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A Torque Estimator for a Travelling Wave Ultrasonic Motor -
Application to an Active Claw

Fréederic Giraud, Betty SemaiVlember IEEE

Abstract - Depending on its electrical to mechanical energy identifing the modelling parameters. Finally, the accuracy of the
conversion process, the torque on a Travelling Wave Ultrasonic torque estimator is checked on an active claw application, comparing
Motor(TWUM)’s shaft is not directly proportional to a measur-  the estimated torque to the measured one.
able electrical variable, such as current or voltage, but is derived
from a complicated process at the stator/rotor interface. The load
torque is thus quite unknown, and this can be a disadvantage
in applications where a torque limitation is required or a torque ~ A. Modeling overview

m_easurem(_ent is needed. The am of this article is to come up Travelling wave ultrasonic motors are often described using an
with a stralghtforward torque esUm_ator on a TWUM. For_that electromagnetic equivalent circuit. The resonant behavior is taken
purpoese, the mOth is modelled, .th's modelling leads to different into account by a R-L-C serial branch, while the rotational effect of
est!mator strategies. Mo.re specifically, we chose a strategy fo,r a mechanical load attached to the motor is modeled by an equivalent
which a speed. sensor is useless, relying only on the Statorsparallel resistor [2] [3]; sometimes, the value of the capacitance of
res_onant behavior. The parameters of the motor neede_d for_ t_he the R-L-C branch varies in order to take into account the effect of the
estlr_nator_ are measured_ afterwards while some non Ilnearl_tles axial force which presses the stator against the rotor. This modeling is
are identified _and taken into account. Several experlmenta_ll trials very useful in designing the power electroniasfront of the motor,

are then carried out to check the perf_ormance of the estlmator. but is not satisfactory when describing the energy conversion process;
.F nally, a claw allctu.ated by a TWUM is presented, because this in fact, this modeling is valid for steady state operations only, and
is a typical application where th? knowledge of the torque helps both the normal and tangential forces are mixed in the circuit.
guarantee the safety of the device. The next section deals with a modeling we proposed for taking into
account transitory operations [3][4]. This modelling relies on a two
stages decomposition of the stator-rotor contact mechanism. The first

Il. PRINCIPLE OF THE TORQUE ESTIMATOR

I. INTRODUCTION
Travelling wave Ultrasonic MotorsTWUM ) exploits a piezoelec-

) ; ) i : , no sliding is considered between the ideal rotor and the
us with numerous advaptages, |_nclud|ng: breaking without SUpply_s?ator, so both have the same instantaneous speed. The second stage,
high torque to mass ratio and high torque/low speed characteristigs o interaction between the real and the “ideal” rotor aims at
Thus, V\,/h"e a speed reducer IS Ofte,” qeeded with an electromagn%ﬁng into account in a global approach the real contact mechanism
motqr, It bepomeg useless in appllcatlorjs QSTWUM + therefore so as to fit the experimental torque-speed characteristics. Although the
leading to lightweight and compact applications. real contact mechanism isn't well described, this modelling has the

_l_Jnfortunater, unIike_cIassicaI electromagnetic motors, it is Veréfdvantage to lead to simple equations of which the validity domain
d'ff.'Cl.Jlt to exactly o_btaln the torque opera}tlng onTaVUM shaf_t._ will be checked in chapter Il through experimental trials.
This is due to the different energy conversions and more specifically

- . On the figure 1, we have represented the travelling wave which
to the complications caused by the contact mechanism betweenoélpgpels the ideal rotor by only one point along a wavelength. In
stator and the rotor. However, for many applications, limiting %

. ) ) . he fame fixed to the contact poirff ., we, w.) the travelling
controlling the actuator’s torque is necessary; in fact, when a faul

appears in a system, the torque on the motor’s shaft increases
decreases) dramatically, which should be detected by the control
W.h"e. th's. can be easily done with a DC-motakVUM doesn't offer the contact point is defined by the rotation angle measured from
this simplicity naturally. .
A torque estimator for ZWUM is nonetheless possible to achieve™ fixed frame (O, X, ).
a P 1) Causal modeling ind, ) frame: The TWUM is composed

