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Amplitude control of an ultrasonic vibration for
a tactile stimulator

Wael Ben Messaoud, Frédéric Gir, Member, |IEEE, Betty Lemair-Semail,Member, IEEE, Michel
Amberg, and Marie-Ange Bueno

Abstract— This paper describes the control in a (d-q) framef
the vibration amplitude of a tactile stimulator basd on
ultrasonic vibrations. The objective is to combinetwo control
strategies in order to maintain a constant level ofvibration
amplitude and to excite at the resonance frequenayf the system.
A new modelling approach is presented to identifytte transfer
function between inputs and outputs. Then, thanks @ an
experimental setup, the validation of the new modes performed.
Finally, the result of the closed loop control ovewide range of
disturbing factors is presented.

Index Terms—Vibrations, Modelling,
Piezoelectricity, Tactile display.

Frequency control,

I. INTRODUCTION

he sense of touch plays an important role during
manipulation and the interaction with an objectwduer,
the last decade has witnessed the emergence oéleetronic
devices with a poor tactile feedback. For examtitie,tactile
experience when touching today’s smartphones isveoy

Two main techniques are used to control the frigtio

electrovibration increases the friction by creatargattractive
electrostatic force to a user's finger when it mving over a
plate [1][2]. On the other hand, ultrasonic vibvas reduce
the friction coefficient between the user's fingerand he
vibrating surface by creating an active lubricatioh the

surface. This principle has been presented atitbietiime in

1995 by Watanabe et al. [3] who proposed the “szgebdlm

air theory” to explain the friction reduction. Thesign of the
vibrating touched surface is not straightforwardd ahould
fulfil some requirements. Indeed, it should be éaemough to
allow a free movement of the finger, and needspiinoze a
bending mode of the plate [4]. Moreover, the vilomat
amplitude should be superior to 1 um at a frequetoyve 25
kHz [5]. However, the vibration of the plate candamsitive to

thexternal factors, such as the temperature whicimgds the

resonant frequency of the chosen bending modeeouser's
fingertip pressure which damps the vibration. Aseld loop
control is then needed to guarantee a constantaticor
amplitude. Some previous works deal with closeg loontrol

different from one device to another since mosthen use a tq hiezoelectric actuator to drive high-precisitages [6]. In

flat and hard touch screen to enter commands. Amtsiare

then used to create a programmable and synthefiticha

feedback; but due to their technology, they carvigio low
frequency vibrations only, leading to limited caitibs to
encode information. However, there are other teldyies
which can render a more sophisticated tactile faekibby
modifying the user's perception of a touched swfam
particular, tactile stimulators based on frictiorodulation

adjust the apparent friction between the usertgefitip and the

touched surface to produce a wide range of eff&gsides,
the issue of high fidelity tactile feedback systedwes not
concern only the smartphone’s market but also dibkfs of
application such as the detection and rehabilitatb tactile
disorders, the virtual prototyping, the e-commeste,
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[7], the control of a haptic knob is presented limimate the
effect of the finger pressure. The voltage acrokse
piezoelectric material is adjusted in order to obtéhe
required vibration amplitude. In other control sties [8][9],
the piezoelectric ceramics are supplied with a ons/oltage
amplitude while the frequency is adjusted in ortdereach the
required vibration amplitude. With these methogration at
resonance is not guaranteed, which may decreasgldbal
efficiency of the system. Indeed, for a resonartagbnic
device operating at fixed vibration amplitude, trexuired
amount of voltage increases as the frequency shifigy of
the resonant frequency. In our recent work [10]firat

—

approach was proposed to cope with the two distgrbi

factors, the finger pressure which is measuredhay force
sensors in the stimulator and the room temperataretion
measured by a thermometer. This first study reledan
empirical modelling of the device and the frequecontrol
was based on a “bang-bang” strategy [11]. This @gugr
gives very satisfactory results especially when thitial
excitation frequency was close to the resonanceweher,
with unsuited initial condition, the bang-bang @ohtcould
lead to bad performances in terms of response time.

