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Abstract—This paper presents the design, modeling and tests
of the prototype multicell piezoelectric motor (MPM). A new
concept of the electromechanical structure of the considered
prototype is based on three rotating-mode actuators. The elec-
tromechanical structure of each actuator has been considered
as an independent one - referred to as a ’single cell” (single
actuator). Combined three resonant actuators generate three
traveling waves which as a result improve the stability and
performance of the MPM. The results of research carried out
using analytical, simulation and experimental methods cover the
torque vs. speed characteristics of the prototype MPM.

Index Terms—Piezoelectricity, Piezoelectric transducers, Trav-
eling wave devices, Piezoelectric resonators, Simulation, Piezo-
electric actuators, Piezoelectric motors

I. INTRODUCTION

ADVANCED mechatronic motion systems are charac-

terized by increasing integration of motors, actuators
and sensors with a coupling mechanism. Significant progress
in the field o fm aterials e ngineering g ives a n opportunity
to develop electromechanical structures that feature flexible
implementation and motion control [1]-[4]. Generally, elec-
tromechanical structures are developed using electromagnetic
and piezoelectric systems. The physical (and technological)
limits of electromagnetic structures have already been reached.
In contrast, the physical limits are far from being reached in
the field of piezoelectric structures [ 5], [6].

Piezoelectricity is widely used in industrial sectors such as
the production and detection of sound, generation of high volt-
ages, electronic frequency generation, microbalances, driving
an ultrasonic nozzle and ultrafine f ocusing o f o ptical assem-
blies [3]. It can be found useful in everyday life activities,
such as acting as an ignition source for lighters. Moreover,
the piezoelectric materials have electro-magneto-elastic cou-
pling properties that can be used to build electromechanical
transducers, motors and actuators [7]-[9].

The piezoelectric motors are relatively new compared to
electromagnetic motors. They are characterized by high force
density, multi-degree motion control, and perfect immunity to
magnetic fields. Other authors have pointed out that piezoelec-
tric motors have high potential in specialized and advanced
applications [10]. However, piezoelectric motors have some
disadvantages. These motors need a special high voltage and
high frequency power sources. Their principle of operation is

TN

Fig. 1. The ultrasonic traveling wave motor [15] and rotating mode motor
[16].

based on friction, which is related to the fast wear of layers
(contact points) between the stator and rotor, high operating
temperatures and the necessity to disperse heat.

In this paper, the authors described the process of designing
and analyzing the parameters (performance) of a new multicell
piezoelectric motor (MPM) prototype. Finite element analysis
was used to compute the resonance frequency and to select the
appropriate structure for the single actuator. The MPM proto-
type was built and then tested. Torque vs. speed characteristics
were measured and compared with the results obtained from
analytical modeling. The main purpose of this paper is the
presentation of the design, modeling, fabrication and test of
the novel MPM prototype.

The paper is organized as follows: in chapter II the concept
of the novel MPM is described. Chapter III presents the FEM
model of the MPM which is used to determine the resonance
frequencies and the stress in counter-mass structures. The
analytical model of the MPM is developed in Chapter IV to
determine torque vs. speed characteristics. Chapter V presents
the experimental results of the MPM prototype and compares
them with theoretical torque vs. speed characteristics. Finally,
the conclusions are presented in Chapter VI.

The research has been carried out in cooperation with the
Laboratory on Plasma and Conversion of Energy (LAPLACE)
in Toulouse [11], and the Gdansk University of Technology,
Faculty of Electrical and Control Engineering, Department Of
Power Electronics and Electrical Machines [12].

II. THE CONCEPT OF MPM

The concept of a new piezoelectric motor [13], [14] is based
on a combined topology of the traveling wave motor and the
rotating-mode motor (Fig. 1).

This motor is referred to as a “multicell piezoelectric motor”
because the topology for each rotating-mode motor can be
considered as an independent structure - referred to as a
“single cell”. A proper mix of the performance of the three
rotating-mode actuators will generate three traveling waves.
This topology combines the advantages of both motors with
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Fig. 2. The virtual model prototype of the multicell piezoelectric motor.

the following features: higher driving force on the rotor,
higher speed and torque, high resonant frequency of each cell,
prestressed symmetrical structure and high blocking torque
[5], [17], [18]. Moreover, the multicell topology supports the
stability of the motor structure. The motor has a few times less
weight than an electromagnetic machine of the same volume
(the weight of the MPM stator is 300 g). Finally, the motor
should work in an ultrasonic frequency range (higher than
20kHz) because it is inaudible for the human ear.

