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1. Introduction

With the development of new integrated systems
in the majority of engineering fields the tendency to substi-
tute conventional mechanisms by the ones operating on
new concepts and principles prevails. One group of such
mechanisms (vibroactuators or piezoelectric actuators) is
based on smart material application [1-3]. Smart material
based sensors and actuators are especially convenient for
the use as components of mechatronic systems because
they are of simple structure and easily electronically con-
trolled components.

In recent years already traditionally mechanical
units with the application of active material exciters (e.g.
piezoelectric exciters) became attractive for the mentioned
above design approach as allowing achieving simple struc-
tures with sufficient performance characteristics, e.g. pie-
zoelectric drives (motors) able to transform electrical en-
ergy to continuous motion of the output link (rotor) with
no intermediate links appear to be ideal choice to serve as
actuators for different systems of precision engineering [4,
5]. The new achievements in micro-scale engineering sys-
tems is hardly possible without the development of micro
scale design solutions allowing high positioning accuracy
together with high resolution and other high dynamic char-
acteristics of the units.

There can be found great number of research pub-
lications, patents presenting the theoretical analysis, mod-
eling, experimental research of various aspects of such
type piezoactuator development — structural optimization,
excitation loading regime analysis, control system devel-
opment [6-9]. Nevertheless the main principal operational
solution which proved its effectiveness in practical applica-
tions is the generation of high frequency travelling wave in
ring shaped resonator with the help of piezoelectric ele-
ments and the resonator being in frictional contact with the
rotor (output link) forces it to motion [10-14]. Such princi-
pal can be applied both in 1 DOF rotary actuators and in
multi DOF actuators. As stator — rotor interaction in these
motors is of frictional nature the main challenge still re-
mains to ensure its stability for certain period of time to-
gether with the selection of the necessary characteristics of
the contacting bodies enabling good output characteristics
of the rotor. E.g. in [15] the insertion of the third frictional
layer between the stator and the rotor is reported, in [16]
special attempts to optimize mechanical characteristics of
contacting surfaces is presented.

In the present paper the structural solution of a
travelling wave vibroactuator based on ring shaped piezo-
ceramic active element (stator) which is elastically sus-
pended and contacts the output link (rotor) by its inner
surface — i.e. concave surface what ensures stability of its
contact characteristics is analyzed. Single input link or

multiple input link structures can be developed.

As the operational principle of wave vibroactuator
is based on frictional interaction of an input link in which a
high frequency travelling wave oscillations are excited
with an output link the characteristics of motion of the out-
put link are determined by vibration parameters of the con-
tact zone and surface mechanical characteristics of both the
input and output links. In the paper the input - output link
interaction is presented in the case of kinematic excitation
i.e. under the assumption of the optimal vibration parame-
ters of the contact point (elliptical motion) with the defined
amplitude ratios along two perpendicular axis and the cor-
responding phase shift ensured by the geometrical parame-
ters, excitation zones pattern and multiphase excitation
scheme, and the focus is made on the investigation of sur-
face characteristics of the output link (rotor).

Vibrations of the mechanical system in which dry
friction is present are described by nonlinear differential
equation. The feature of motion of such systems is that due
to nonlinear influence of dry friction, the motion of the
links can be separated into different phases. The motion of
the phases is described by different easily integrated dif-
ferential equation. The differential equation describing the
motion of nonlinear systems are mainly used for the de-
termination of transition instant from one phase to another.

The feature of the steady state is that in each
phase there are two instants in the time domain when the
velocity becomes equal zero. If in time the steady motion
approaches some limit motion, the later with a great prob-
ability can be considered as a asymptotically stable motion.

2. Structure and operation principle of the
vibroactuator

Two principle schemes of the vibroactuators
(Fig. 1) with elastically suspended input link / are pre-
sented. The first one (Fig. 1, a) consists of a rotor (output
link) 2 and the elastically suspended stator (input link) /
while the second one (Fig. 1, b) has three stators / which
are elastically suspended. In both schemes travelling wave
of high frequency elastic oscillations is generated in a pie-
zoceramic ring resulting in elliptic motion of the contact
zone. Nevertheless the arrangement of the stators with reg-
ular angular displacement of 120° with respect to each oth-
er ensures higher stability of their contact zone what allows
higher reliability of the vibroactuator.

