard value of y; for the CDM is

}/"_1 =..= }/3 = }/2 = 2, }/1 = 2.5 s (3.25)

and CDM design has a settling time

t =257~3r. (3.26)

As in equation (3.11), the characteristic polynomial is expressed in the powers of 7s, and
the coefficients are expressed by ¥;. Thus the shapes of response and speed are determined by ¥,

and 7 respectively.

The features of the CDM standard form can be summarized as follow:

(1) No overshoot for the type 1 system, and a proper overshoot about 40 percent for the type
2 system

(2) The shortest settling time for the same equivalent time constant 7

(3) The similar wave form irrespective to the order of system

(4) The low order poles are of the equal decay. The high order poles are in the sector +50

degrees from the negative real axis. The damping ratio { is 0.65.
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3.7 Modification of the CDM Standard Form

In the actual design, the choice of the standard stability index is strongly recommended due
to stability and response requirements. However, it is not necessary to make ¥, ~ ¥,_, equal to 2.

The condition can be relaxed as

¥: >1.57; . (3.27)

Therefore, the designer has the freedom of designing the controller. Sometimes it may be
advisable to select the larger value of the stability index, in order to improve the robustness
related parameter change. From the sufficient condition for stability by Lipatov, stability is
guaranteed when all y,’s are larger than 1.5. Lipatov proved in his paper [19] that, if all y;’s are
greater than 4, all the roots are negative real. Thus, ¥;’s are usually chosen between 1.5 and 4.
Sometimes the system is built in such manner that some ¥, is already larger than the standard

value. In such case it is not necessary to reduce it to the standard value.



Chapter 4

Design of PDFF Controller by CDM

A designing method of the PDFF controller by CDM to meet desired performance criteria is
discussed in this chapter. The parameters of PDFF controller are designed based on the stability
and the speed of the controlled system. Stability is designed from the standard stability index ¥;,
and speed is designed from the equivalent time constant 7 and the tuning factor & . The stability
index ¥,, the equivalent time constant 7, and the tuning factor @ are defined based on the
closed-loop transfer function. These coefficients are related to the controller parameters
algebraically in an explicit form. According to the design methodology of the CDM, the

parameters of the PDFF controller can be obtained easily and properly.

4.1 Control System Structure

Feedforward Controller
Kpf+K¢,s+de2 +.. D(s)
+U@E) | + Plant
+ K + +
R(s) > T’ > G > C(s)
Integral Controller Feedback Controller
K,+K;s+K,s +...

Figure 4.1 General PDFF control system structure.

The general PDFF control system structure shown in figure 4.1 consists of a plant, a
feedforward controller, a feedback controller and an integral controller. In order to use CDM to
design the PDFF controller parameters properly, the PDFF control system in the form of CDM
consisting of the CDM standard block diagram of SISO system with the feedforward and
feedback controllers is proposed (see figure 4.2). The controllers and the plant must be

represented by polynomials. 4,(s)and B,(s) are the polynomials of the plant G, (s), 4.(s),
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B.(s) and B,(s) are the polynomials of the standard CDM controller, Bg(s) is the
polynomial of the feedforward controller, and B ﬂ,(s) is the polynomial of the feedback

controller. D(s) is the disturbance entering to the controlled system.

Feedforward Controller

By (s)
Plant
E- + 1 1 1;
R(s)*——:~> B,(s) yID) 4,0 —»1 B,(5) » C(5)

! - L=y LA==___ T __ ;

: By(s) je—

} B,(s)

I Feedback Controller

CDM Controller
Figure 4.2 PDFF control system in the form of CDM.

The polynomials of the modified plant A; (s) and B; (s) shown in figure 4.3 are obtained from
plant G,(s) and feedback controller B, (s).

Feedforward Controller

— Bl(s) |

= — —— o ———— ———— — G — . o ——

RGs)—» B,(s) L —C(s)

— e ————— ——— g — — f——— o ¢

CDM Controller

Figure 4.3 Rearranged structure of figure 4.2.
From the block diagram of figure 4.3, The transfer function from R(s) to C(s) is then given by

C(s) _B,(s) B,(s)+By(s)4(s)
R(s) A()A(5)+B,(5)B,(s)

4.1)

and the transfer function between D(s) and C(s) is
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C(s) __ B(s)4.(s)
D(s) A(s)4,(s)+B,(s)B(s)

4.2)

From the transfer functions (4.1) and (4.2), it is seen that the feedforward controller B 7 (s)
has an influence on the transfer function from R(s) to C(s) and can be used to increase the
speed of the transient response of the controlled system, while the transfer function from D(s) to
C(s) is not affected.

In order to derive the closed-loop transfer function of PDFF control system in term of y;, T

and a, the closed-loop transfer function given by equation (4.1) may be expressed by

:C(s) _ B(s)
R(s)  A®s)

_b,s"+b, s"" +..+bs+b,
as"+a, s +..+as+a,

(4.3)

where m<n, and a’s and b’s are constants. The denominator polynomial A(s) is the

characteristic polynomial of the closed-loop system, and its coefficients can be found from

A(s) =a, {; [Ij -%J—J(rs)'} +7s+1]. 4.49)
This equation is the same form of equation (3.1).