In the process of the MPM prototype creation, important
aspects have been taken into account, for example: active parts
- piezoelectric ceramics, counter-mass and rotors material.
The prototype MPM has been determined by the dimensions
of the piezoelectric ceramics - hard lead-zirconate-titanate
PZT ceramic (PZT 189 by Quartz & Silice manufacturer,
Tab. I). Moreover, the PZT materials offer low mechanical and
dielectric losses and obtain high electroacoustic performances.
The chosen ceramics have the following dimensions: external
diameter — 12.5mm, internal diameter — 5mm, thickness
— Imm. The ceramics have been sectored and polarized
in LAPLACE Laboratory [11]. The polarization process in-
cluded:

« laser sectorization of the ceramics, dividing it into two
areas of the same size,

e ceramic polarization, the ceramics are placed in a con-
tainer of dielectric oil between the two electrodes of the
power supply, the voltage value is +/- 1.0 kV, the process
lasts a minimum of 60 minutes,

« verification of polarization, the value of ds3 coefficient
of the ceramic is verified,

¢ capacity calculation.

In order to check if the polarization was properly done, it
was necessary to use a device to measure the piezoelectric
constant (ds3) — "Model ZJ-4B series quasi-static ds3 meter”.
. It should be noted that the measured results were not equal
for all piezoceramics. The average value of the constant ds3
was 350 x 10712 C/N.

The selected piezoelectric material parameters used in FEM
software and the analytical model are as follows:

TABLE I
QUARTZ & SILICE PZT189 MANUFACTURER PROPERTIES.

Parameter Symbol  Model Value
Dielectric constants €3T3 1150
Coupling factors k31 0.32
k33 0.65
kis 0.46
Piezo charge coefficients [10-12 C/N] ds1 -108
dss -240
Quality factor Qm 1000
Density [kg/m?] ] 7600
a) b)
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Fig. 3. Piezoceramics arrangement in single actuator of MPM.
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The stator consists of two pairs of piezoceramics and
counter-masses with three rotating-mode actuators (Fig. 2).
This supports a more stable structure than in a single rotating-
mode motor structure.

Different methods are employed to generate a traveling
wave. In general, a stator is build using an annular piezo-
electric plate element. This element is sectored into halves
and covered by electrodes (Fig. 3a). Each sector is polarized
in opposite directions. The piezoelectric ceramic half with
positive polarization will expand when positive voltage is
applied. At the same time, the half with negative polariza-
tion will shrink. The two pairs of piezoelectric ceramics are
orthogonally placed, so it is possible to generate two bending
modes (Fig. 3b).
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Fig. 4. Operation principle of a single actuator in MPM [19].

To generate a traveling wave on the surface of each single
resonance actuator, two sinusoidal voltages sources with phase
shift are necessary (Fig. 4).

To increase the vibration amplitude generated by ceramic,
counter-masses are placed on both sides. The symmetrical
structure of the stator allows for the use of two rotors on
the same motor axis which increases output torque. To obtain
better operating conditions, the rotor is not fixed directly on
the shaft. The special Smalley springs enable an adjustment
the rotor to the stator (Fig. 2). Crest-to-crest wave springs with
shim ends, a 10 mm diameter and a height of 8 mm have been
chosen - model CMS14-L4. Smalley wave springs offer the
advantage of saving space when used to replace coil springs

[20].

III. FEM MODELING

In the first step of the motor development , its finite element
models have been built and subsequent simulations have been
carried out.

The FEM models has been used for two purposes: deter-
mining the resonance frequencies of a single actuator and to
simulate the stress in a counter-mass structure caused by rotor
pressure force. The analysis of the resonance frequencies of
a single transducer was carried out using Autodesk Inventor
software. The results of the analysis have been used to deter-
mine the overall dimensions of a single actuator to obtain the
required resonance frequency. The model in the FEM software
consisted of a set of piezoceramic tiles and two symmetrically
placed counter-masses (Fig. 5).

The mesh settings have been adjusted to obtain an even
distribution of finite elements. The parameter named “average
elements size” was set to 0.05 and the remaining values were
set to their default values (minimum element size, grading
factor and maximum turn angle).

