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Abstract. This paper deals with the causal modeling of a Traveling Wave Ultrasonic Motor; the aim of the
study is to build an approach which may take into account the physical contact responsible for the pullout phenomenon, but straightforward enough to be useful for control. As the parameters available for the
modeling can not be obtained following the well known electromechanical equivalent scheme identiﬁcation,
a new identiﬁcation method is proposed. In this purpose, the model of the motor is expressed in the
traveling wave rotating frame.
PACS. 77.65.-j Piezoelectricity and electromechanical eﬀects – 84.50.+d Electric motors –
43.38.Fx Piezoelectric and ferroelectric transducers

1 Introduction

2 Causal modeling in the stationary waves’
ﬁxed frame

Traveling Wave Ultrasonic Motors (TWUM) use the propagation of a bending wave at the thin plate surface to let
a rigid ring revolve. This proceeding endows these motors
high torque–low speed characteristics, and they become
very interesting for applications in the ﬁeld of positioning; one of the most well known industrial applications is
the Canon’s USM lense which uses these motors in the
auto-focus system [1].
Unfortunately, TWUM are very sensitive to the external operating conditions, such as temperature, and it
becomes hard to drive them. The modelization is then
critical because it is the basis of the control scheme.
Some modeling of those motors ﬁnely describe the contact mechanism [2]. The good accuracy of the results is
obtained at the expense of a complex modeling, very delicate to use for a control scheme. Some others use the
electric equivalent circuit, useful for the steady state, but
transitory operations are not validated.
So, this article proposes a new modelization, based on
an energy study of the system. The contact mechanism effects are globalized in order to make the modeling simple
enough to be used in the control. Once the proposed modeling structure is validated, the TWUM is described in a
rotating reference frame in order to identify the signiﬁcant
parameters from experimental trials.

2.1 Description of the studied piezoelectric motor

a

e-mail: frederic.giraud@eudil.fr

A description of those motors is given by [3]. Piezoelectric elements are bonded on a metal ring shaped stator.
They are grouped together in two phases, named α and β
respectively fed by the voltages vα and vβ , the RMS value
of which are Vα and Vβ . The poling direction of these elements let an elastic ﬂexural wave travel. This wave is
assumed to be purely sinusoidal (hypothesis H1 ). Moreover, we count k piezoelectric elements per phase with the
same poling direction.
The traveling wave bending the ring uses friction to
transmit torque to the rotor shaft, a metal component
placed on the stator. The mass of the rotor shaft is called
mR . Figure 1 shows an illustration of the major components of the motor and several notations used along this
article:
– a and b the respectively inner and outer radius of the
stator;
– h the length between the undeformed centerline of the
stator, and the position of the contact point;
– Fτ an axial force pressing the stator and the rotor together.
The rotor drives a load, and the inertia of the load
and the rotor is named J. A load torque Cr acts on the
mechanical system.
In order to make the modelization easier, and thus well
adapted for a control scheme, we introduce the concept of
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Fig. 1. Drawing of the studied motor.

Fig. 2. Flexural wave in a plate.

ideal rotor. This element has a punctual (H2 ) and a nonsliding contact (H3 ) with the stator. Of course, friction
will be considered between this ideal rotor and the real
one. Finally, the materials are supposed to be linear (H4 ).
Two coordinates systems are deﬁned to locate each
point of the stator before and after deformation. 1 , for
which polar coordinates (r, θ, z) are used, is ﬁxed, whilst
θ is a rotating frame, and uses Cartesians coordinates [4].