The CDM is mainly used to design the characteristic polynomial of the closed-loop system.
However, this method can be extended to design”the coefficients of the numerator polynomial
B(s) as well [15],[20]. Thus, the relationship among the coefficients of the numerator

polynomial B(s) can be written by

b, = b, (af)i -2, i-1
i-1¥2 N1
il
=b, (ar) H; , 4.5)
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where @ is the tuning factor. The equivalent time constant 7 is scaled by the tuning factor & so
that the response speed can be adjusted. The value of tuning factor & is defined as 0 <a <1.
Substituting each coefficient b, into the numerator polynomial B(s), which is expressed in term

of ;,, 7 and & as

m i-1 .
B(s) =b, {Z[ %J(ars)’}+ars+1 . 4.6)
J=t Ti-j

Hence, the transfer function of PDFF control system in term of 7;, 7 and & can be obtained by

C(s) _b° {Z(ﬁ 7%, J(a‘fs)i}+ars+1
O]

i=2 \ j=1 Viej

@.7)

This transfer function is a general form for designing the PDFF controller.

4.2 Design Procedure

The parameters of PDFF controller can be designed by following procedures:

(1) Derive the closed-loop transfer function (4.1) from the polynomials of the modified
plant, the feedforward controller, the integral controller and the pre-filter.

(2) Define the settling time ¢, in order to find the equivalent time constant 7 from equation
(3.26), and-determine the proper values of stability index y; and tuning factor . Then,
substituting these parameters to the closed-loop transfer function (4.7).

(3) The parameters of PDFF controller are obtained by equating the transfer function (4.1) to

the transfer function (4.7).

4.3 PDFF Controller Design for Position Control of Ultrasonic Linear Motor
Since the model of ultrasonic linear motor is approximated to be a second-order system, the
structures of feedforward and feedback controllers shown in figure 4.1 become as proportional-

derivative control actions as shown in figure 4.4. K, and K , are the derivative and proportional
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gains of feedback controller respectively, K; is the integral gain, and K, and K o are the

derivative and proportional gains of feedforward controller respectively.

Feedforward Controller
—p K st K &S
+ +
R(s) g ﬁ
s
Integral Controller

D(s)
+UG) | + Ultrasonic Linear Motor
+ k, .
s (Ms + b) CGs)
Feedback Controller
K,+K;s [ ——

Figure 4.4 Ultrasonic linear motor with PDFF controller.

To assign the parameters of the feedforward controller, the feedback controller and the

integral controller, the transfer function (4.1) must be first found from the modified plant

B,() _

B,(s)

G,(s)=

the integral controller

AONE 9
GC(S)_AC(S) s

the feedforward controller

By(s)=K,s+K,,

and the pre-filter

B,(s)=K;,

A(s) A+ (Kp +de)Bp(s) ’

4.10)

(4.11)

4.12)

(4.13)
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Chapter 5

Simulation and Experimental Results

The effectiveness of the PDFF controller developed for the position control of ultrasonic
linear motor will be evaluated in this chapter. A series of simulations and experiments are
performed. The PDFF control algorithm is first used to study the system response at a desired
constant position value, and then, to study the disturbance rejection capability. Finally, the system

response in a tracking mode will be regarded.

5.1 Experimental System

Incremental

Quadrature Outputs Linear Encoder

Data
Acquisition|

b

[
[

Ll [sH4

[
—1
o

]

\ » PDA130

+10 = Positive stroke
-10 = Negative stroke

Slider

[

500Vpp@132kHz
Motor Driver

Figure 5.1 Experimental system.

The experimental system of position control for ultrasonic linear motor is set up as shown in
figure 5.1. The structure of ultrasonic linear motor consists of two piezoelectric actuators, a linear
bearing and a slider plate. In this work, two piezoelectric actuators model PDM130 are used as
stators to increase the thrust force. The piezoelectric actuator structure and its electrical schematic
are shown in figures 5.2 and 5.3 respectively. To obtain a very low friction slide mechanism, each
piezoelectric actuators is installed on a side of linear bearing as shown in figure 5.4. The friction

shoe is coupled to flat friction strip which is mounted on a side of bearing using double sided
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adhesive tape. A slider plate is mounted on the linear bearing, and its weight is 0.12 kg. The
friction drive of the actuator (stator) requires a compressive pre-load force between the friction
shoe and the friction strip. The pre-load force is determined by spring compression, which is
determined by the mounting distance between the actuator housing and friction strip. In this case,

the motor mounting distance is 0.24 inches for fast speed requirement [21].

Piezoelectric ceramics Friction shoe

AN /
7 N~ Z
Friction strip @ O
(_

Pre-load

Stainless housing

Figure 5.2 Structure of PDM130.