For instance, in [1], a possible method is proposed: a neural networ, : . ; .
[1]. ap prop mka ring shaped stator on which small piezo-electric elements are

learns off line all the torque-speed characteristics of the moto . -
4 P Bonded. These elements have alternate polling directions, and are

while during operation, the torque is estimated line by inverting .. .
the network. This method is based on the characterization of tﬂmded into two groups, named phaseand phasej. These two

stator/rotor contact mechanism; a speed measurement is neces%ﬁases are supplied by two independent voltagesndu;. Because

. . Of the piezo-electric effect, tHirst energy conversionstage converts
and a large number of trials have to be carried out because torqge- - L o
- . ese voltages into the forcds, and Fjz inside the stator with:
speed characteristics are not linear.

In this article, a different torque e_stimator is propos_ed.. This F.=Nv, Fs=Nuvg 1)
estimator doesn't rely on the mechanical load characteristics, nor
on the stator/rotor contact mechanism, but on the stator parametergl N the force factor.
This estimator relies on a modeling which is described in the first These forces bend the stator. And if the excitation frequency of
section of this paper. Then, the torque estimator’s principle is théme two supply voltages is sufficiently close to the resonant frequency
developed as well as an experimental approach which is useful wharthe stator, two stationary waves appear at the stator surface: the

tave propagates toward the right (alongy) although the ideal
or moves toward the left (alongwg). We also define the z-axis
fout which the motor and the contact point turn. The location of
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Fig. 2. Voltage vectol and Wave vectoWV in («, 3) frame.

» Vniq along the axis of the motor, lifts up the rotor to enable
the propagation of the travelling wave. During steady state, this
speed is null.

» Vi.4 in the tangential direction , from which the rotational speed

Fig. 1. View of the stator; under punctual contact assumption, the rotor is Of the rotorw;q derives.
propelled by one point only along a wavelength. A kinetic study of the vibrating stator shows then that the expres-
sion of those speeds can be written usings and R(k6.) once
again:
bending waves, whose height are namegd and wg. This second g Vs i
- . . Nid wg
stageof the energy conversion can be described by the equation (2) ( ) = R(—kf.) ( )

(6)

«@

Mibe + dstha + cWa = Fa = Fra 2 The rotational speed of the ideal rotef, and V., is given by

mibg + dstp + cwp = Fg — Frp equation (7)[2]:

with Wid = k'%v’ll"id O

« m the vibrating mass of the stator, b

« ¢ the vibrating stiffness of the stator, However, the speedv;s does not ac_t_ually correspond to the

« d. the damping coefficient. rotor speed, because the contact conditions observed at the stator-
In thi . . rotor interface are very different from those of the ideal contact
n this equation F;., and F.s have been added to take into account” .. — ™ - .
the effect of external forces on the wave propagation.Theirexpress?&nnd'tlons' in fact, because_of friction, the actual rotational speed
which depends oif’y (the force pressing the rotor against the staté‘f of the rot'or decreasgs WIFh the Iolad torqlie Several models
along the axis of the motor) anf (the tangential force deriving (el[718D eX|_st to descrlbg this behavior, but they are too com_plex
from the load torquél’) is quite difficult to determine, and stronglyto b.e taken into accognt in a control scheme. In order to achieve a
depends on the contact condition at the stator-rotor interface [5][ raightforward modelling which may be useful for actuator control, a

However, in the ideal case of a punctual contact condition thel jear modelling for the global behavior of the motor can be proposed

forces are simply expressed using the location of the contact pol?rﬁSEdbon expe_rlmegtal n;suglts. Thisths third energy conversion
0., and the well known rotational matrix, usually used in the stuo@/ven y equation (8) and (9).