This paper uses a more general approach to present

control of the vibration amplitude of the plate hvita
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simultaneous tracking of the resonant frequency thod
bending mode. It is based on the modelling andctrgrol in
a (d-q) frame of a tactile plate in order to oveneoexternal
factors such as temperature variation and fingersgure
variation which weaken the vibration amplitude. SThi
representation is used to transform reference friatoea new
frame that rotates synchronously with the specifiedtor.
The control of variables becomes easier achievechbgsing
well the reference vector of the frame. The d-gtmec
representation has been used in the case of frayglave for

a motor [12],for a standing wave piezoelectric actuator in

[13], and in the case of a finite beam to control aelang

wave [14]. It has been widely used to represerd tarcontrol
AC electric machines [15]; and also in the gridwected
power inverter domain to track the phase and thguency of
the grid voltage, and to control the exchange ofvgro
between the electric system and the direct curfe@) bus
[16]. The tracking of the resonant frequency wasdum the
detection of contact in robotics application [17].

In the first part of this paper, the tactile feedbaystem
will be presented and the
parameters on the vibration quality will be highligd
experimentally. Then, the modelling in d-q framell vide
developed in part lll. Part IV will focus on the patimental
identification of the model parameters. Finallytlie last part,
the simultaneous control of the vibration and thagkof the
resonant frequency will be presented.

A. Design of the tactile stimulator

Ultrasonic vibrations are used to produce frictio
modulation by generating a squeezed film air bearirhis
vibration is  non-perceptible by the
mechanoreceptors whose bandwidth is below 1 kH} phLi8
the resulting sliding effect on the plate is eapityceivable. In
order to create these vibrations, piezoelectriamérs are
glued under the aluminium plate; the material @ teramics
is PZT and their dimension is 14*6*0.5 mrThey are used as
actuators by means of the inverse piezoelectreceffor the
plate studied in this paper, the size is 198*138%hnt, and
20 actuators were glued under the surface (18 seel as
actuators and 2 as sensors). Actuators are arrangedour
columns, two in each border. Each column is congdse
five ceramics distributed over the whole width bé tplate.
When they are excited at the mechanical resonaquéncy of
the chosen bending mode, a standing wave is geuckees
depicted in Fig. 1. The measurement of the instetas
vibration amplitude is carried out using two pidectic
ceramics as sensors. They have to be position¢lgeaanti-
node of vibration and they convert the deformatibthe plate
into a voltage proportional to the vibration amypdie. The
sensors are calibrated using a vibrometer in o@dind the
linear relation between the sensor response and
instantaneous vibration amplitude. The system igrotied by

SYSTEM PRESENTATION

influence of some externa

n

cutaneou

amplified by a DC-AC converter in order to produtte
supply voltage to the actuators. The response eftaatile
stimulator — i.e. the vibration amplitude — is measl thought
the sensors of the plate. Fig. 2 describes thesyst

£

~—

N -509
o

Fig. 1. The chosen bending vibration mode whersyiséem is excited at the
resonance

Signal "
I processing I
Tactile
DSP 5| | Stimulator
DC-AC I
Converter | controlsignals

Fig. 2. Operation principle of the tactile stimalat

B. Influence of external parameters

First studies on friction reduction based tactiides were
carried out in open loop, the wave amplitude wag no
controlled [19][20][21] However, in recent publications
[22][10], it was highlighted that some externaltéas such as
the finger pressure and the temperature variataon disturb
those devices while modifying the vibration amplituand the
resonant frequency. The measurements of Fig. 3 shatithe
gibration can be damped by 50% with an applied rbfiorce
of around 1.5 N. Moreover, this variation are qddst, and
measurements in [10] have shown that this nornrakfoould
increase by 1 N in 0.1 second.

normal force (N)

time (s)

percentage of amplitude reduction (%)

time (s)

Fig. 3. Percentage of the amplitude reduction ircfion of the normal force

Another factor modifies the resonant frequencyhef plate:
fihe variation of the external temperature. By iasieg the
temperature, the mechanical structure becomesr sofieh

a DSP (Digital Signal Processor) type STM32F4 whicdecreases the stiffness parameter c leading t@asiog the

generates the numerical control signal. This sigeathen

resonance frequency [23hdeed, Fig. 4 shows the vibration
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amplitude as a function of the frequency at twofedént
temperatures (24°C and 33°C). It shows that thenast
frequency is decreased from 32.3 kHz to 32.2 kHemwthe
temperature increases. The variation of 9°C of txedpire is
supposed as the extreme possible variation in a This
curve was plotted after putting the plate in an mand
varying the temperature from 24°C to 33°C by a stefp°C.
In this range of temperature, a linear relation viesnd
between the resonant frequency and the temperature.