Red (+) White (+)

Piezoelectric Piezoelectric
ceramic 1 D D ceramic 2

Stainless steel ———o Black (-)

Figure 5.3 Electrical schematic of PDM130.

The ultrasonic linear motor is driven by standard motor driver model PDE130. This driver
provides 500 Vpp to the motor at a driving frequency of approximately 132 kHz. Motor driver is
controlled using ~10 to +10 control input voltage from the personal computer. The voltage sign
controls the motor direction and the voltage magnitude controls the motor speed. The actual
position of slider is detected by linear encoder, whose incremental quadrature outputs provide

5 4 m measuring steps. The maximum stroke of slider is about 40 mm:.



32

e
e _@ Friction strips
Mounting distance ; '—@l

— - o o ] —
O © o |lo
- v

1
o
o

; Mounting distance

Bearing slide 2‘" -

L ___

Figure 5.4 Structure of ultrasonic linear motor (top view).

5.2 PDFF Controller Parameters

The parameters of PDFF controller have to be assigned for simulations and experiments.
Hence, the parameters of the ultrasonic linear motor model are first determined from experimental
data based on the technique described in chapter 2. Applying the +10 V control input voltage
from personal computer to the ultrasonic linear motor through the motor driver PDA130, the

open-loop response of ultrasonic linear motor can be obtained (see figure 5.5).
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Figure 5.5 Open-loop response.
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From the open-loop response curve, the slope of the steady-state response is 0.116, the
straight line of steady-state response extrapolated back to the time axis and intersects this axis at

0.006 second. Thus, its model can be found as

_ 0.23
5(0.125+19.88)

G,(s)

where the input of this model is the control input voltage V), , and the output is the position of
slider X(s).

In actual operation, the load mass on the slider can be changed up to applications which leads
to the model parameters change. Hence, the controller parameters should be designed by large
stability index value. In this work, the controller parameters are designed by setting the stability
indices ¥, =7 and y, =15, the equivalent time constant 7 =0.6 second, for the settling time
t, =1.5 seconds, and the tuning factor @ is 0.6 (see Appendix B). Thus, the parameters of
PDFF controller obtained from the design procedure stated in chapter 4 are K , =1061.66,

K, =1769.44, K, =4.57, K, =637.00 and K, =32.76.

5.3 Simulation Results

5.3.1 Step Response of Position Control

The simulations of the PDFF control system shown in figure 4.2 for a 20mm step input with
no load mass and its control signal are shown in figures 5.6 and 5.7 respectively. It is seen that the
response has no steady-state error and overshoot. A rise time and a settling time are shown in
table 5.1. Since the model of ultrasonic linear motor is the second-order system and the system
type is one, it is possible to use the PD controller to control the position of the motor. Therefore,
in this work, the PD position control system (see Appendix D) is also designed to compare the
results with the PDFF control system. The both control systems have the same settling time, but

the rise time of PDFF control system is shorter.

Table 5.1 System performance comparison (simulations)

Operating condition t, (sec) P (%) t, (sec)

No load 0.59 0.00 141

Load (0.5kg) 0.56 0.00 1.43
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Figure 5.6 Response to step input with no load mass.
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Figure 5.7 Control signal.

, the 0.5kg load mass is

In order to demonstrate the effectiveness of the PDFF controller,

placed on the slider without changing the controller parameters. The system response for the same

20mm step input can be shown in figure 5.8, and figure 5.9 shows its control signal. There is no

overshoot or steady-state error. It is seen from table 5.1 that the rise time of load condition is
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shorter than the rise time of no-load condition, on the other hand, the settling time of no-load

condition is faster.
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It is obviously observed from these figures that the response curve of no-load condition is
almost identical with the response curve of 0.5kg-load condition. Thus, it can be concluded that
the PDFF control system designed for no-load condition still give a good response at the load

condition.

5.3.2 Step Response with Constant Disturbance

The disturbance rejection capability is also examined in this work. A step disturbance
equivalent to 1N is applied to the system of figure 4.2 at 6 seconds, while PDFF control system is
controlling the position at 20mm. The response and the control signal are shown in figures 5.10
and 5.11 respectively. It is observed from these figures that the PDFF control system can rapidly
correct the position error caused by the disturbance. However, the position error still remains in

the PD control system (see Appendix D).
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Figure 5.10 Response to step input and step disturbance.
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5.3.3 Tracking Characteristic

In this sub-section, the responses of the position control system in a tracking mode are

considered both no-load and load conditions. A stair input, of which each time interval is 4

seconds for the displacement of 10mm is applied to R(s) of block diagram of figure 4.2.
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Figure 5.12 Response to stair input with no load mass.



38

12

P

O e L e Y b R K

i ¥

T T it ELEE TP P PP

R T i il At EE EEELEE RS LR

gf-=
2

BF---=-----
2R--------

~r

12
10f--------
6

(1104) eufits josuog

Time (sec)

Figure 5.13 Control signal.