of electromagnetic machines. This calculation has been developed T = fo (wia — w) ®
in [4], and derives from power balance of the system:
( i ) :R(kec)< Py ) R(6) = ( cos(9)  —sin(6) ) P = K [ (V=) ©)
Frg Fr sin(f)  cos(0) . . .
Of course, this process is very non linear, and the value of the pa-
with rametersf, and Ky should vary as a function of the operating point.
However, we find here the key variables governing the evolution of
Fp = kﬁT ) the_motor 'Foqu_le: the amplitudc_a of the travelling wave, bc_acauge '
b2 derives using it, and the rotational speed of the rotor itself. This
And roughly outlines the torque estimator described in [9] from the speed
« h the thickness of the stator and the stator’'s deformation measurements.
« b the radius of the rotor In addition, the dynamic of the rotor, along the two degrees of
o k= QT’”’ with X the wavelength of the excited mode. freedom, leads to lay down two other equations:
The contact points are located at the travelling wave’s crest. It can dVNid
be shown that they are situated at an angle givendshyand wg Mr—— = Fy — Fr (10)
using the expression shown in (5) dw
ws J"E =TT, (12)
kO. = atan (—) 5)
Wer Where:
This can be summarized by figure 2; in this figure, we defvie o m, and J, are respectively the mass and rotational inertia of
, a time varying vector, which co-ordinates arg andwg. And in the rotor,

the same wayy., andvg are projections of a time varying vectur « T, is the external load torque applied on the rotor,

on axisa and 3. In this figure, a(d, q) frame appears, but will be , F, is the normal force pressing the rotor against the stator.

explained further. o _ Finally, all these equations yield a modeling which can be repre-
Moreover, as it can be seen in figure (1), the contact point spegghed by way of a Causal Ordering Graph as shown in figure 3. In

which propels the rotor, has two components: this diagram we see the internal variables of the system, the ellipses



represent the equations using integral relations (single arrow) or F VTid
independent time relations (double arrow) only. The relations nam
R, are refereed to the equation numigej in the paper. This method

is helpful in deducing the control scheme all it requires is a simple
inversion of the graph.

Ist conversion stage [2nd conversion 3rd conversion stage dynamic of

Ho \‘}15 rotor  Fig, 4. Causal ordering graph of the TWUM in the rotating reference frame;
\/ N axis g only.
@ -GS g oo XSaony

N
I;roé B. The torque estimator
iy
Fp The principle of a torque estimator is outlined by inverting the

~ T Causal ordering graph of the figure 4. There are thus three different
@) 3 paths, as summarized figure 5:

« 1- from relation (11). This is difficult because both the load
inertia and the load torqué,. should be known,
« 2- from relation (8) and the measurements of betland w;q
Fig. 3. Causal ordering graph of tHe/UM . as proposed by [9]; this estimator needs the identification of the
parameterfo,

The graph in figure (3) is divided into four parts, each one , 3- from relation (14) and the measurementsigfand V-,,.
represents one energy conversion process or the dynamic of the rotor.
Moreover, it shows the couplings of the motors:

« the two independent voltage linesand 3 are coupledvia the AV/

rotational matrix, a

« the two external force§'y and Fi- are mixed andF,., and F.s

act on the travelling wave.
These couplings make global comprehension of the system difficult.
This is why in the next section we try to remove them by taking

@’“

Sol. 1

. . ) Measurement required
advantage of the experience of the modelling of the electromagnetic Sol. 3 Sol. 2

AC machines.

2) Causal modelling in a rotating reference framehe two Fig. 5. The three different ways to estimate the toruean be deduced
rotational matrices, on the stationary waves (eq. 6) and on them the inversion of the COG.
forces (eg. 3), lead to setting down two new variablgsand V.
As it is for the electromagnetic machines where current or voltagesin order to avoid a speed sensor, the torque estimator will rely
are expressed in a rotating reference frame fixed to the rotatifg equation 14. However, inverting this equation is not straight-
electromagnetic fieldy; and V, represent the supply voltages inforward, because of the derivative temV7.;;, which should be
a rotating reference frame fixed to the rotating travelling wave. Sapproximated. A closed loop estimator could then be proposed, whose

this leads us to set down: output would converge toward the solution. But considering a high
" v, performing estimator is required especially in the case of steady state
( ° ) R(k6 )( v ) (12)  operations — or slow variations &f,;, the problematic terr@m V.,
¢ is deleted in equation (14):
So, according to the figure 3/; and V; are the coordinates of
the voltage vecto in the rotating frame(d, q). Using V; and dsViia = NVy — Pr (15)

V,, equations 2, 3, 6, are revised to produce two new equation
respectively ond axis andq axis respectively, where the couplings
are removed: b?

T = [NV = d.Viid] (16)

Achieving the torque estimator.