The concave — convex shape nature of piezoce-
ramic ring — rotor contact zone and the three point contact
of the stator-rotor due to the mentioned above angular ar-
rangement of the rings is the key factor to achieve the sta-
bility of the stator-rotor contact.



Fig. 1 Structure of vibroactuators: a — with one point con-
tact and b — with three points contact of the stator
and the rotor: / - piezoceramic ring; 2 - rotor; 3 -
frame of the unit; 4 - elastic suspension elements;
5 - supports of rotor

3. Theoretical investigation

Performance characteristics of the vibroactuator
are predefined by the interaction processes between input
link and the output link. These interaction processes are of
frictional nature, that’s why to ensure stability of the out-
put characteristics is still a challenge.

For theoretical investigation of the vibroactuator a
simplified dynamical model of the applied vibratory sys-
tem is used (Fig. 2). In it the input link / is represented by
a contact point — an absolutely rigid particle moving ac-
cording the defined in advance law. The input link 7 is in
contact (pressed to) with the output link 2 which can per-
form continuous motion.

Fig. 2 Dynamical model of vibroactuator: / - input link;
2 - output link
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The case under investigation is when the output
link 2 performs rotational motion.

When exicited the input link / (particle) moves
along elliptical trajectory the coordinates of which are ex-
pressed as follows

where X, and Y, are coordinates of the contact point, K

X, =K sin(at+y,) O

Y, = Lcos wt

and L are amplitudes of vibrations of the point, @ is angu-
lar frequency of vibrations, y, is phase shift.

The output link starts rotational motion under the
effect of dry friction force moment

My = Rf,N signv,, )
where v,; =v, —v, is velocity difference of the points of

input and output links at contact.
Normal reaction force at contact point between
the links is describe as follows

N =[N¥, +C(Y, +4)] 3)

cosa
where M is mass of the rotational output link, C(Y, +4) is

elasticity force, 4 is initial deformation of elastic element,
The tangential velocities of links are expressed as
follows

. X,
where sina = ?1 and cosa =

VI:chosa+Ylsina @

v, = Rp+Y,sina
Y

-4

Taking into account the expressions given above
equations of the output link can be written in the following
form

[+ He+ Hysigng+ Rfy | MY, + C(Y, + 4) |x

X

sign[R¢)+(Y2 —)"l)sinot—/\"1 cosa}zo %)
cosa

Or in dimensionless form

Q" +ho' +1fy (uyy +cy, + f) X
cosa
xsign[r¢’+(y; —y{)sina — X, cos aJ =0 (6)
Y Y, R H
where x, = 1; :—1; :—2; r=—; h :_0;
| N % b % % 0=
H L MK? CcK? K
h=—; l=—; wu= ;oe=— =7
low K H 1 10’ ! 1&*
T=wt.

The Eq. (6) is differentiated with respect to the
new dimensionless variable 7 and ¢’ >0 .

For the determination of conditions and parame-



ters necessary for steady state motion regime two types of
nonsliding and two types of sliding motion regimes were
analysed together taking into account the condition of con-
tact existence

XIZ — R2

+(1, -1 (7)

where Y, is distance between the centers of input and out-
put links; R is radius of the output link and

2 .2
y, =lcostENr" —sin"t

Solving the equation the square root «7* —sin’t
is positive.

The rotation motion is the first type-contact non-
sliding motion, when

®)

T=7;v,=0 )
In this case the motion of output link 2 is de-
scribed by the following equation

. 2
cosTSin" t 1 3
——————————— ——CoST\NF —cosT

"

(10)
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The angular coordinate ¢ and velocity ¢’ of the
output link 2 are determined from the following equation

@ =arcsinsint +c
Sint

|
@' =—cosT| ——=
r it —sin* T

Constant of integration c is determined when con-
dition v,, =0 is satisfied.

JiJ an

The second type motion is contact sliding motion,

when
TET, T, vy <0 (12)
In this case the input link / surpasses the output

link 2.