=
3]

Vibration amplitude [um]

1 1
322 324
Frequency [kHz] x 10"

Fig. 4. Frequency response around one mode acgaiwo temperatures:
24°C (continuous, black line) and 33°C (dotted, Ine€)

Hence, for a constant supply frequency adjustedhto
resonant frequency at the lower temperature, theation
amplitude decreases when temperature increasesoven,
despite the small frequency shifts (0.3% for theaneple
above), the effect is not negligible, and the atogk of
vibration is reduced by 20% from its initial valuit the end,
an experimental study shows that the vibration &oge
reduction may reach up to 8% for only a 4°C vaoiati

The aforementioned sensitivity to external facteeds us
to propose a closed loop control of the vibratioraddition to
the tracking of the resonant frequency in ordeplbtain the
robustness of the system at each operating condifibie
modelling of the system in order to obtain the oonaw by
its inversion is described in this paper.

I1l.  MODELLING OF THE STIMULATOR'S VIBRATION IN D-Q
FRAME

A. General equationsin d-q frame

real and imaginary parts of the vibration (and hed toltage
respectively) as follows:

)
3

W= (W, + ] Wp)el™"
V= (Va+j Vel

Replacing W, W and W by their expressions in (1),
assuming that the variation ab is minor @ = 0) and
considering" = 0 vyields (4) and (5). The modelling and
identification process are performed without loat ¥ is
assumed as disturbance of the closed loop configara

de + dSWd + (C - mwz)Wd - (U(ZmVVq + dSVVq) (4)
= NVd
qu + dSWq + (c —mw*)W, + w(Zde + dSWd) (5)

These two equations describe the vibratory behaasu a
function of the voltage and the excitation frequera order
to simplify the model and because we have a degfee
freedom for the choice of the d-q frame, we Bgt= 0.
Hence, we decide to align the rotating referenamé on the
voltage vector. This can be represented by the ovect
representation of figure 5, where the vectBrand W are
represented. It may be noted that this approaderdifrom
the one described in [13] because akiwas attached td/
using a phase locked loop, leadingtp = 0, and the voltage
componentd,; andl, were constrained by the condition of a

constant voltage amplitude< /de +V72 = cste). This

approach did not ensure operation at the resomaquéncy,
whereas our goal here is the control of the vibraimplitude
and a real time tracking of the resonant frequency.

q

2N

Around resonant frequency of the chosen bendingemod

and under purely sinusoidal excitation, the evoltbf the

vibration amplitudd# (t) is given by the second type equation

in the complex form [13]:

mW +dW+cW=NV—-F (1)
with m the modal massl, the modal damping; the modal
stiffness, N is the electromechanical conversion factsr,
represents the effect of the external force appliedthe
system,V is the input supply voltage aridl is the vibration
amplitude. The latter and the voltage can be reptes with
their complex form and we nan,; and W, (V, andV}) the

Fig. 5. Representation of the voltage and theatitsn amplitude in d-q axis
with V;

B. Equations at resonance

The synchronisation of the vectiéron the axis g makdsg, =
0. At resonance, we hawe,? = w? = ¢/m. For steady state
conditions, the derivative terms f, andW, are zero. Then,
equations (4) and (5) give the equations (6) afd (7
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MWy + d Wy +Le—meoDW, — w(2m¥g +d,W,)  (6)
=0

ML + d e+ Le—meoD W + w(2mUy + d,W,)  (7)
= NV,

From the equation (6), we can conclude that theginzay
part of the vibration amplitud#;, = 0 and, (7) gives a linear
relation betweenl, and W, illustrated in the following
equation (8):

NV, =dso W, (8)

With this representation on d-q frame, we are dole
determine easily whether we are exciting the syst&m
resonance or not by verifying i, is null or not. So, to track
the resonant frequency, two parameters are adjestéie
voltage amplitud¢ andw the angular frequencgw = 2xf).
Each of them has an influence on the real and inaagipart
of vibration respectivelyW, andi,, as the voltage is
synchronized on the g axis. The diameter of theleciplotted
on Fig. 5 is a function of the voltage amplitddeif the
voltage increases the diameter increases alsovdietion of
voltage frequency affects the angle betwBemandV_which is
/2 at resonance. If this angle is less thef2, the excitation
frequency must be increased and if this angle ghdri than
/2 the excitation frequency must be decreased inrae
minimize the ratioV’ /W.