When the piezoelectric elements of the phases α and β are
fed , they create ﬂexural strains which bend the stator.
Each point M (r, θ, z)/1 of the stator moves to M  and
the vector
−−−→
M M = (u(r, θ, z, t), v(r, θ, z, t), w(r, θ, z, t))
relatively θ , is called displacement vector. Under assumption H1 , it is possible to give an expression of the
displacement along axis z and for r = b [3]:
(1)

Two time varying functions, wα and wβ , appear in this
equation. In fact, when α is powered alone, a stationary
wave is generated with an amplitude called wα , and an
other stationary wave exists when β is fed alone. And if
both of the two phases are powered, the resulting wave is
the sum of these two stationary waves according to H4 ;
wα and wβ are also called the modal amplitudes, and their
variations will be calculated in Section 2.3.
If the stator is supposed to be very thin so as to be
considered as a plate, the Kirchoﬀ assumption is valid,
and the displacement along uθ is then a function of w:
v = − zr ∂w
∂θ ·
v(b, θ, h) = −k

θc =

wβ (t)
1
arctan
·
k
wα (t)

h
(−wα (t) sin(kθ) + wβ (t) cos(kθ)) . (2)
b

The wave’s crest is located at the point for which displacement along z is maximum. If we call θc this position,we
have:

dw 
= 0.
(3)
dθ θ=θc

(4)

We also deﬁne the height of the wave at the crest Ŵ by
Ŵ (t) = w(r = b, θ = θc , z = h)
= wα (t) cos(kθc ) + wβ (t) sin(kθc )

= wα (t)2 + wβ (t)2 .

2.2 Bending wave in the stator

w = wα (t) cos(kθ) + wβ (t) sin(kθ).

And according to relation (1):

(5)

We can now write down two other expressions for w and v:
w = Ŵ cos(kθc − kθ)
h
v = −k Ŵ sin(kθc − kθ).
b

(6)

The stator is a mechanical resonator, so the modal amplitudes wα and wβ are sinusoidal functions of time. An
elliptical rolling motion, as described by equation (6) is observed at the stator’s surface; this motion is able to drive
an ideal rotor pressed on the stator. The position where
the stator makes contact with the ideal rotor is named
contact point and is located at θ = θc . The ﬂexural wave
is depicted Figure 2.
Motion in the normal direction, and motion about the
normal direction are the two degrees of freedom the motor
have. We call VN id and VT id the velocities of the ideal rotor
at θ = θc . Thanks to assumption H2 and H3 , this velocity
is equal to the stator ’s wave velocity at the contact point,
so as to we can write:

dw 
VN id =
= ẇα cos(kθc ) + ẇβ sin(kθc )
dt θ=θc

dv 
h
VT id =
= −k (−ẇα sin(kθc ) + ẇβ cos(kθc )) .

dt θ=θc
b
(7)
Let VT id = −k hb VT id . In the purpose of simpliﬁcation of
equation (7), we can introduce the well known rotation
matrix of angle kθc ,


cos(kθc ) − sin(kθc )
R(kθc ) =
(8)
sin(kθc ) cos(kθc )
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to ﬁnally write down:




ẇα
VN id
= R(−kθc )
.
VT id
ẇβ

(9)

The rotational speed of the ideal rotor, is given
by: Ωid = 1b VT id .
Thus, it has been shown that a relationship exists between the amplitude of the two stationary waves generated by the piezoelectric elements and the kinetic of a
rotor in contact with the stator. But we must now ﬁnd
the equations which depict the evolution of those waves
as a function of the external forces, and the voltages vα
and vβ .
2.3 Stator’s vibration equation
The ring shaped stator is a mechanical vibrator, forced
by the voltages vα and vβ . The vibration equation can be
obtained from the derivation of the global energy of this
system, in accordance with Hamilton’s principle [5,6]. The
modal amplitudes wα and wβ are the key parameters to
calculate this energy, which is made of kinetic, potential
and electric energies. The ﬁnal equation is given by:


m 0
0 m



ẅα
ẅβ





 


ẇα
c0
wα
+
+
ẇβ
wβ
0c
  


vα
frα
ACc 0
−
. (10)
=
vβ
frβ
0 ACc
ds 0
0 ds



The electrical reaction is given by the motional current




ẇα
imα
= ACc
.
(11)
imβ
ẇβ
The parameters are:
–
–
–
–
–
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m: model mass of stator and ceramic
c: stator’s equivalent stiﬀness
ds : structural damping
ACc : elongation factor
(frα , frβ )t : modal forcing vector.