The angular coordinate ¢ and velocity @' of the
output link 2 are determined from the equation

P =2 sin® r+sin* T

+
\/r2 —sin’t (r2 sin® Z')

@"+hg =rfyu| —lcost—

PPN —sinf T +f0rc(lcosr+\/r2—sinzr)—(ho—rfof) (13)
l(b—a) 5 exp(—hz')cos2 T
o= (cost+sint)—ar’ | exp(—ht) dr [dt+a|exp(—ht)x
K +1 I J‘\lrz —sinzr(r2 sin’ ‘[) j
exp(—ht)sin’ t
x{j%cﬁ}dt+b.[exp(hr)J‘exp(hr)\/r2 —sin® sz'%2'+czr+c1 (14)
ro—sin"t
where a = firu, b= fyrc, m=hy— forf
In general case constants ¢, and c, are deter- o(r.)=9 (1)
mined from initial conditions which are coordinates of the (p’(z-.) =¢
previous motion phase. l '
If motion of the first phase takes place when d ant d d as foll
7 =7, it is obvious that coordinates (characteristics) during and constants ¢, and ¢, are expressed as Iollows
this motion are
I(b—a exp(ht,)cos’ t,
=0 — (2 )(—sinz'l.+cosri)+arzjexp(—hri) p (i) . dr, dz'l.—aj.exp(—hri)x
h+1 r’ —sin’t, (rz—sin2 z'l.)
exp(hri)sin2 T, > .2 m
X .fz—\/i.qu dr, —bIexp(—hri)Uexp(—hri)dr —sin z',.dz"}dz'i +ZT -G,
r°—sin T, (16)

, l(b—a)
h+1

G =

exp hz' Sm T,
' —sin’t,

The third type of motion is analogous the first one

="

ie.

T=7,;V, =0

(17

i+1°

(—sin T, +cosT, ) +ar’ exp(—hz’i )I

~dr, —bexp hz’ Iexp hr).lrz—sinzridri+%

exp (hfl. ) cos’ t,

dr,—a exp(—hri)x
\/rz —sin’ (r2 —sin’ t,

The fourth type of motion is contact sliding mo-
tion when

re(r THZ); vy >0 (18)

i+1°
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The angular coordinate ¢ and velocity of the out-
put link 2 ¢' for this type of motion are determined from

the following equation

¢:%(—cosr+sinz')+GVZJ.eXP(_hT) .[
exp(hr)sin2 T

x| ——=————dr |dr—b|exp(-hr [ exp(ht
{ N Jertin)erl

where m; = h, + f, fr.

In this case the velocity of the output link 2 is
greater than the velocity of the input link /.

0(7,) =aresin""L = g, @)

l(a—b

C =
TR

i+l

2 =2r sin* r+sin* r
Q" +he' =-a lcosr+ -

2 —sin* T (rz —sin® r)

lcosz’+ r* —sin’ z' -m (19)

exp(hr)cos2 T

\/r2 —sin’t (r2 —sin® 1)

(sm T, +COST,, )~ ar’ exp( ht,,, )I

dr r—ajexp(—hr)x

r* —sin’ rdr}dr—%r+02,r+c” (20)

sint,,,
2 )
NPT —sint T,

here ¢,, is constant of the previous motion stage.

@' (7..)=—cost,,, +Alr —sin’ 7, |(22)

Then constants ¢,, and ¢, are expressed as fol-
lows

exp (hTH1 )cos2 T, Jr 4

i+l
ﬂl” —Sli’l Tin (l" —sin THI)

h
+aexp(—hr,,,) Iexp( i) st T’“drm+bexp(—hr,.+l).|‘exp( —ht, Wi’ —sin® T, dr,, +

ﬂl” —Sll’l Tiy

m, _sing,,
+—+—cost,
r’—sin’r,,
sint la=b),
¢, = arcsin 0y~ (sinz,,,

exp (—hz'. . )0052 T

N
_ 2 a2
v =sin” T, (¥ —sin” 7,

+bjexp hz’+1 Uexp hf”l)dr —sin rl+1dz'l+1J

The junction points of the solution for continuous
rotational motion in cases of sliding existence and when
there is no sliding are determined in the following way: if
there is the transition of the rotational motion from its state
with sliding i.e. when velocity of the output link is lower
than the velocity of the input link, to the state with no slid-
ing, this can occur if the condition v, <0 becomes not

valid any more and the condition v,, =0 is satisfied.

Solution of the Eq. (9) with respect to T indicates
the junction point of the mentioned two types of rotational
motion.

If there is the transition of the rotational motion
from its state with sliding i.e. when velocity of the output
link exceeds the velocity of the input link, to the state with
no sliding, this can occur if the condition v,, >0 becomes
not valid any more.