S'Finally, using equations 4 in 15 leads to

mVde + dSVde + (C — mk / VN@ddt NVd — FN (1 )

2mViiq + dsVizg = NVy — Fr (14)
. ) . i ) I1l. EXPERIMENTAL SETUP
In fact, in equation (14), the variables of the tangential axis appear

only on thegq axis, though equation (13) shows that the normd\ The experimental test bench
variables only appear on theaxis. This equation is of second order 1) MeasuringV,: The TWUM used during the test is a Shinsei
type, and completely describes the resonant behavior of the motaySR30 [10]. This motor has 80mm diameter and can provide a
Figure (4) shows the Causal Ordering Graph of the actuator in thgged torque of0.1Nm for a rated speed 0200rev/min. It is a
rotating reference frame, reduced to thexis as it deals with the commercial product and thus is readily available. On the stator of this
torque. motor, an extra electrode is glued to the ring of piezo material. Due
Thanks to this graph’s inversion, it is easy to deduce the torqugthe direct piezo-electrical conversion, the voltage measured on this
control of the piezo-actuator [3]; however, in this paper, we focusensor, namedz ., is directly proportional to the deformation of the
our attention on the torque estimator, which is what the next sectigtator at this point. Unfortunately, this deformation is a combination
deals with. of w, andwg: thus it is difficult to build. from the equation (5)



becausew, and wg are not measured independently. In that case, Using equations (23), (19) and the rotational matrix (6) now yield:
measuringV, from V,, V3 and (12) is impossible.

= —Wastn(2m ft { 2w ft
This leads us to set down the assumption that the amplitude of the Vria = —thasin(2nft) +acos(2r 1)

two stationary waves are sinusoidal functions of time in quadrature, < Wcos (2n ft) + (ZWf)Wsin(%rft)) sin(27 ft)
SO + (Wsin(2rft) + (271'f)Wcos(27rft)> cos(2nft)  (24)
wa(t) = Weos(2m ft) o 5
ws(t) = Wsin(2r 1) @a7) = (2nf)W (sin” (27 ft) + cos” (27 ft))
’ = @2rf)W

With f the frequency of the supply voltages afid the travelling
wave’s amplitude.

In order for this assumption to be fulfilled the construction of,
the must be sufficiently careful as to ensure a good positioning
the stator’s electrodes on the piezo ring, thus avoiding dissymmet
between the two phases. However, this condition is often achieved in Viia = (2 f) \/5 Via (25)
the Shinsei USR30 when it is supplied by two sinusoidal voltages in 2
quadrature with the same amplitude: Since the different state variables of the torque estimator can

be measured, the next section deals with the identification of the
va(t) = Veos(2m ft + ¥) (18) Parameters appearing in the equation 16.
vg(t) = Vsin(2n ft + 0)

with V the amplitude of supply voltages, afid the phase difference B- Measurement of the stator parameters
betweenuv,, (t) andw, (t). On the experimental test bendh,is kept Several methods have been proposed to identify stator parame-

Therefore,V1,, is proportional to the travelling wave'’s amplitude.
%f we now take equation 20 into accourify can be deduced by
>f(tracting fromuga its own amplitude namedz 4. Vi, is given

constant, thougly varies. ters [11]. Most of them rely on thelectrical equivalent circujtand
On the one hand, the equations (5) and (17) yield to: the parameters are found by fitting the curve of the variation in the
) frequency of the current into a phase witR order type equation.
0. = amnw However, this approach has several drawbacks among which there
Weos(2m ft) (19) is the difficulty, firstly of precisely detecting the stator’s resonance
=2mft - because a small variation of the frequency leads to a greater

variation of the current when approaching the resonance frequency
- and secondly of carrying out an identification of the effect of the
tangential forces.

This is why we proposed an other method [4]. This approach relies

On the other hand, if we consider the location of the sensgj,
is in fact proportional taK (wa +wg), with K the conversion factor
of the auxiliary electrode. This consideration yields to:

vpa = K(Wsin(2r ft) + Weos(2m ft)) on aV, control detailed in [3] which allows easy characterisation
V3 - (20) of the resonant frequency and a_v0|da_1nce_of couplmgs bgt\_/veen_ the
= KTWcos(wat + Z) normal and tangential axes. The identification process is divided into
two steps:

In conclusion, from equations (19), (12) and (28),is equal to « identification ofd,
the instantaneous phase of the sensor’s voliage minus 7.