C. Transfer functions for the control

SinceV is attached to the axis q, we wrifg = 0 andl, =
V. This condition gives rise to the equations (9 étD):

mWy + dsWy + (c — mw?)W, — w(2mW, + d;W,)
=0

mw, + d;W, + (c — mw)HW, + w(2mW, + d;W,)
=NV,

9)

(10)

Walp) Ky

= 13
Vip) 1+4+7p (13)

with K; = N/d,w, andt; = 2m/d;.

Hence, in the rotating reference frame, the evatutf the
vibration amplitude follows a first order equatiamose time
constant equals, and static gain i&;. A Pl controller can be
used to control/, to the reference, as described in [7].

2) System behaviour to frequency change

In this section, we assume thg is perfectly controlled
and constant. Hence, the derivatives term$/gfwhich are
W, andW, will be null and equation (9) becomes:

(c —mw)W, — w(2mW, + d;W,) =0 (14)

In this equationw and andiW, are variables, leading to a
differential equation with non-constant parametdtsr the
purpose of simplification, we propose a lineariaatiof the
equation. Indeed, considering that= w, + 4w, We can

write:
) Aw\?
c—mw-=c 1—(1+—)
Wy

The first order Taylor approximation can be emptbye
because the variation between the excitation frecpe and
the resonant frequenay, is very small, anddw =~ 0; thus,
we can write:

(15)

Aw\? A
(1+—w) ~1+2— (16)
Wo Wo
By replacing (15) and (16) in (14), we have:
c—mw?® = —2mwyAw a7

From these equations, two working conditions can be

studied: in the vicinity of the resonance, and ariation of
the supply frequency.

1) Modelling of the vibration amplitude in the vicinity of the
resonance

In the vicinity of resonancé/, = 0, and the equation (10)
can be written as follows:

wo(2mW, + d;W,) = NV (11)

The resonant angular frequengy depends on andm:

c

m

12)

Wy =

Applying Laplace transformation, we find a firstder
transfer function betwedtr; andV.

Same considerations lead us to approximate w,, and with
(16), and (14), we obtain the equation (18):

—2mAwW, = 2mW, + dW, (18)
Leading to:
(Wq(P)) p
Wo ] _ _ T2 (19)

Aw(p) B 1+1,p

with K, = —2m/ds andt, = 2m/ds.

Two important remarks can be elicited from thesmgfer
functions:

* 7, = T,: the two transfer functions (13) and (19) have the
same time constant.

e This transfer function shows that changes in thppbu
frequency of the tactile stimulator resultsgirthange of the
ratio W, /Wy, according to a first order equation with still
7, for time constant. Hence, to obtain the trackingttof
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resonant frequency, a PI controller is used to ghathe
frequency in order to obtairld,/W, =0, because at
resonancely; = 0.

In the next section, the method of parameter’stifieation
and the control of the output of these models wai#
investigated.

IV. EXPERIMENTAL IDENTIFICATION

In this section, the two transfer functions presgigu
detailed are identified by applying a step variatid the input
and measuring the output in time domain. The erpanial
set-up necessary for the identification is desckibe

A. Experimental setup description

The tactile stimulator presented in 11)A) was usedthe
identification process. It is connected to a P@tiigh the USB
port in read and write mode. The read mode allowstau
display in real time different parameters with 1zksmpling
time, like the instantaneous vibration amplitudee woltage
amplitude and the frequency excitation. The writedm is
used to send the amplitude references to the sy3teenDSP
is powered by another USB port, See Fig. 6.

W Mode: Control vibration amplitude and frequency
R Mode: Read sensors and vibration amplitude

>§"t‘/£
L USE

1 DSP Power supply

\ )
Sensors signals )/
—

Control signals /
— -
A

Fig. 6. Experimental setup for the identificatiaogess

B. Identification approach

1) Identification of the transfer function between W and V
The first point is to identify the static galfj of the transfer

function (13). For that aim, successive valueshef Yoltage

from 50V to 400V peak to peak are applied to the

piezoceramics at the resonant frequency, and theation
amplitude is measured. The choice of this rangeotibige is
explained by the desired range of the vibration lgoge
[0.5...2.5 um]. This relation between the suppljtage and
the vibration amplitude is linear in the useful ganfor this
application. Fig. 7 shows the slope of curve whih
W,V =K.

o Datas ! !
|| — Linear fitting | _

vibration amplitude (um)

200
applied voltage (V)
Fig. 7. The linear relation between the supplyagdt and the vibration
amplitude at the resonance.