The modal forces have been added in order to take into
account the eﬀect of external forces FN and FT that act
on the wave:
– FN in the axial direction; due to Fτ plus the dynamic
eﬀect of the rotor;
– FT in the tangential direction; due to the torque.
These modal forces are calculated in the next section.

Fig. 3. Stator deformation and orientations of the external
forces at the contact point.

But introducing the ideal rotor, and the assumption
of a punctual contact, the calculation of the eﬀect of the
external forces FN and FT on the wave becomes much
easier, as it can be seen along this section.
Figure 3 depicts the forces which act on the stator and
their orientation, in the θ reference frame.
According to the Hamilton’s principle, the variational
power δp due to the forces FN and FT at the stator-rotor
interface must be equal to the one dissipated by the modal
forces. So, we write [7]:
δp = −frα δ w˙α − frβ δ w˙β .

(12)

By deﬁnition, the power dissipated by the external forces
at the stator-rotor interface, is simply expressed when the
contact is punctual (see Fig. 3 for orientations):
δp = FT δVT id − FN δVN id
h
= −k FT (−δ w˙α (t) sin(kθc ) + δ w˙β (t) cos(kθc ))
b
− FN (δ w˙α (t) cos(kθc ) + δ w˙β (t) sin(kθc ))


h
= − cos(kθc ))FN − k sin(kθc )FT δ w˙α
b


h
− sin(kθc )FN + k cos(kθc )FT δw˙ β .
(13)
b
Let FT = k hb FT . When identifying (12) and (13), the expression for frα and frβ appears:

 

frα
cos(kθc )FN − sin(kθc )FT
=
.
(14)
frβ
sin(kθc )FN + cos(kθc )FT
Once again, it is possible to introduce R(kθc ), and a simpliﬁcation occurs:




frα
FN
= R(kθc )
.
(15)
frβ
FT

2.4 Calculation of the modal forcing vector
When a precise modelization of the contact mechanism
is done to describe the rotor-stator interface, for example using friction Coulomb’s laws, the modal forcing vectors are non linear, and the calculation is quite diﬃcult to
achieve [2,6].

2.5 Modelization of the real rotor
The kinematic of the ideal rotor is given by the instantaneous stator’s velocity at the wave’s crest. It is suﬃcient
for this element because its mass is supposed to be null.
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Fig. 5. Stator penetration in an elastic layer.

Fig. 4. Measured torque as a function of the rotational speed,
for several values of Ωid .

But we must now ﬁnd out the dynamic equation of the
real rotor which drives the load.
Let Ω and VN respectively the rotational and the normal speed of the real rotor. The dynamic equation along
axis z lets us write the vertical motion equation:
mR

dVN
= FN − Fτ .
dt

(16)

The same process leads to the equation of rotational motion:
J

dΩ
= C − Cr .
dt

(17)

Moreover, we must express the coupling mechanisms between the two rotors (ideal and real). Because friction
appears at the contact interface we can suggest for the
rotational axis:
C = f (Ωid − Ω).

(18)

An experimental justiﬁcation of relation (18) can be found
at Figure 4 which shows the variations of the torque C as
a function of the rotational speed of the rotor, keeping Ωid
constant. These trials have been done on the well known
Shinsei USR60 [8].
In fact, in the neighbourhood of small torque, a linear
approximation of the speed-torque curves is achievable,
and the coeﬃcient f of equation (18) can then be identiﬁed
in that way.
On the other hand, an elastic layer is placed between
stator and rotor, leading to an elastic potential energy
accumulation on the normal axis:

FN = K (VN id − VN ) dt.
(19)