The considerations of equations (19) and (12) yields: « identification ofk;bi2
1) Identification ofds: For an unloaded motor which has reached
Ve 14 2w ft + U 14 v s . . .
( VZ ) = R(—27 ft) ( Vz?j((z;rjjt v \I/)) ) = ( Vz?rf((\ll)) ) (ks ste_ady state, the _travelling wave'’s amplitd_d_éderives from the
equation 16 wheré is set to0. In these conditions:
So, V, may be deduced by:
q may y ds2rtfW = NV, (26)
Vg = Vsin(¥) (22)  pue to the experimental test bench, and equation (225 in fact

and U can be measured from the phase difference betwgeand tuned instead ol/;, and this equation is transformed into:

vga, Which is experimentally achieved thanks to an integrated chip. ds2n fW = NVsin(¥) 27)

2) Measuring V4, to complete the identification of" from Identifving d hen b hieved by keepi - blotti
equation (16), it is necessary to knd#-;;, but however this is an entifying d, can then be achieved by keepihigconstant; plotting

internal variable. It may be calculated thanks to equation (6), amﬁ evolution of W’ against\I/ should result in a sinusoidal shape,

from the measurement ab, andwg. Once again, to reach these'V0Se€ crest gives the ratg

values, we use the previous assumption which leads to equation (L owever, this method is qU|te sensitive to non linearities which
induce variations ofl; with W [12]. This is why, instead o¥/, W

is kept constant. So, for each value®f V' is tuned in order to have
e (t) = Weos(2m ft) + (21 f)W sin(2 ft) W equal to a value we fixed before.
Ws(t) = Wsin(2n ft) + (21 f)Weos(2r ft) (@3) A closed loop including a/oltage Controlleq oscillatorcontrqls
the voltage frequency so as to have the required value f&r This
Of course, in order to obtain the equation (23) we need to considergle is measured by using a phase detector (figure 6); the controlled
that the excitation frequencjf is kept constant. This is not rigorously scheme has been previously described in [3].
correct during transitory operations. But the stator of a TWUM is a We then plot the evolution ofg against¥. The experimental
mechanical resonatof,is chosen very close to its resonant frequencirials, for each rotational direction and several wave amplitude, are
and thus considered constant. given in figure 7. Table | summarizes the valuesigoidentified from
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Fig. 7. % as a function ofy and comparison with the modelling.

TABLE |
IDENTIFIED VALUES OF THE PARAMETERds FOR EACH ROTATIONAL
DIRECTION.
W(um) 065 0.74 [ 0.82 [ 0.95 [ 1.05
ds(N.som~T),CW | 546 | 465 | 382 30.6 | 26.1
ds(N.s.m~1), CCW | 56.3 | 49.74 | 38.2 | 29.7 | 24.9

this method.
It appears thatl; depends more on the operating wave amplitudeeutral plane location. Secondly, this result may be induced by
W and less on the rotational direction. In order to take into accoutiite modelling assumptions, in particular, the punctual contact one.
this non linearity in the torque estimator, we are led to representifgvertheless, the approach leads to a modelling structure that we are
in figure 8 the evolution ofi; in W, or rather in% because this able to identify and which agrees with the torque characteristics in a
results in a linear shape.
Equation 28 then fits this curve:

ds - _d50+ %

The values ofds, and p are obtained from the figure 8:

100
] cw T T T
7 o |[® COWT 1= l
3 O S N vy
° R | ! |
0 0,5 1 1,5 2 2,5
1/W(um-)
Fig. 8. Evolution ofds as a function of% for both rotational direction and

fitting.

dso =192N.sm™"  p=47810"°N.s

So, taking into account the non-linearity &f, the torque estimator
can be achieved by merging the equations 16, 23 and 28:

h
(—dso + %)%fw = NV, kT

h
—dso2n fW + 2w fp= NV — kb—zT

dso2n fW =27 fp+ kb%T — NV,

(29)

In this equation, the global parameﬂeg% is still to be calculated.
This next section deals with this calculation.