400

We also recorded the response of the system atstegtof
variation ofVV. Despite the different voltage levels, it may be
noticed that a first order behaviour was obtainggredicted
by the modelling. From these characteristics wed UsBX
[24] for the identification method df; and 1, because it gives
good results at low order. This identification nothuses an
estimation of the model parameters using the leqsares
method to reduce error between data and modebriter of
the model must be specified before the identifazaiprocess.

The results for each trial are presented in table 1
TABLE |
PARAMETERS OF THE IDENTIFIED TRANSFER FUNCTIONS

Mean
Voltage amplitude 120 208 312 370
K1 (pm/V) 7108 6547 6620 7103 6980
T4 (mMs) 185 171 194 207 188

The variations of; as a function of the voltage applied are
plotted in Fig. 8.

3x10
I I I I I
I I I I I
I I I I I
I I I I I
I I I I I
I I I I I
I I I I I
7] e IR
. | | . | |
- 1. I I I
7 RS R B .
I I I I I
I I I I I
I I I I I
1F---a----- o= - A= =
1 1 1 1 1
I I I I I
I I I I I
I I I I
cnesl
0 1 L 1 1
150 200 250 300 350

Voltage [V]
Fig. 8. Evolution c*r; as a function of the applied voltage
The deviations of, (x 6 %) andK; (+ 5 %) are found to be

sufficiently small to consider that they are constéor all
voltage condition.
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2) Identification of the transfer function between W, /W, and

Aw
The identification of this second transfer functioreds

some experimental conditions, already explained the

modelling. In particular, for using linearizatiomye must

ensure that:

* The system is excited in the vicinity of the reswea
which make dw/w, = 0.

* The real part of the vibration amplitud; is controlled
and constant, by using a control as detailed inntbet
section.

The transfer function (19) betwedt],/W, anddw is
identified by applying steps dfw as input, and
measuring#, /W, as output.

Fig. 9 represents the evolution of the quantity, (p)/W,
as a function oflw. Every 20 ms, a decreasing step of
—77 rad/s of angular frequency is applied. At the same time,
W, is maintained constant. Fig. 10 illustrates tHatinee error

Fig. 10. Relative error of the controlléd, in response to steps of angular
frequency Wy s is 2 pm peak-peak).

In response to decreasing steps of the angulaudrary
Aw fromw, tow, around resonance, the quantity(p) /Wy
increases following a first order behaviour. Thenitification
of the transfer function presented in (19) gives plarameters
K, andt, for each step. The two extremes and the medium
experimental identification results are presentethé table 2:

of the controlledW, in response to decreasing steps of the

angular frequency to verify that it

Input

x10°

is maintaineshstant.

angular frequency (rad/s)

[
o
]
)

0.14
Time (s)
Output
o
2 02f -4t B
7 Op---i-see---risss

1
0.06
Time (s)

0.04

Fig. 9. Response df, /W, as a function of decreasing steps of the angular

frequency.

1
0.08 0.1

0.12

0.14

o a1

relative error of Wd (%)
[

-10

-15

-20
0

time (s)

TABLE 2
PARAMETERS OF THE IDENTIFIED TRANSFER FUNCTIONS
Mean
w,(rad/s) 203229 202995 202839
wy(rad/s) 203151 202917 202761
K2(10‘3) 1.9727 1.6876 1.8564 K, = 1812
T,(ms) 1.5360 1.6504 1.8608 T, = 1.624
X 10’3‘
| | | |
| | | |
| | | |
| | | |
} }Resonance} }
| | | |
| | | |

1-F-—-4------ 4= H-—— === H- - = -~

| | | |
| | | |
l l l |
|
B K,(pmV) o 1, (ms)’ |
|
L | | |

2.028 2.029 2.03 2.031

angular frequency [rad/s] x10°

Fig. 11. Evolution ¢ z,, K, as a function of the angular frequency

Moreover, we have plotted some valuesigf,andt, as a
function of the angular frequency in the vicinity the
resonant frequency (Fig. 11). It can be stated dh#he exact
resonant angular frequencw & 202995 rad/s), this ratio
betweenk, andt, is equal to 1 as expected by the equation
(19).