2.6 Eﬀects of the contact mechanism
The relations obtained in the previous section allow to
write the causal modeling of the TWUM. In references [4]

and [9], the causal ordering graph (COG) tool has been
used to represent the electromechanical coupling between
voltage supply and traveling wave, and then the mechanical coupling between stator and rotor.
Even thought this modeling gave satisfactory results,
it can be improved taking into account the eﬀect of the
contact length which settles at the stator-rotor interface.
When the contact between stator and rotor is punctual, the part of the modal forces due to the normal force
FN is simply expressed using the rotation matrix R(kθc ):




frnα
FN
= R(kθc )
.
(20)
frnβ
0
Nevertheless, an elastic layer is usually placed between the
stator and the rotor in order to improve the motor’s performance. The contact cannot be considered as punctual
anymore, because the rigid stator comes into the contact
layer (Fig. 5).
This has an inﬂuence on the calculation of frnα and
frnβ : equation (15) must be revised to take this phenomenon into account, which is what this section deals
with.
The position in the z-direction of the rotor is called
WR , and the vertical displacement of the travelling wave,
still supposed to be sinusoidal, is w(θ). The angular contact length is 2θ0 . Let θ = θ − θc , leading to:
w(θ ) = Ŵ cos(kθ ).

(21)

2.6.1 Contact length
When forcing the stator in the z-direction with normal
force FN , a contact angular force distribution named p(θ )
appears along the contact region (Fig. 5), so that we have:

FN = k

θ0

−θ0

p(θ )dθ .

(22)

The layer is modeled as a linear spring with equivalent
angular stiﬀness CN .
By deﬁnition of parameter CN , the relationship between p(θ ) and the stator penetration is
p(θ ) = CN (w(θ ) − WR ), leading to:


(23)
FN = 2CN Ŵ sin(kθ0 ) − kθ0 WR .
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And the rotor position can be expressed using the contact
length by: w(kθ0 ) = WR :
WR = Ŵ cos(kθ0 ).

(24)

Finally, the angle θ0 is solution of the following equations (23, 24)
FN = 2CN Ŵ (sin(kθ0 ) − kθ0 cos(kθ0 )).
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Table 1. Parameters of a TWUM.
CN
100 N/mm

FN
300 N

k
11

m
75.5 g

ds
238 Nsm−1

ACc
0.32 N/V

c
5.55 × 109 N/m

(25)

We may remark that we cannot ﬁnd out a solution to
equation (24) for two cases. If WR > Ŵ , there is no contact zone; the modal forces are then null. If WR < −Ŵ ,
the contact layer is stuﬃng the rotor; the contact length
is then 2kθ0 = 2π.
2.6.2 Modal forces
The principle of the calculation of the modal forces is given
by [2]:


frnα
frnβ




=k

θ0

−θ0



cos(kθ)
sin(kθ)



Fig. 6. Variations in ε.

p(θ )dθ.

Integration is carried out over the contact’s length, and
equation (20) must be updated and replaced by:





sin(2kθ0 )
frnα
cos(kθc )
kθ0 −
= CN W
sin(kθc )
frnβ
2



0)
CN Ŵ kθ0 − sin(2kθ
2
. (26)
= R(kθc )
0
It is important to notice that the rotational matrix can
still be used. So, regarding the calculation of the part of
the modal forces due to the normal force, and comparing
equations (20, 26) the stator penetration may be considered substituting FN by εFN , with


0)
CN Ŵ kθ0 − sin(2kθ
2
(27)
ε=
FN
and



frnα
frnβ




= R(kθc )

εFN
0

2.6.4 Normal speed of the ideal rotor
The virtual work theorem used in Section 2.4 must still
work, even though the contact is not punctual, and we
write again:
δp = −frα δ ẇα − frβ δ ẇβ
= −(εFN cos(kθc ) − FT sin(kθc ))δ ẇα


.

(28)

(30)

Then it appears that the expression for the normal speed
must be modiﬁed in:

Using (25) in (27) yields to the following equation:
0)
kθ0 − sin(2kθ
1
2
·
2 sin(kθ0 ) − kθ0 cos(kθ0 )

− (εFN sin(kθc ) + FT cos(kθc ))δ ẇβ
= −FN ε(cos(kθc )δ ẇα + sin(kθc )δ ẇβ )
− FT (cos(kθc )δ ẇβ − sin(kθc )δ ẇα )
= FT δVT id − FN εδVN id .