In this case the junction point is determined from
the condition analogous to Eq. (9).

dr,,, drm-i-aj.exp( hrm) I

ol —sin’ 7, (23)

—cos rHl) arz_[exp( hrHl)

exp(—hz’i+ )Sln T dr

B ) i+l
A\ ¥ —Ssin Tinl

T T

dTHl

dz'+

i+1 h t+1

@24

After a number of motion stages of the types as
described above the system performs steady state motion
or approaches this motion regime, i.e. the system performs
periodical motion the pattern of which consists of the
above mentioned motion phases, while the output link
moves by rotational motion. If in time the steady state mo-
tion approaches certain limit type motion, the later can be
called asymptotically stable motion. To find out the steady
state motion parameters so called junction method accord-
ing which the parameters of the end of one motion phase
serve as initial conditions for the following motion phase is
used. Thus the parameters ensuring periodical sequence of
motion regimes can be determined.

It is considered that the steady state motion is de-
termined by the following parameters

5,=0;,1.,=0+0; 7.,
, (25)
=0 9=0,

=V ¢i+2:S

:27r+t9}
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The parameters of steady state motion 8, &, v, s
are obtained using the solutions of the four type equations

v:%cosﬁ( sin0
r

ﬁ‘f’\)l”z —sinzﬁJ
r —Ssin

8

of motion. Taking into account (23) Eqgs. (7-22) will be-
come

- h(6+6 0+6
l(li a)[sin(9+§)+cos(9+5ﬂ—ar2exp[ 9+5] exp[ i ]cos( i )
h +1 \/r —sin’ 9-1—5)[;’ —sin (9-1—5)}
h(6+06 0+6
xd(9+5)+aexp[—h(9+5)]jexP[ (0+0)Jsin”(0+ )d(9+5)+bexp[—h(9+5)]x
\/rz—sin2(6’+§)
Iexp 9-1—5 ]./r —sin’ ¢9+5 «9+§ ——+c2 cos(9+§)
sin@+0o
X| e+’ —sin” 0+ 5 |=0
Nr? —sin® 6 +6 :l
I(b-a), s exp[h(27r+9)}cosza
sin@+cos@|+ar” exp| —h(27+6 d2z+6)— (26)
h2+1[ ] [ ( )]j\/FQ—SiHQQ(VZ—SinZQ) ( )
exp[ 27[-1—9)} 5
—aexp 2r+6 sin“0d(2x+60)—bexp| -h(27+6) |+
o)L i o 0) bl 4(2m+0]
sin6

jexp[h(2ﬁ+9ﬂ rz—sinzﬁd(2ﬁ+l9) P +c21 rl cosﬁ[

— I ([sin 0 —cos 49]) + arzjexp [—h (Ziz +

exp [h (27r + 0)]sin2 0

— P —s5in’ 6 |=0
\Nr? —sin* 0 J
exp[h(2ﬂ+9)Jcos2 o

Nt —sin* 0 (r2 —sin® 6’)

d

)] (

27r+6’) -

—afexp[~h(27+6)]x [J N E—y

| Jexp[h(2+0) [N —sin’ 0d(27r+6)}d(2ﬁ+9)—%(27z+ 0)+cy (27+0)+¢,

Constants ¢,, ¢;; and c,, are determined from

Egs. (17), (23) and (24) taking into account conditions as
in (26).

Not all regimes determined from Eq. (26) can be
applied and not all of them are stable. The condition of the
steady state regimes existence is the solution possibility of
Eq. (26).

In order to determine which of the steady state re-
gimes satisfying conditions of existence are stable it is ne-
cessary to solve the Eq. (26) making variations of the pa-
rameters in the zones close a steady state regime. If the
solutions of differential Eq. (26) obtained after parameter
variations decay, such regime is stable, in the opposite case
unstable.