The simulation response for no-load condition is shown in figure 5.12, and its control signal

is also shown in figure 5.13. The response can track the command positions, even if the command

changes in a step without overshoot.
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In case of load condition, the 1kg load mass is placed on the slider, while still using the same
controller parameters designed for no-load condition. The response to the stair input and its
control signal are shown in figures 5.14 and 5.15 respectively. Although, the slider carries the 1kg
load mass, the PDFF controller can control the slider to the desired positions. Hence, it can be
summarized that the precise and quick position tracking can be obtained from the pro_posed

control system.
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proposed control system is insensitive to the parameter variations. Therefore, the PDFF controller

designed by CDM can assure the desired control performance when the operating condition has

been changed.
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Figure 5.20 Control signal.
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5.4.2 Step Response with Constant Disturbance

In this sub-section, the disturbance rejection capability is studied. The response, that a step
disturbance equivalent to 1IN is applied to the input terminal of ultrasonic® linear motor while
PDFF control system holds the position at 20mm at 6 seconds, is shown in figure 5.21. Figure
5.22 shows the control signal. It is seen from figure 5.21 that the experiment has similar result to
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the simulation, but the system takes a longer time to eliminate the position error due to the effect

of motor driver’s deadband.
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Figure 5.21 Response to step input and step disturbance.
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Figure 5.22 Control signal.

5.4.3 Tracking Characteristic

The tracking characteristic of the PDFF position control system is examined by controlling

the slider to the positions of 10, 20 and 30mm, of which each time interval is 4 seconds.
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Figure 5.23 Response to stair input without load mass.
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Figure 5.24 Control signal.

Figures 5.23 and 5.24 show the response curve to the stair input for no-load condition and its

control signal respectively. There is no steady-state error and overshoot at each time interval (see

figure 5.23).
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Figure 5.26 Control signal.

When the lkg load mass is placed on the slider, the response curve remains almost
signal is also shown in figure 5.26. It can be observed that the fast tracking property and

unchanged from the response curve of no-load condition as shown in figure 5.25, and its control

robustness of the proposed position control system can be obtained.



Chapter 6

Conclusions and Future Works

6.1 Conclusions

The PDFF controller designed by coefficient diagram method has been introduced for
controlling the position of ultrasonic linear motor. The reasonable mathematical model of
ultrasonic linear motor has been derived so that the CDM can be applied. The transfer function of
the PDFF position control in term of ¥;, 7, and @ has been developed in general form. Hence,
the PDFF controller parameters can be obtained appropriately by assigning the values of y;, 7,
and ¢ . This form is not only applied to the second-order plant, but also a higher-order plant as
well. The simulations and experiments have also been performed. The results indicated that the
PDFF control system designed by CDM is robust to the load or parameters changes. Thus,
controller parameters need not to be redesigned repeatedly while the control system is operating
at the different conditions. Furthermore, the effect of disturbance is small and can be rejected
rapidly, and the quick position tracking characteristic can be obtained. In addition, the simulation
results of PDFF control system have also been compared with the PD control system. Although,
the structure of PD control system is simpler than the structure of PDFF control system, but its
result is not satisfied in disturbance rejection capability. Hence, it can be concluded that CDM is
successful in the PDFF controller design for quick and precise position control of ultrasonic linear

motor.

6.2 Future Works
Ultrasonic linear motors are low cost, compact profile, and suitable for applications requiring
manipulation within micrometer range. With these merits, the applications of various types of the

ultrasonic linear motors emerge quickly. Future research aims include the following:

- The nonlinear properties of the ultrasonic linear motors, such as heat generation, friction
drive, and contact mechanism between driving tip and slider have to be studied to assure

the reliability of their operation.

- The deadband of motor driver degrades the regulation performance as presented in sub-

section 5.4.2. To overcome this problem, the deadband compensator should be considered.
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Appendix A

Equivalent-circuit Analysis for Piezoelectric Ceramic

The piezoelectric ceramics are the most important elements of the ultrasonic linear motor. In
order to understand how these elements applied in the ultrasonic linear motor, the equivalent
circuit must be developed. This equivalent circuit is used to regard the electrical-to-mechanical

energy transformation.

A.1 Piezoelectric Equations

Electrical terminal Mechanical terminal
— Oo— ' » 7 —o

»
»

® =7, AV F=AV -Zv

o
<

0 —

, o
1: 4

Figure A.1 An electromechanical transducer circuit.

~

In describing the behavior of the systems that employ piezoelectric ceramics, the following

equations are important:

F=AV-2v (A.D)
I=Y,V+4v (A2)

where F is the force at the mechanical terminals, A is a force factor which is employed in
electroacoustic transducer theory, v is the velocity at the mechanical terminals, V' is the voltage
at the electrical terminals, / is the current at the electrical terminals, Z is the mechanical

impedance of the ceramic material and Y, is the blocking admittance.
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To illustrate these equations, an equivalent circuit is shown in figure A.1. In equation (A.1),
the first term on the right-hand side is the force generated within the ceramic body, which is equal
to the applied voltage ¥ multiplied by 4. If this force AV is subtracted by the impedance
drop, which is the product of the internal mechanical impedance Z and velocity v, the result is
the force exerted by the motor externally. Thus the force factor A is the force created when a unit
voltage is applied.