The finite element mesh of the actuator is presented in Fig.
5.

The mesh of the single actuator was generated automat-
ically by the software and was then manually adjusted (in
piezoceramic plate regions) to finally reached 86 000 elements
(tetrahedron) and 140000 nodes. Moreover, the FEM model
allows for the study of the stator behavior in the tangential or
radial direction. The results of a modal analysis have shown
that several modes were observed in a 10kHz - 100kHz

Fig. 5. The finite element mesh of the single actuator.
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Fig. 6. The deformation principle in the single actuator of the first and second
FEM model.

frequency range. Each actuator has two bending modes and
one is the respiration mode. These modes remain strongly
uncoupled in terms of frequency and low coupling coefficients.
However, the stator excitation on its functional mode does
not lead to excitation of the other modes. Several actuator
FEM models have been developed that differ in shape and
dimensions and are then simulated by FEM software.

As stated above, the stator consists of two counter-masses
with three rotating mode actuators. All actuators are connected
and oriented by 120° from each other. This design helps to
keep the solid structure and provides satisfactory integration
of the mechanical parts. In all simulation cases , aluminum
counter-mass was treated as isotropic and material parameters
were set as: density p = 2720 kg/m?, Young’s modulus Y =
69 GPa and Poissons ratio o = 0.33.

The first (Fig. 6a) and second (Fig. 6b) models have been
developed to determine the overall dimensions of the single
actuator to obtain the required resonance frequency. In Fig.
6a the following parameters were chosen: length of the single
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TABLE II
THE RESONANCE FREQUENCIES OF SINGLE MPM ACTUATOR OBTAINED
FROM FEM SIMULATIONS.

No. | Model Fig. 6a | Model Fig. 6b
1 29.34 kHz 25.93 kHz
2 29.36 kHz 25.95 kHz
3 40.12 kHz 27.07 kHz

displacement
[mm]

2,253 Maks

0,462

0,014 Mn

Fig. 7. The deformation principle in a single actuator of the final design.

actuator including thickness of four piezoceramics - 40 mm,
external diameter — 12.5 mm, internal diameter — 5Smm. In
Fig. 6b length of the single actuator including thickness of
four piezoceramics — 36 mm, external diameter and internal
diameter are the same

The shape with a hat in Fig. 6b creates a larger contact sur-
face between the stator and rotor. The resonance frequencies
obtained from FEM simulations are shown in Table II.

To get the required frequency, the length of a single actuator
with four piezoelectric ceramics has been set up at 34 mm. The
final geometry of a single actuator in counter-mass is presented
in fig. 7. The actuators hat has been expanded. Thus, the rotor
stator contact zone is much larger.

The simulations have shown three resonances: 25.61 kHz,
25.64kHz and 25.68 kHz. Summarizing, the resonance fre-
quencies are satisfactory due to being within the ultrasonic
range.

The second issue that was solved using the FEM software
was the counter-mass structure strength analysis. To simulate
the stress in a counter-mass structure caused by rotor pressure
force, Autodesk Multiphysics was used. Due to the complex
structure of the entire multicell piezoelectric motor, the static
stress analysis has been limited only to one part — counter-
mass (Fig. 8). The counter-mass was made of aluminum and
such a material was defined and used in the FEM software. To
generate the highest quality mesh with the fewest elements the
“bricks and tetrahedral” mesh type was chosen. This means
that the model consists mainly of 8-node elements. The aspect
ratio of the solid elements is controlled by a “maximum aspect
ratio” parameter which was set to its default value. It means
that it is calculated based on the surface mesh density. The
“varies rate” parameter controls how the mesh size transitions
from smaller areas of the model to larger areas. The transition
rate was set to 1.2 and the quality to 100. The resulting mesh
of counter-mass is shown in Fig. 8.

The rotor pressure force (120 N) was defined at each
actuator as a constant valued vector acting along the Z-axis.

Fig. 8. The full view of counter-mass with three rotating mode actuators.
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Fig. 9. Contact zone between stator and rotor of the MPM.

The results of the analysis were used to check the strength of
the counter-mass with three rotating mode actuators.

IV. ANALITYCAL MODELING

The main purpose of the analytical modeling was to de-
termine the torque vs. speed characteristics of MPM and to
compare them with the experimental results of the MPM
prototype.