Finally, the parameters of the function betwég(p)/W,
andAw are K, = 1.812 1073 andt, = 1.624 ms.

The most important feature of the identificationthsit we
validate by real measurement the validity of thededlcand
approximations. We find that the two transfer fumes have a
similar constant time (respectivety= 1.88 ms and,= 1.62
ms). Moreover, the transfer function givilg, (p)/W, as a
function ofAw has the static gain equal to its time constant. In
the next section, a real time implementation of the
controllers will be achieved and thanks to an expental
measurement, a comparison between the closed loaipot
against the open loop one will be presented.

V. CONTROL IMPLEMENTATION

A. Calculation of the controller coefficients

The parameters of the controller are calculateduiin the
identified transfer function. The two transfer ftinoas are of
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first order type. A classical proportional integcantroller is B. Resultsfor the two control loops

sufficient due to its low transfer function ordércan reduce  The two controllers were implemented in the DSPhvit
the response time without any static error. In fillowing  sampling frequency of 1 kHz. The response timehef two

part, the method the parameters calculation issptesl. — controllers was chosen in order to accelerategbpanse time
The structure of the controller is defined in (20hich  of the vibration amplitude to achieve about 2 ntheowise it
contains two variable parametéfs andk;: was 5 ms in open loop. The first series of expenitmshows
the response in open and closed loops of the idorat
K; amplitude at the resonance and without any fingessure
Pleontrotier = Kp +?L (20) (Flgp 13). y gesy
The classical closed loop control for a first ordgstemH (p) , A p=—prmv—— ——
: . . . —_ 2r - closed loop at resonane without finger | — — —
IS represented in Flg- 12: g : *+ openloop at resonance without finger (a)
Sa £ K K; c K Sm =
rt P T 1+zp -
C(p) H(p)
(b)
Fig. 12. Classical closed loop control for a fosder transfer function using
Pl controller.
With S, is the desired outpus,, is the measured output,
is the error betwees$); ands,, and Cis the output of the
controller. The characteristic equation of the etbfoop
system shown in Fig. 7 is given by: (c)
S_m = M (21) time [ms]
Sa 1+C(p)H(p) Fig. 13. Response of the system in open and closgdcontrol when exciting
with the system at resonance and without any fingerspres Figures (a),(b) and
Kp (c) represent respectively the evolutiorigf, W, andWW which is the module
OLIOR| - ) TR (22)  OfWaandw;
p)i(p) =
L+zp p The reference value fdw, is zero, whereas the reference

value forW, is 2 um. By observing the responselt3f, we

We assume thak,/k; = 7 to compensate the pole of thecan conclude that the use of the closed loop <_:unﬁg3n has

transfer function. an influence on the response time by decreasifigrit 5 to 2

By equating the characteristic equation in closeplwith MS Wh'Ch may make the ylbratlon more sen§|t|ve thoe
this assumption, we find a first order system betws, ~ fingertip. The response df;, is almost zero both in close or

ands, given by: open loop which is explained by the absence of reate
Sm 1 (23)  disturbance factors in this case. By repeating ékiseriment
5 1+t T p 30 times, the repeatability standard deviation alasut 1.3%

of the desired vibration amplitude of 2 pm.

With 7, = 1/K K; is the desired time constant in closed-loop. Jhet secon(]il tshenes (f ﬁxpenme_ntst atlms at tevqlu“_a:leg
The parameters of the controller can be calculdtedh El'oh us_dnesg (i € clon rolters a%ams_ _te_,-n:pfera mumh_r;].
7,75, and the parameters of the transfer function in dpep € Idea Is 1o supply voitage al an Initial frequemnic

(K andr): for instance, the desired response tithg, can be ?é;iiﬁggdseftgr;r:;i;est(?]lag( f;?i(?:enq(; %2:135 g: V\(lib}‘a)h
imposed. For a first order function, it is equal3a, which 9 P ey radjs

leads to the equations of the controller parameters whereas the real temperature during this experingeabout
q P 24°C with the same excitation voltage comparinght® first