Consider equation (A.2). Y,V is the current flowing through the capacitance and Av is the
current which causes the ceramic body to deform. Thus the force factor A4 is the current
generated when unit velocity is given to the ceramic body. In general, the unit of A depends on
the properties and dimensions of the ceramic and how it is used.

The electromechanical transducer circuit can be simplified by incorporating the transformer
element into the internal impedance Z . The result, with a modified internal impedance Z,,is

shown in figure A.2.

Q
N
(o]

@ —_— C,

—O- O

Electrical input Mechanical output

Figure A.2 Simplified circuit for figure A.1.

A.2 Internal Impedance

The internal impedance Z_ in figure A.2 will be examined to show that this circuit is a
resonant circuit. When DC voltage is applied with no mechanical load, the piezoelectric ceramic
will reach equilibrium after undergoing an initial deformation. This is analogous to a spring under

a constant force, which can be expressed by

F =Kx, (A.3)

where F is the applied force, x is the displacement and K is the spring constant.
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The current created, when unit velocity is given can be expressed by

I=Av. (A4)

Integrating both sides with respect to time, it is the charge g created by a unit displacement x .

Thus

q= Ax. (A.5)

The force generated in a piezoelectric ceramic is

F=A4V. (A.6)

Substituting equations (A.5) and (A.6) into equation (A.3), we obtain

AV = %K (A7)
or
roEo. ws

The equivalent capacitance is then given by

A2
C=—. A9
X (A.9)

Consider now the forced Vibrations of a piezoelectric ceramic when an AC voltage is applied.
If ceramic is bonded to metal, the metal will also vibrate. A model describing this behavior is
shown in figure A.3, where (b) shows the forced vibration of the mass-spring system under a

force f , generated by the AC voltage V.
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40

(@) (b)

Figure A.3 AC voltage applied to a combined piezoelectric-ceramic-metal element and a
mechanically equivalent model: (a) electrical-mechanical transformation and (b) mechanical

model.

In figure A.3, the equation of motion is given by

2
m%+Kx=f(x), (A.10)

where m is a mass of the piezoelectric-ceramic-metal element. If equation (A.5) is substituted

into this equation and express it in terms of ¢, then divide both sides by A4, we obtain

mdq K _f(x)
T ETL *10

From equation (A.6), the term on the right-hand side is the applied voltage. On the other hand, the

equivalent capacitance C, equivalent inductance L , and voltage V' (¢) are related by
L=—2+=g=V. (A.12)

The second derivative in equations (A.11) and (A.12) must be equal, the equivalent inductance is

then given by

=1 (A.13)
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To construct an equivalent circuit, the mass m is represented by the inductance L and place

it in series with capacitor C . This is shown in figure A.4.

—— Cc=4*/K

®

L=m/A2

Figure A.4 Equivalent circuit for the model in figure A.3.

A.3 Basic Equivalent Circuit

Figure A.5 Equivalent circuit with elements representing losses.

By improving the equivalent circuit in the previous sub-section, the circuit shown in figure
A.5 can be obtained. This circuit represents free vibrations of a stator with no loads, and includes

two resistors which represent losses. The elements that have been added are given below.
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fs@ Ca 7,

Figure A.6 Basic equivalent circuit.

C,: This is a capacitance due to the element’s dielectric properties, called the ‘blocking
capacitance’. It is the capacitance measured when the ceramic element is fixed so that no

vibrations can occur. In this condition, there is no motion in the system.

r,: This resistance represents the dielectric loss. When an AC voltage is applied to a regular
dielectric, hysteresis is created between the electric field E and the electric flux density D, and
heat is generated. This loss can be ignored at higher frequencies. The combination of C; and 7,
in the form (r, +1/ j&C,) is called the blocking impedance. Since 7, can be neglected for the
frequency range of the ultrasonic linear motor, it will be omitted in subsequent circuit (see figure

A.6).

r,: This resistance is called the ‘internal resistance’, which represents the various mechanical
losses occur in components such as the vibrator’s metal block, the bonded surfaces of the
piezoelectric ceramics, and stator and electrodes. When 7,, C, and L, are combined in the

form (7, + joL, +1f joC,,), this is known as the motional impedance.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



59

Intermational Symposium on Nonlinear Theory and its Applications

Xi“an, PRC, QOctober 7-11, 2002

Position Control of Ultrasonic Linear Motor using PDFF Controller Designed by CDM

. Isarakorn*, S. Panaudomsup*, T. Benjanarasuth*, J. Ngamwiwit* and N. Komine**

*Department of Control Engineering,
Faculty of Engineering and Research Center for Communications and Information Technology
King Mongkut’s Institute of Technology Ladkrabang, Ladkrabang, Bangkok, 10520 Thailand