In [19], analytical modelling of the piezoelectric rotating-
mode motor has been presented. The model is based on
an equivalent electric circuit and gives electro-mechanical
characteristics by using the geometrical and electromechanical
parameters. In the authors approach, due to specific features
of the MPM prototype, the modeling method [19] has been
modified. In the modified model accurate electromechanical
parameters which describe material properties (e.g. density,
Poisson ratio) were used. However, simplified geometric pa-
rameters were used due to the complex structure of the MPM.

Its implementation allows for the modeling of each actuator
of MPM separately and also reduces the minimum number of
the kinematic variables [9], [19].

First of all, the friction zones should be considered. Assum-
ing that the friction coefficient is constant, it can be concluded
that the contact surface is divided into three zones — S2 as
a motion zone (—b,+b), S1 and S3 as a braking zones —
(—a,—b) and (+b,+a) respectively (Fig. 9). These surfaces
represent the tangential friction, which is in fact the image
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Fig. 10. Theoretical torque vs. speed characteristic of a rotating-mode
piezoelectric.

of the torque. The surface between the -b and +b points
corresponds to the rotor speed. Point d on the torque vs. speed
characteristic (Fig. 10) corresponds to the rotor speed, when
the torque is zero.

Due to the increase of the load, the drive zone S2 increases,
so the torque increases as well. The maximum torque is at
point ¢ because the surface S2 reaches its maximum value (S1
= S3 = 0) (Fig. 10). If the motor load is constant, then the b
point will be moved outside of the contact surface. Therefore,
the curve torque vs. speed is still linear, because the motion
zone cannot be larger than the contact zone. The theoretical
torque value for the case, when b < a, can be calculated using
the following formula [19]:

b a

T =2ur /p(x)wdxf /p(x)wdm (1)
0 b

where: p — pressure distribution, x — dummy variable.
The maximum torque for b > a was calculated from:

Toaw = gMAWTPo 2)

where:

N

(@) e

w — friction coefficient,
A - length of the contact zone,
w — width of the contact zone,
r — radius of the actuator,
Py — pressure of average value.
This structure is symmetrical, thus the output torque be-
comes two times larger:

Tmam = QUTFn (4)

The maximum velocity of the motor at the point where
b = a was calculated by this formula:

B Uycos (%) w

Q &)

r

where: Uy — vibration amplitude in radial vibration.

Based on the calculations from formulas (1)—(5), the torque
vs. speed characteristic has been determined (Fig. 11). The

Torque/Speed curve

Torque (Nm)
o o o o
0~ w ES wn

o
T

. .
0 510 15 20 25 30 35 40 45 50
Speed (rpm)

Fig. 11. Torque vs. speed characteristic of the MPM.

Torque [Nm]

Fig. 12. Torque vs. speed 3D plot characteristics in terms of the stator/rotor
contact surface.

total torque of the MPM has been approximated using the
following method: the torque value computed for the single
actuator has been multiplied by three (corresponding to three
resonance actuators). The most important parameters are: the
blocking torque — 0.44 Nm and the maximum speed — 47 rpm.

Fig. 12 shows the torque vs. speed characteristic in terms
of the stator/rotor contact surface. With higher contact surface,
the characteristic becomes more “smooth”. However, the effi-
ciency of the motor becomes lower due to the heat generated
by friction.

The appropriate selection of the contact surface, depends on
the shape of the actuator structure and the required torque.

V. EXPERIMENTAL RESULTS OF THE MPM PROTOTYPE

The MPM prototype has a complex structure and atypi-
cal shape of its resonance actuators. The counter-mass was
manufactured using a 3D printer. The material used for the
production of the counter-mass is aluminum because of its
high resonance frequencies and satisfactory mechanical losses.
The prototype counter-mass has been produced by the French
company INITIAL [21]. The diameter of the stator is 50 mm
and each actuator has a diameter of 12.5mm. The surface
around the actuator is 1 mm thick, and the diameter of the
surface is 8 mm. The external diameter is 60 mm, the internal
diameter is 10 mm and the inclination angle is 45° (Fig. 13).
The rotor was manufactured using steel. The rotational motion
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Fig. 13. The outside and inside view of the prototype counter-mass.

of the rotor is transmitted to the shaft by ”Smalley” springs
[20] and two plates.