2) Identification ofk:b%: The identification of this parameter
derives once again from equation (16). But nd,will vary and
V, is adjusted to keep¥ constant. So, the evolution dfy in T’
should be a straight line whose slopéciﬁ%. We have represented in
figure 9 the result curves for several valuediéfand both rotational
directions.

The results show that the experimental trials and the modelling are
consistent, since the curves are nearly straight. However, the slope
of these lines depends on the level of the stator’s deformdtion
and also on the direction of rotation. These variations reveal non-
linearities in the modelling; in fact, they express the limits of this
modelling, and more specifically the limit imposed by the assumption
that there is only one contact point. This is why, an average value
of kb% is then calculated from the trials, and the slope of the curves
drawn on figure 9.

So, the averaged slope of all those linegd$NmV ~! yielding:

h -1
ks = 67.2m

The value of this parameter has to be compared to the one calcu-
lated from an analytical approach. In fact, considering the geometrical
dimensions of the motor under study, kh/b can be evaluated to 107m-
1. The gap between these two estimated values can be first explained
by the difficulty to estimate the parameter h, that characterizes the

given validity domain. n

C. Experimental tries

Different trials have been carried out to illustrate the performance
of this torque estimator. The first measurements shown in figure 10
depict the evolution of the estimated load torque and the measured



CW actuated claws are devices which are widely used, for example at the
Vq(V) end of a robot arm to allow object prehension.
Different controls of the claw can be achieved. The first control

- T :_ N _:_ - - type is a position control of the actuator of the claw between an

| | fz opened position till the closed position. This is well suited for objects

o _:_ . /’*_*( : X which all have the same dimensions. But if variable objects of random

| A :: N (1) We sizes have to be picked up, the larger objects are held extremely tight,
| ;’/’; a4 |( IW=0.65um while the smallest ones are not even caught (figure 12).

_(1)_00’ _://_:_ 4;:_ ] (2_)W_:(ﬁ2_um This is why, instead of having a claw position control, a force
(2) ::: | 0 :(3)W:1.16pm limitation is preferred. In this operating mode, the claw closes up at
(3) ! ! a constant speed until the force at the claw s tip reaches a limited

| Q |

r . : . } . : . . value.

0,1 -0,075 -0,05 0,025 0 0,025 0,05 0075 0.1 This last control method is quite easy to achieve with electromag-
T(Nm) netic motors, because the torque is proportional to the supply current
which is often controlled, and can thus be limited. But those motors

CCwW have high speed characteristics, so they need a speed reducer in order

T(Nm) to adapt the output speed of the shaft to the desired speed of the claw

when closing. This increases the system’s bulk and its cost.

In this application, a TWUM is interesting, because it can be
directly mounted on the claw since its low-speed characteristic is
well adapted to the system. The torque estimator developed in this
article is implemented to ensure the limitation of the tightening force.

-0,1 -0,075 -0,05 -0,025 O
'l 'l

0,025 0,05 0,075 0,1
'l 'l 'l

Closed

O

&E

Closed

Fig. 9. V4 as a function ofl’ and comparison a straight line. e o
) ‘ \é
\ O \\\
load torque for both rotational directions. During this trial, the stator
wave’s amplitude was kept constant while the load torfjugas time
varying.

The second measurement of figure 11 shows the evolution 9f 15  Effect of a controlled position claw when the object is sufficiently
the measured load torque compared to its estimation iilewas big, and in the case where it is too small.
time varying. Both rotational directions are depicted, though motor
operation T > 0 andw > 0, or T < 0 andw < 0) and brake
operation U < 0 andw > 0, or T > 0 andw < 0) were here
experienced.

Considering that the torque estimator is quite straightforward, the
estimated load torque is found to be consistent with the measurements
of thg experimental trials of figures 11 and 10. . . reached a value previously fixed.