Tel: 66-2-326-4221), Fax: 66-2-326-4221, E-mail: k

jongkoqzk

**Department of Applied Computer Engineering,
School of Information Technology and Electronics, Tokai University

1117 Kitakaname, Hiratsuka-Shi, Kanagawa-Ken, 25
Tel: 81-463-38-1211, Fax: 8§1-463-50-2240, E-mail: komineik

Abstract: This paper presents a new position control
scheme of ultrasonic linear motor using PDFF controller
(Pseudo-Derivative Control with Feedforward Gains)
designed by CDM (CoelfTicient Diagram Method). The
PDFF controller satisfies the tracking. regulation, and
robustness. The cffectiveness of the proposed controller is
demonstrated by the simulation and the experimental results.

1. Introduction

The ultrasonic linear motor is a type of indirect-drive
piczoelectric motor which uses piezoelectric ceramic
crystals to generate waves with a frequency in the ulirasonic
range and produces a linear motion [1]. The advantages of
ultrasonic motor are high precision, quick response, hard
brake with no backlash, high power to weight ratio and
negligible EMI. However, the mathematical model of the
ultrasonic motor is complex to apply for position control.

In recent years, many control schemes have been
proposed 10 control the position of ultrasonic motors, such
as fuzzy logic control, adaptive control and neural network
control. Fuzzy logic control is a simple technique to control
a complex system because il does not need to use a
fhathematical model [2]. Nevertheless, extract of fuzzy rules
depends on experience and intuition of the designer, and its
tuning is tedious duties. Adaptive control algorithm has been
used to maintain good performance of the servo system
subjected to torque disturbance and parameter variations [3].
However, adaplive control techniques have many difficulties
when apply to actual implement. Neural network has a good
potential for control applications because it can approximate
the nonlinear input-output mappings of the plant, but there is
some error while the network is learning [4].

This paper presents a position control of ultrasonic linear
motor using PDFF controller designed by CDM [5]. The
parameters of the PDFF controller are designed based on the
stability and the speed of the controlled system. Stability
and speed are designed from the standard stability index ¥,
and the equivalent time constant t respectively. The
stability index y, and the equivalent time constant t are
defined based on the coefficients of the characteristic
polynomial of the closed-loop transfer function. These
coefficients are related to the controller parameters
algebraically in an explicil form. According lo the design
methodology of the CDM, the parameters of the PDFF
controller can be obtained easily.
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2. Modeling of Ultrasonic Linear Motor

—— Driving Tip

Piezoeleciric Actuntors
Fig. L. Structure of an ultrasonic linear motor.

The principal structure of an ultrasonic lincar motor
considered in this work is shown in Fig. 1. The stator is
fitted with two piezoelectric stack actuators positioned
orthogonal to each other. They are driven by two electrical
sources of identical frequency, but with a phase difference.
Thus, an elliptical motion is created at the driving tip. It is
coupled to the moving table. Each vibration cycle is
transformed to linear motion by friction force. The friction
force serves as the driving force for the moving table.
Therefore, the ultrasonic linear motor s then a high
nonlinear system and must be modeled o be a linear system
so that CDM can be applied. In this paper, the ultrasonic
linear motor is modeled as a second-order difTerential
equation [1}

(1

mi =k,v-ht

where m, x, &, v and k, denote the total moving mass,
the posilion, the viscous damping coeflicient, the control

input vollage, and the thrust force constant respectively.
Hence, the ultrasonic linear motor transfer function is

X(s) k,

: : @)
¥F(s) s(ms+b)

Gp(s)=

3. Control System Structure

The peneral structure of PDFF control system consisting
of leedforward controller. fecdback controller, integral
controller and plant is shown in Fig. 2. x and x,, x,and
X, are the proportional gain and derivative gain of the
feedforward and ol the feedback controllers, respectively.

-897-



and X, is the imegral gain of the integral controller. D(s) is
the disturbance. The transfer tunclion from R(s) 10 (s} is
given as

>0t
Fig. 2. Structure of PDFF control system.

G (UK +-&+K 5
o) Pl WA 3)
R(s)

l+G,(s')[K’ +%+ I\",J]

In order to use CDM to design the controller gains
properly, the controlled system consisting of the CDM
standard block diagram of SISO system with the
feedforward and feedbuack controllers is proposed. 4,(x) and

B,{sy are the polynomials of the plant G (s), A(s), B,(s)
and g,(s) are the polynomials of the CDM controller, g, (s)
is the polynomial of the feedtorward controller and B, (s) is

the polynomial of the teedback controller. Aller rearranging
the plant and the feedback controller shown in Fig. 3, 4)(s)

and 7 (sy which are the polynomials of the modified plant
G,(s) can be obtained and is shown in Fig.d.