2.6.3 Calculation of ε

ε=

On this curve, we can observe that for the high wave
amplitudes, ε = 1 which means the contact condition
comes close to punctual. On the opposite, when the stator
is stuﬀed by the rotor, ε = 0 and the normal force has no
eﬀect on the wave.
Some authors replace εFN by a stiﬀness variation [10];
the parameter c of equation (10) is changed in c + c̃, with
N
c̃ = εF
. The stiﬀness is then a function of the wave’s
Ŵ
amplitude, and this is how the pull out phenomenon is explained, and therefore taken into account in the modeling.

VN id = ε(ẇα cos(kθc ) + ẇβ sin(kθc )).

(31)

(29)

Figure 6 shows the variation in ε along with the wave’s
amplitude Ŵ for a motor which key parameters are depicted Table 1.

2.6.5 Modeling comparison
This study leads to a causal modeling which can be depicted by a COG with the same structure as in [9], but
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a modelling in a rotating reference frame which is ﬁrst
described.

3 Modelization in the traveling wave’s
rotating frame

Fig. 7. Comparison of several modelings 1: Causal modeling 2: Modeling approaching the contact mechanism by the
Coulomb’s law (reference modeling) 3: EEC modeling.

The two rotational matrices appearing in (15) and (9)
reminds us of the classical electromagnetic machines for
which a modeling in a rotating frame is often used to serve
a control scheme.
The aim of this section is to apply the same reasoning
to Traveling Wave Ultrasonic Motors; actions along normal and tangential axis will be decoupled, which is helpful
to achieve a control scheme as it is already described in
[4]. But it can also be used for the parameters identiﬁcation of the TWUM which is now developed.
So, we are brought to set down:
 
 
vd
vα
= R(kθc )
(32)
vβ
vq
and

which takes the contact repartition into account through
the parameter ε.
On one hand, this modelization is ﬁrst compared with
a reference modeling which approaches the contact mechanism by the Coulomb’s friction law. We have drawn in
Figure 7 the traveling wave’s amplitude of the stator’s vibration as a function of the frequency of two sinusoidal
voltages with constant RMS value feeding the actuator.
The results are computed for the motor with parameters
depicted Table 1; no torque is applied on the shaft, and
the motor have reached the steady-state. Both modeling
ﬁt together: the position of the crest is located at the
same place, and the well known pull-out phenomenon,
responsible for the asymmetrical characteristic, appears
even though the causal modeling means a globalization of
the contact mechanism.
On the other hand, because an electrical equivalent
circuit (EEC) is often used to describe piezo actuators,
we have also drawn on the same ﬁgure its response for
the same operating conditions. The parameters used are
deduced from m, c and ds , thanks to [3]. This modeling
does not take into account the eﬀect of the normal pressure
on the wave, and this is the main diﬀerence from the causal
modeling.
But according to Figure 7 the response of the EEC
does not ﬁt the reference modeling: the pull out phenomenon cannot be taken into account, and the crest is
thinner. Even though it is possible to reﬁne the value of the
parameters, so as to ﬁt the modelings together [11] for frequencies above the resonance, these last parameters identiﬁed from straightforward experimental trials are then
diﬀerent from those available from the proposed causal
modeling.
This analyse, achieved on a TWUM whose interface
parameters are depicted Table 1, shows then that an other
identiﬁcation method is needed for the proposed causal
modelling. This method is detailed further; it is based on



imα
imβ




= R(kθc )

imd
imq


.