Estimation errors can however be measured on figure 11, reveallngl_ ) .
that the estimation depends o. More obviously, errors are |h€ next section presents the experimental runs of the claw
amplified for braking operations while they are acceptable for oth@ftuated by a TWUM, with its torque limitation. from now on the
conditions. This is mainly due to the averaged valuekzqg we limited value of the estimated torque will be referred toTas,
had to use in equation 29 and which is a tradeoff between all the
values identified for all the operating points of the chapter 1ll-Bg. Experimental runs
Performances of the estimator could then be improved by taking into . , . . A
account the variation oﬁb% in W, but this would be achieved at the The clavx_/ fixed on t.he TWU.MS shaft is dep_lc_:ted in figure 13.
expense of complexity. Despite this problem, applications can taﬁgveral (_)bjects W'th different sizes can be positioned, and for _each
advantage of this torque estimator, and this is dealt with in the n ’ th_e internal van_able of the motor cqn be recorded. Thqs, figure
section. depicts the evolution df;, (measured with)), the motor rotational

angle, the measured and estimated torque and finally the wave
amplitudeW - which is also controlled. These curves are obtained
with T}, = 0.06Nm. The cycle begins at = 0 with the starting
signal; a wave amplitude reference of abapin is ordered, and the
claw closes. The estimated torque as well as the measured one are

Because of torque vs speed characteristics, Travelling Wave liHitially null, but at¢ = 50ms they both start to increase because the
trasonic Motors are very suitable for applications which need a loslaw is in contact with the object to be grasped. Consequelily,
speed but a high torque. In this field of applications, the electricaliycreases in accordance equation (29), sifi¢as kept constant.

The algorithm for the closing will be as follows:

« 1 wait for the starting signal

o 2 close with a constant speed. During this stép, is kept
constant, and the torque is estimated on line

3 stop the motor (sel’ to 0) when the torque estimator has

IV. APPLICATION: LIMITING THE TIGHTENING FORCE OFTWUM
ACTUATED CLAW

A. Working principle of a claw
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Fig. 11. Measurement and estimation of the load torque for a time varying wave amplitude.

At t = 85ms, the estimated torque reaches the limitation: af the claw by tuning the value 6f};,,.!
reference value of/” of Oum is ordered which is obtained in almost e must emphasize here that the control presented is not a torque
10ms. During this short time, the torque actually applied to the clawegulation, but a torque limitation. In fact, when the motor is stopped,
can be a little larger due to the time the wave amplitude needs i@ force on the claw 's tips can change due to external conditions.
become null. Then the torque estimator is switched off because th&orque regulation implies that the torque keeps a constant value,
very low wave amplitude leads to erroneous estimated torque valuggen at null speed, this could be achieved with an improvement of
the torque estimator at low wave amplitude. However, a limitation is

So, the claw stops its grasping action when it meets an object. TRROUGh in applications in which the objects are inanimate.
contact is detected through an increasing in the motor’s torque, which
is estimated on line. Of course, the force with which the object is . .
1The measured torque is actually ab6u@4 Nm above the estimated one.

taken .depends on Fhe valueBifi.. In figure 15, we have drawn the This gap is due to the inertia of the torque sensor which creates a torque when
evolution of the estimated and the measured torque for several valu@Smotor is breakingf, = 10~ 5kgm?). Better results should be obtained
of T} . This run shows that it is possible to limit the tightening forcdor a claw directly mounted on the motor's shaft.
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Internal variables of the motor for a closing sequence of a TWUM

Comparison of the output torque for several value of the limiting

V. CONCLUSION

In this article, we have presented a method to achieve a torque esti-
mator for a TWUM. This estimator relies on the causal modelling of
the motor which helps to deduce the estimator's equation. Compared
to the torque estimators which rely on the torque/speed characteristics
of the motor, we emphasize that the estimator presented here doesn't
need the measurement of the rotational speed of the motor, this allows
to removal of the speed sensor, and the measurements have confirmed
the global structure of the modelling.

Experimental trials have been carried out to check the perfor-
mances of the estimator along a wide range of operations, for time
varying torque and for time varying speed of the motor. Results have
been consistent with the measurements, but we highlighted that any
non-linearities could reduce confidence in the estimation.

Although all the questions related to the precision of the estimated
torque — especially for operations wheVg is varying — are still
open, the estimator is tested on an application in the final section.
We use a claw actuated by a TWUM. Several trials have shown that
the device runs well, and we have shown that the tightening force of
the claw can be tuned by adjusting the limited value of the estimated
torque.

Future work should increase the precision of this torque estimator,

7 more specifically at low rotational speeds, to allow sensorless torque

regulators. This implies the control of voltages phases leading to the
loss of quadrature. A new modelling should be introduced to take
into account this voltage supply.
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