=0+4; 7,
T, =2m+0+pA); T

=0+0+4;; 1, —1,=0-4,—-4,
12 T T =27+ phy =6 = 4
P =v+AL @, =VHpA; g =4,

27)

here 4,,

parameter.
If | p| <1 the analysed regime is stable, if | p| >1

is variations, o 1is characteristic

4, 4, 4,

— unstable.

d(2;;+e)ld(zm9)—bjexp[—h(27z+a)]x

Criteria according which the quality of rotational
vibroactuator can be determined are average velocity ¢ of
the output link, nonuniformity coefficient of motion &,
efficiency 77. These criteria are determined when the vi-

broactuator motion is in steady state.
Dynamic characteristics of the vibroactuator when

its motion is in steady state are shown in
Figs. 3-7.
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Fig. 3 Dependencies of average velocity @', efficiency 7

and nonuniformity coefficient of motion & versus
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Increase of the angular frequency and the excita-
tion phase shift allows to increase the average velocity of
motion and decreases not uniformity of motion.
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Fig. 4 Dependencies of average velocity ¢', efficiency 7

and nonuniformity coefficient of motion J versus
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Fig. 5 Dependencies of average velocity ¢', efficiency 7

and nonuniformity coefficient of motion ¢ on phase

shift w,: I — @5 2 — nm 3 - 6, f,=0.1,
£=9-10", hy=0.1, h=0.06
61024, 8 B
| |
9104 7516-1072
_— — L
41 0120 4—
0.06 2
21 0. 2 -
0t 0+ 0
0 0.1 0.2 0.3 04 f, 05
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Fig. 7 Dependencies of average velocity ¢', efficiency 7
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Coefficient of dry friction, pressing force and
mass of the moving link has the significant influence on
dynamic parameters of the output link. In case of dry fric-
tion coefficient increase, angular velocity increases and in
case of the increase of moved mass it decreases.

4. Conclusions

The wave rotational vibroactuators are presented
as a simplified dynamical model of a nonlinear oscillating
system. Analytical expressions for the description of a
steady state motion are obtained when the links do not re-
bound from each other. The conditions of the steady state
motion existence are indicated.

Performing the analysis of differential Eq. of the
links motion the main characteristics of the wave rotational
vibroactuator are determined.

The obtained results of the theoretical analysis in-
dicate the proposed structure vibroactuator to have suffi-
cient performance characteristics for the application in
precise low power mechanisms.
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G. Bauriené

VIBRACINIU PAVARU NUOSTOVIOJO JUDEJIMO
REZIMO SALYGU TYRIMAS

Reziumé

Straipsnyje pateikti banginés vibracinés pavaros
su ziediniu Zadintuvu, kontaktuojanciu su i$é¢jimo grandimi
tasku, nuostoviojo judéjimo rezimo salygu teoriniy tyrimy
rezultatai. Banginés vibracinés pavaros dinamika iStirta
pagal sudaryta supaprastinta netiesinés virpesiy sistemos
modelj. IStirta vibracinés pavaros i¢jimo ir i$¢jimo gran-
dziy saveika, esant kinematiniam zadinimui. [vertinta kon-
taktinio tasko virpesiy optimallis parametrai (kontaktinio
tasko judéjimo elipsine trajektorija su uzduotu virpesiy
amplitudziy santykiu iSilgai dviejy statmeny koordinaciy
asiy ir faziy poslinkiu parametrai); zadinimo zony iSdésty-
mas, esant daugiafaziniam Zadinimui ir rotoriaus pavirSiaus
parametrai. IStirti vibracinés pavaros keturiy tipy judesiai:
du kontaktiniai neslystamieji ir du kontaktiniai slystamieji.
Gauta lyg€iy sistema nuostoviojo judéjimo rezimo para-
metrams nustatyti lyg¢iy sistema.
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G. Bauriené

INVESTIGATION OF THE STEADY STATE
OPERATION CONDITIONS OF ROTATIONAL
VIBROACTUATORS

Summary

The paper presents theoretical investigation re-
sults of steady state motion regimes of rotational wave
vibroactuator performed on the basis of simplified model
of nonlinear vibrating system. The point contact type input
— output link interaction of the vibroactuator is analyzed in
case of kinematic excitation i.e. under the assumption of
optimal vibration parameters of the contact point (elliptical
motion with the defined amplitude ratios along two per-
pendicular axes and the corresponding phase shift ensured
by geometrical parameters, excitation zones pattern and
multiphase excitation scheme) with the focus made on the
investigation of surface characteristics of the rotor. Four
types of motion of rotational vibroactuator are analyzed:
two contact types with no slipping and two contact types
with the phenomena of slipping. The system of equations
for the determination of the parameters of steady state type
of motion is obtained.
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