(33)

Because equation (9) can also be written as:




VN id
ẇα
= R(kθc )
ẇβ
VT id
we can write:


 

d
VN id
ẅα
=
R(kθc )
ẅβ
VT id
dt


V̇N id
= R(kθc ) ˙ 
V T id



π  VN id
·
+ k θ̇c R kθc +
.
VT id
2

(34)

Moreover, using equations (9) and (4), it is possible to ﬁnd
out an other expression for the stationary wave’s vector:


VN id dt = (ẇα (t) cos(kθc ) + ẇβ (t) sin(kθc )) dt
= [wα cos(kθc ) + wβ sin(kθc )]

− k θ̇c (−wα sin(kθc ) + wβ cos(kθc )) dt
0

yielding to the following equation:

 

wα
VN id dt
= R(−kθc )
wβ
0
or

 


wα
VN id dt
= R(kθc )
.
wβ
0

(35)
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Fig. 8. Deﬁnition of the wave’s reference frame and the associated space vectors v = vα + jvβ , w = wα + jwβ .

This expression may be illustrated by Figure 8, where we
can see the new rotating axis d located on the wave space
vector.
Under consideration of this variables change, it is possible to rewrite equation (10) which describes the stator’s
vibration:




π VN id
V̇N id
mR(kθc )
+ k θ̇c R( )
VT id
V̇T id
2




VN id
VN id dt
+ ds R(kθc )
+ cR(kθc )
=
VT id
0
 


V
εFN
ACc R(kθc ) d − R(kθc )
.
Vq
FT

And thanks to the rotational matrix properties, we ﬁnd
the equations governing the evolution of the normal and
tangential speed of the ideal rotor.

mV̇N id + ds VN id + c

mV̇T id + ds VT id = ACc Vq − FT − mk θ̇c VN id .

Fig. 9. Causal Ordering Graph in the rotating frame.

has been shown in [7] how this frame change helped to
linearize the dynamic of the stator. The next section capitalizes on these advantages, in order to achieve an identiﬁcation of the stator’s parameters.

4 Identiﬁcation of the stator’s parameters
of the TWUM
4.1 Principle
The aim of this method is to achieve an identiﬁcation of
the stator parameters m, c and ds .
The process is based on two tries: steady state try and
transitory try. All along these three following sections, the
motor is free, and the inertia eﬀects are neglected.

Steady state measurements
For steady state operation, because FT = 0 and
VN id = 0, equation (37), lets us write:

VN id dt =
ACc Vd − εFN + mk θ̇c VT id
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(36)
(37)

These equations are outstandingly important because they
help to dissociate the dynamic of both the degrees of freedom of the TWUM. Equation (36), because it makes VN id
and FN appear, is the equation for the normal axis, and
equation (37) is for the tangential axis.
The COG of Figure 9 highlights the d and q axis of the
TWUM as well as the coupling terms. The COG building
is explained in [12] and [13].
The TWUM have many non linearities, such as the
variation in c with the temperature, or ε with the wave’s
amplitude. But these non-linearities, concentrated into
one equation, do not appear anymore in the torque equation. Moreover, equation (37) is a 1st order equation. It

ds VT id = ACc Vq .

(38)

So, the relationship between VT id and Vq , which must be
linear, gives us the coeﬃcient ds . During the experiment,
Vd2 +Vq2 = V 2 so as to control the line voltages Vα and Vβ .
Transitory operation
When Vq is step varying, the transient response of
the ideal rotor tangential speed is expressed from equation (37):
mV̇T id + dsVT id = ACc Vq − mk θ̇c VN id .

(39)

The cross coupling term mk θ̇c VN id is troubling; but it is
possible to ﬁnd a less troubling expression for it. In fact,
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we have:




 
d
VN id dt
ẇα
=
R(kθc )
ẇβ
0
dt


V
= R(kθc ) N id
0


π
VN id dt
+ k θ̇c R(kθc + )
0
2


VN id
= R(kθc )
·
k θ̇c VN id dt

Comparing this result to the one of equation
 (9), we can
write a new expression for VT id : VT id = k θ̇c VN id dt, lead
ing to: V˙  T id = k θ̇c VN id + k θ̈c VN id dt. So, the cross coupling term k θ̇c VN id can be fortunately
expressed as fol

˙
lows: k θ̇c VN id = V T id − k θ̈c VN id dt. In very resonant

structure, k θ̈c VN id dt is not signiﬁcant. So, equation (39)
can be approximated by:

Fig. 10. Transfer function at constant wave amplitude.