Foodisreard Controller
':II By} II

]

prr )

Bi(s)

B(n

CDAL ControBer

Fig. 3. CDM standard block diagram of SISO system with
the feedforward controller.

LAY

£

=

> Cls)

CDOM Coatroller

Fig. 4. Rearranged CDM standard block diagram.
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From the block diagram of Fig. 4 it follows:

i) _ BONB, )+ By (0)4,0)]

z 3 G
R A(s)A(0+B.(0)8,(s)
and
C(s) = -":(”DE(-") . (5)

Dis) A (8)4;(s)+B,(5)B,(5)

It is scen from (4) and (3) that the feedforward controller
Byls) has an influence on the transfer function from ggy) to

¢(s) and can be used to increasc the speed of the transient

response of the controlled system, while the transfer
function from xs) lo C(#) is not afTected.

4. Cocfficient Diagram Method

The CDM is an algebraic control design approach.
Polynomials are used for system representation. CDM
design is based on a stability index y, and an equivalent
time constant ¢ as defined later.

From Fig. 4, the transfer function of the modified plant
G, (s) in the polynomial forms can be expressed as
(6a)

A(s) = pst 4 P+ py
(6b)

B;(’) LY ok L el WA

and the controller in the polynomial forms are given by

Als)y=mlst +1 5 4+ (7a)
B(s)=ks +h s+ +k (7b)
B- (") = ". (7¢)

where A<k and m<k. B,(s) is 3 pre-filter and is to be &,

in order 10 obtain the step response with zero steady-state
error. Hence, the characteristic polynomial of the closed-
loop system without feedforward controller is

P(s) = A,(DAL()+B,()B}(5)
=Sas
Ll
where q,.a,,...a, are the coefficients of the chamcteristic

polynomial. The stability index y,, the equivalent time
constant t and stability limit y; are defined as follows:

a

3

y ot ®
LWL
1= (10)
a,
LI S (1
Be—agr—— Y 71.“”
T y;u|+7.—l )

where j=|,....n~1. In general, the equivalent time constant «
and the standard stability index y, are chosen as follows:

mate ot 12
T -245 5 (12)
4 =[25,22...2) 5 1=l..n-1 (13)
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where  is the user specified settling time. In the actual
design, the stability index y =25y, =7, =2 are strongly
recommended. However. for 4| —y, . the condition can be
relaxed as

{14)

>l5', , n=12i24.

The standard values stated in (13) can be used 1o design the
controller if' the following condition s satistied

pllpt-l >T/(T..|'f..:~-~:’|)s (ls)

where p, and p, | are the coelficients of the plant at &* and
k-n*. If the above condition is not met, vy, is [irst
increased then y_, and so on, until (15) is satisfied. From
(9) to (11), the coeflicient 4, can be written by

a, = ag _‘_‘_ (16)
f-c'!x-_ Y2 1
Then the characteristic pulynumml will be expressed in term
of g,.,t and y, as
P(s)=a, Hi[ﬁ——](u) }+u+l} (17
w2l Y -y

5. Controller Design

From the concept of CDM stated in section 4, the transfer
tunction ((s)/ k(s) of the PDFF control system for the plant

G,(s) shown in (2) is first obtained as

. (ar) ¥ +(ar)s +1
L I (18)
Ry
+— +TE+]
'Y’Yz l: 5

where o is the tuning factor and defined aso <a <1.

In order to assign the proper controller gnins of the
feedforward controller, feedback controller and integral
controlier, the transfer function (4) is found from the
modilied plant

By B,(%)
' (19)
= p(*) A (J)+[(Ic +k3)A, (:)]
the integral controller
B0) kb 20%
Gelny= Als ) K]

the feedforward controller

By = my+o1,; an
and the pre-filter

B ()= k. (22)
where k=K, k=K, k=X, m=K, and m =k, . Then

equates it to (18).

6. Simulation and Experimental Results

The simulation and implement are carried on a single axis
linear stage driven by two piczoelectric motors model
PDA130 as shown in Fig. 5. The linear encoder detects the
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actual position of the table with the resolution of 20um.
The maximum stroke of the moving table is about 30 mm.

Fig. 5. Photograph ol the single axis linear stage.

The gainsg of the PDFF controlier have 1o be assigned for
simulation and implementation. Hence, the parameters of
the model are first determined from experimental data based
on the technique described in [6], and the model ol the
single axis linear stage becomes

0.23

G 21988

Next, the controller gains are designed by sefting the
stability indices ¥, =7 and Y, =15, the equivalent time

constant T =0.4 second, for 7, =1 second, and the tning

factor o is 0.6 [7]. Thus, the gains of the PDFF controller
obtained from the design procedure stated in section 5 are
K, =238395, K, =5950.87, K,=49.80, K, =143037 and

K, =49.04, Tespectively.

6.1. Simulation Results
The sitnulations of the PDFF contro! system shown in Fig.

2 for a 10mm step input with 0.1kg load mass on the table

and a IN step disturbance applied at 3 seconds are shown in
Fig. 6. It is seen that this response exhibits a rise time of
0.40 second withput overshoot, and a settling time of 0.95
second. The steady-state error is zero.