At the beginning, the resonance frequency of each actuator
of MPM was measured. The crucial goal was to obtain the
same frequencies for each actuator. The measured resonance
frequency was near 22 kHz for all three actuators. It should
also be pointed out that the resonance frequency depends on
the force applied by the screw and the tightening torque as
well. The measurements of resonance frequency are presented
in Fig. 14.

In the next step of the measurements, the dSPACE lab-
oratory stand was used to measure the torque vs. speed
characteristics of the MPM prototype (Fig. 15), because it
offers Hardware-In-the-Loop control.

The full assembly of the MPM prototype has been presented
in Fig. 16. The housing has been manufactured by a 3D printer
using Nylatron GF30-66.

The dSpace control panel allows for control of the output
voltage from OV to 1000V and a frequency range around
50kHz. The measurements were done for 400V and a fre-
quency of 22kHz. For these parameters of power supply, the
MPM vibration amplitude was the highest and reached the
optimal values suggested by the manufacturer of the piezoce-
ramic. Any further voltage increase results in increasing the
vibration which can cause fast degradation of the ceramic.
The torque was measured on the rotor shaft using a Torque-
Transducer T20WN. The speed was calculated from the num-
ber of revolutions made at the measured time. Measurements
were made for distinctive points of the torque vs. speed
curve and are presented in Fig. 17. The differences between
the analytical calculations and the measurements results are
caused by the use of a simplified analytical model of the MPM
prototype. The analytical model does not take into account
the changing of the friction coefficient and the quality of
contact between the stator and the rotor. Increase stators and
rotors temperature causes a non-linear change in the friction
coefficient value which is not considered in the used analytical
model. The quality of the contact between the stator and rotor
changes because of different pressures being applied by each
”Smalley” spring on the rotor. However, the comparison of
theoretical and measurement characteristics is satisfactory and
can provide useful perspectives for further MPM study and
design.

For MPM prototype by optimizing the mechanical structure
and selecting an appropriate pressing force on the rotor, the
following measurements have been determined: the maximum
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Fig. 14. Results of the resonance frequency measurements for each actuator,
where the red line is impedance and the blue line is phase.

speed is in the range from 46 rpm to 48 rpm and the blocking
torque is 0.4 Nm.

In the available literature one can find similar piezoelec-
tric motors, which have the following parameters: maximum
torque 0.06 Nm and maximum speed 65 rpm [22], maximum
torque 0.08 Nm and maximum speed 250 rpm [6] and maxi-
mum torque 0.26 Nm and maximum speed 88 rpm [4]. Com-
pared to the mentioned motors, the MPM prototype has a few
times higher torque and lower speed. The authors tried to find
a compromise between high blocking torque and maximum
speed. Parameters of the MPM prototype can be considered
sufficient in drives characterized by high torque and low speed.
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Fig. 16.

The full assembly of the prototype of MPM.
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Fig. 17. Torque vs. speed characteristic of the prototype MPM.

VI. CONCLUSION

In this paper, the concept of a novel piezoelectric motor,
referred to as a “multicell piezoelectric motor”, has been

presented. The MPM prototype consists of the following parts:
the stator which consists of two pairs of piezoceramics and
counter-masses with three rotating-mode actuators, two rotors,
special springs, two ending plates and a shaft. The PZT
piezoceramics are prestressed between two counter-masses.
The FEM analysis has been carried out in the Autodesk
environment (Multiphysics and Inventor) to determine the
resonance frequencies and the stress in counter-mass struc-
tures. Moreover, the analytical model of the MPM has been
developed and implemented in Matlab software to determine
its torque vs. speed characteristics. Finally, the prototype has
been manufactured and tested in the laboratory. The calculated
values of blocking torque and speed were: 0.44 Nm and 47 rpm
respectively. Moreover, the measurement results of the MPM
were 0.4Nm and 46-48rpm. The FEM simulations gave a
resonance frequency of about 25.6 kHz, and the measured res-
onance frequency was near 22 kHz for all three actuators. The
results of FEA and analytical studies have been compared with
measurement results. They have shown satisfying accuracy and
provide useful perspectives for further MPM study and design.
The developed analytical model of the MPM prototype can be
used for preliminary analysis of motor properties and help to
make design and manufacturing decisions.

Presently, the authors are working on a second MPM
prototype motor with rotors made of glass-fiber and nylatron
and a new counter-mass structure.
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