K = 3t experience. The validation of the control strategs tested
P Kty sy (24) with an extreme possible condition of variatiort@hperature
K, from 33° to 24° in order to validate the robustnegsthe
Ki=— controller. If the controller will work well witla minimum
This method will be used to control the identifigdnsfer response time at this extreme condition, we wiliaode that
functions modeled in the section VI. the system control strategy will work better whelme t

temperature change is small and the control styarety be
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validated. We observe in open loop control thigbecomes

The experimental conditions are similar to the ey

nonzero andW, decreases from the desired vibratioffXPeriment one (excite the system at the 33°C ggeon
amplitudeW = 2 um to1.6 um. On the other hand, the closedifeduency), but this time, we add a finger slidotgthe active

loop control strategy ensures robustness againgbaeature
variation with a low response timrae2 ms and no more static
error (Fig. 14). If we wanted to reach the sameratihg
amplitude in open loop with this error on the tenapere, we
should provide a higher voltage supply.

—. 2 - - —| =—¥—closed loop out resonance without finger | — — -
§ + openloop out resonance without finger
= (a)
o
=
(b)
(©)

time [ms]
Fig. 14. Response of the system in open and closgdcontrol when exciting
the system as if it was at 33°C whereas the attumaperature is 24°C and
without any finger pressure. Figures (a), (b) ar)d€present respectively the
evolution of W,, W, andW which is the module df/, andW, (see Fig. 5).

In the closed loop contrdl, is nearly zero which proves
that the excitation frequency of the system hasverged
towards the resonant frequency (Fig. 15).

X 104 frequency excitation [Hz]

3.235

=== closed loop out resonance without finger
+ openloop out resonance without finger

323 ---------

3225~~~ ——— - -

+ 4

|

| | |

322 : ‘ ’
0 20 30

time [ms]

L o o R R R R
|

Fig. 15. Frequency excitation behaviour in operplaod closed loop control
when the system is excited out of resonance. Atitis¢eant 11 ms, the
frequency controller in switched on and convergethe resonant frequency
of the temperature 24° C which is 32300 kHz (Fig.l4 red (the dotted line),
for open loop condition, the excitation frequensysiill fixed to the resonant
frequency of 33°C.

In order to assess the system performance agiedivo
disturbing factors at the same time (finger pressand
temperature variation), a third experience has Ipegformed.

surface of the plate with a pressatmut 2N, the finger has to
move back and forth on the tactile plate to feehstation, the
finger pressure is shown in a screen in front oé th
experimenter to help him maintaining it constantheT
operation of these two conditions of temperaturbdation
and touch force is done to evaluate the robustésthe
control law in extreme conditions to validate it.i$ shown
that the open loop control is sensitive to the mk
disturbing factors. The closed loop control maimsaithe
vibration amplitude constant in a short response ti

— 2k 17 —+— closed loop out resonance with finger{ — — —{ (a)
g : *+ open loop out resonance with finger
“U177777777777777777777777\7777?77"
2 L A
1
0 5 10 15 20 25 30 35 40
time [ms]
E
s (b)
=
2
1 1 1 1 1 1 1
(c)

time [ms]

Fig. 16. Response of the system in open and closgdcontrol when exciting
the system as if it was at 33°C whereas the attumaperature is 24°C and
with approximately 2N finger pressure. Figures ((8).and (c) represent
respectively the evolution &, W, andW which is the module of; and
W, (see Fig. 5).

These experiments confirmed the importance of theed
loop control of the vibration amplitude to ensurstable level
of squeeze film. The psychophysics test may beeaekli to
compare the open loop, the first control stratelfj§] fand the
results of this work together. In our current wggb], the
focus is put on the control of the friction by thibration
amplitude in order to evaluate the relation betwédstion
and level of squeeze film effect and to compendae
difference between users.

VI.

In this paper, we proposed a new approach to dotiieo
wave amplitude of the vibration created for tacsiienulation.
The objective was to make the effect of the tadtiedback
insensitive to external disturbances such as thgeftip
pressure and the temperature variation. For that ai new
modelling has been developed analytically in a tioga
reference frame. By aligning the rotating framettoa voltage,
we obtain two first order type equations, for tloatcol of the

CONCLUSION
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vibration amplitude and for the tracking of the aeant
frequency which has been also validated experinignitathe
useful range of work. The identification has beemfgrmed
and two simultaneous closed loop controls of theration
amplitude and of the frequency have been implenderthe
closed loop results show a high robustness of #ve control
strategy against the two disturbing factors.
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