» // -
o/ - -

5 | ]
N P
) e .
% 3 ] !\:_ ) :

Tere w2

Fig. 6. Responses for a [Omm step input and a IN step
disturbance with 0.1kg load mass.
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In order to demonstrate the elfectiveness of the PDFF
controller, the tkg load mass is added on the table without
changing the controller gains. The sysiem response for the
same 10mm step input and the IN step disturbance can be
shown in Fig. 7. The response has the rise time and the
settling time of 0.40 second and 0.97 second. There is no
overshoot.

»| —
S

It -
i
! L
L

* " Response o disturbance

1 ? 3 < 5
L)

Fig. 7. Responses for a 10min step input and a IN step
disturbance with 1kg load mass.

It can be summarized that the two position responses are
almost identical. Futhermore, the PDFF control systems can
rapidly correct the position error caused by the disturbance.

6.2. Experimental Results

The PDEF econtroller is implemented to control the
position of ultrasonic linear motor. The experimental results
for a 10mm step input with load mass of’ 0.1kg and kg are
shown in Fig. 8 and Fig. 9 respectively.

Fig. 8. Experimental result of a 10mm step response for
0.1kg load mass.

The response of Fig. 8 exhibils the rise time of 0.39
second without overshoot, and the settling time of 0.95
second. Figure 9 shows the response when kg load mass is
added to the table. The rise time and the settling time of the
PDFF conlrol system are (129 second and 0.85 second.
respectively, and there is no overshoot.

From simulation and experimental results. it is observed
that the tracking performance, regulation, and robustness for
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the position control systein of the proposed control scheme
can be obtained.

[ 2 3 0 E)

Fig. 9. Experimental result of a 10mm step response lor
1kg load mass.

7. Conclusion

The position control ol ultrasonie linear motor using
PDFF controller designed by CDM has been proposed. It is
seen that the step responses of the control system designed
by CDM have no overshootl. Furthermore. the effect of
disturbance is small and can be rejected rapidly, and the
control system is robust to the load change. Hence, it can be
conclded that the position control of ultrasonic linear motor
is satisfactory by CDM.
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Appendix D

Design of PD Control System

D(s)
PD Controller U(s) + Ultrasonic Linear Motor
R( ) + + k s
Ky -
K,+K,s s(Ms +5) C(s)

Figure D.1 PD control system structure.

The PD position control system structure shown in figure D.1 consists of a PD controller and

the ultrasonic linear motor. The transfer function G,(s) of the PD controller is

G.(s)=K,+K,s

~

where K, and K, are a proportional gain and a derivative gain respectively. The closed-loop -

transfer function of PD position control system of ultrasonic linear motor is given by

C(s)_ KdS+Kp
R(s) (M//’cf)s2 +(Kd +b/kf)s+Kp '

The parameters of PD controller have been designed by pole-placement method by assigning
the poles at B, =—2.6 and P, =—167.4 such that the settling time of the system is equal to the
settling time of the PDFF control system. Thus, the parameters of PD controller are K, =230
and K, =2. The simulations of the PD control system shown in figure D.1 for a 20mm step
input with no load mass and its control signal are shown in figure D.2 and D.3 respectively. It is
seen that the system response exhibits a rise time of 0.83 second without overshoot, and a settling

time of 1.47 seconds. The steady-state error is zero.
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Figure D.2 Response to step input with no load mass.
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Figure D.3 Control signal.

The disturbance rejection capability has been also examined by applying a step disturbance

equivalent to 1N to the system of figure D.1 at 6 seconds, while PD control system is controlling

the position at 20mm. The response and the control signal are shown in figures D.4 and D.5

respectively.
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Figure D.5 Control signal.

It is seen that the steady-state error occurs by disturbance. Therefore, the PD position control

system lacks of the disturbance rejection capability.
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Appendix E

Specifications of Piezoelectric Motor and Driver

E.1 Performance Characteristics of Piezoelectric Motor Model PDM130

Motor Speed (unloaded) 0-200 mm/sec.

Motor Speed (100g load) 0-100 mm/sec.

Driving Force 2.5 N Nominal

Operating Frequency 128-132 kHz

Time Required to Achieve Constant Speed <8 msec.

Time Required to Achieve Complete Stop <4 msec.

Dynamic Resolution <1.0 micron

Power Supply 500 Vpp at a frequency corresponding

to the motor resonant frequency

Motor weight 8.7 grams

E.2 Performance Characteristics of Driver Model PDA130

Operating Frequency Range from 127.5 kHz to 133.5 kHz

Operating Temperature 50°F (10°C)t0 122°F (50°C)

Input Power +24 VDC, 250 mA Regulated
Switching Supply

Control Input -10to +10 VDC

Output 500 40 Vpp (Waveform shall be

sinusoidal with THD<2.0%)
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