2m V˙  T id + ds VT id = ACc Vq ·
The response of VT id to a Vq step change is a 1st order
type, the time constant of which is τ = 2m
ds . Measuring this
constant helps to ﬁnd parameter m; c is deduced from the
value of the resonance frequency of the motor fo :
c = (2πfo )2 m.

(40)

4.2 Experimental scheme

Fig. 11. Wave amplitude response to Vq steps.

The drawing of the complex phasors higligths the angle between V and W , called Ψ . And the projection of the voltage phasor on the axis d and q let us write Vd = V cos(Ψ ),
and Vq = V sin(Ψ ). We make the assumption that there
is no cross coupling between the two stationary waves, so
as to we can write:
wα (t) = Ŵ cos(ωt)

wβ (t) = Ŵ sin(ωt)

(41)

leading to kθc = ωt and VT id = ω Ŵ (ω is the line voltage frequency). As the tangential speed VT id cannot be
directly measured, it is replaced in (38) and the mechanical transfer function Ŵ
V can be expressed as a function
of Ψ :
Ŵ
ACc
=
sin(Ψ ).
V
ds ω

(42)

c
For Ψ = 90◦ , equation (42) directly gives AC
ds ω ·
Moreover, it has been proven that a non linearity about
the wave’s amplitude can appear in the mechanical resonator [14]. This is why the experiments will be realized
keeping constant this amplitude. Considering that an auxiliary electrode measures the position of W a dephasor,
realized with a Phase Locking Loop, imposes the angle Ψ .
Linear ampliﬁers feed then the motor. This experimental
scheme is detailed in [7] and [15].

4.3 Experimental results
This identiﬁcation method has been tested on the well
known Shinsei USR60; its parameters are diﬀerent from
those of the motor depicted Table 1.
Steady state measurement
We have drawn in Figure 10 the mechanical transfer
function for two wave’s amplitude, and the model prediction.
The model quite ﬁts with the experiments and the
shapes are quite the same. Using these results and with
the help of equation (42), a value for ds can be deduced,
and we ﬁnally have ds = 32N s/m.
Transitory operation
According to Section 4.1, we can ﬁnd the parameter
m measuring the time constant of a Vq step response of
the travelling wave’s amplitude. Figure 11 depicts such a
response.
Finally, we ﬁnd m = 28 × 10−3 kg. The stator’s resonance frequency is about 40.2 kHz, leading to
c = 1.78 e9 N/m.
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The main advantage of this method is to not need the
contact conditions to determine the desired parameters.
This approach can be successfully extended to other
travelling wave type motors [16]. As a perspective to this
work, we could try to know if the values found with this
method are consistent to those calculated by a ﬁnite element method.
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Fig. 12. Travelling wave’s amplitude as a function of the
torque, Vq maintained constant.

4.4 Experimental validation with a loaded motor
For steady state operation, and making assumption (41),
equation (37) becomes:
ds ω Ŵ = ACc Vq − FT .

(43)

From the deﬁnitions of FT and FT , equation (43) leads to:
ds ω Ŵ = ACc Vq − k

h
C.
b2

(44)

Thus, the variation in the stationary wave’s amplitude
Ŵ with Vq constant as a function of the torque C must
be linear. This is validated by the experimental try of
Figure 12.
Moreover, the parameter h, which can be deduced from
that try and (44), is in a good accordance with the value
deduced from a mechanical study [5].

5 Conclusion
In this article, we have shown a modelization of a travelling wave type ultrasonic motor. The ideal rotor assumption helped to simplify the equations, and the use of the
already well known rotational matrice is highlighted. We
have compared this modeling with the electrical equivalent circuit; we have shown that the values of the stator’s
parameters identiﬁed by a equivalent circuit are not the
same as those for the causal modeling.
Identiﬁcation of the parameters of the motor is then
closely studied; a modeling in the wave’s rotating frame is
established and a new identiﬁcation method is explored.
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