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Preisach modeling of hysteresis for fast tool servo system
WANG Xiao-hui, SUN Tao

(Center of Precision Engineering » Harbin Institute of Technology ., Harbin 150001, China)

Abstract; A fast tool servo mechanism with a piezoelectric actuator has attracted more attention for its
excellent machining way and high resolution. In this paper, the classical Preisach hysteresis modeling
for a Fast Tool Servo (FTS) system subjected to the dynamic voltage excitations is presented. As a u-
niversal driving element for the FTS system, the piezoelectric actuator exhibits specific nonlinearity
from the hysteresis effect between the displacement and the applied electric field, which is a key factor
limiting the dynamic performance of the FTS system. To establish a mathematical model to describe
the hesteresis for the FTS system,the numerical expressions of the classical Preisach model are pres-
ented in details,and a series of test are conducted to study the hysteresis property and to find out the
congruency and wipe-out properties of the FTS system. Finally, the classical Preisach model is applied
to simulate the hysteresis behavior of the FTS system. Experimental results indicate that the meas-
ured curves are good agrement with the predicted curves, which shows that the classical Preisach mod-
el can offer excellent modeling accuracy less than 0. 65 ym and can provide many applications for requi-
ring voltage excitation signals with narrow band frequencies.
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1 Introduction

In recent years, ultra-precision machining tech-
niques have been successfully implemented in the
field of optical surface generation''’. With the
advent of improved machines, a fast tool servo
mechanism has been attracting more and more
interest to increase the capability and capacity of

(24 The purpose of the fast

existing machines
tool servo system is to move the tool small dis-
tance into and out of the workpiece several
times, so it generates nonaxisymmetric surfaces
or corrects for errors. Diamond turning using a
fast tool servo is one of the most popular tech-
niques in micro-machining because of its shorter
machining time, better repeatability and easy
setup. In order to achieve high resolution and
high stiffness, piezoelectric actuator is used as
the universal driving base of the fast tool servo
system. However, piezoelectric actuators exhib-
it hysteresis in their response to an applied elec-
tric field™. Hysteresis in piezoceramic material
is a form of nonlinearity with memory"*®* depen-
ding on the history of excitation, so one of many
possible expansions can be the result of a specific
voltage applied to the piezoceramic.

This paper presents the classical Preisach
model of the hysteresis for a fast tool servo sys-
tem. Firstly, the numerical expressions of the
classical Preisach model are presented in details
for different input variations. A series of tests
are conducted to study the hysteresis properties
of the piezoelectric actuator. To implement this
model, the congruency property has to be satis-
fied and a set of first-order hysteresis reversal
curves are measured with the driving voltage
starting from zero. Then the classical Preisach
model is applied to simulate the static hysteresis
behavior of the FTS system. This study can also

provide means to assess whether the classical

Preisach model is useful for hysteresis compen-
sation. The good accordance found between the
measured and calculated curves shows that the
classical Preisach model is an effective mean to

model the hysteresis of the FTS system.

2 Classical Preisach model for hys-

teresis

Now the Preisach model has been primarily
known in the area of Magneticst*). The mathe-
matical expression of the classical Preisach model

can be written as
f = ﬂ/l(a,ﬂ)yq,ﬁ[u(z)]dadﬁ , (D
=B

where f(¢) is the system output, x(a,f) is a
weighting function, 7,.,[ « (z) ] is the hysteresis
operator having an output of +1 or —1, and a.f
correspond to "up" and "down" switching values
of the input u (1), respectively. The output of
Yeslu(t) ] is set to +1 or —1 if the input ex-
ceeds the switching value a or drops below the
switching value .

To develop the expressions of the classical
Preisach model, fy is defined as the output
when the input monotonically increases to M,
from wu,;, (Fig. 1). Similarly,f“w’,,w refers to the
output when the input monotonically increases
to M, from u,;, and then monotonically decreases
to m;. Then, based on the classical Preisach
model, the piezoelectric actuator expansion f(t)

subjects to an excitation voltage u(#)™;

n—

1
w(t) > 0:.f() = [fM,\,m,\, - kamkfl 1+
=1

fu<r> - fu(r)m” L0 (2)

n—1

w(@) < 0. f) = D[ fam, — frgpm,, 1+

k=1

fM”u(z) - fu(/)m”fl ’ (3)
where n— 1 presents the number of maxima M,
and minima m, pairs of the input signal se-
quence.

In order to implement the model equations (2)
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Fig. 1 Reversal curves attached to ascending branch
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Fig. 2 Limiting triangle T,

and (3), a series of used functions fy and [,
for the specific piezoelectric actuator need to be
experimental determined for all pairs (M, m)
which represents a node within the limiting tri-
angle T, (Fig. 2). The output f(z) can be pre-
dicted using (2) or (3) if the experimental data
S and fM,mJ are known. For points of the (M,
m) plane lying within any of the squares or tri-
angles, they can be approximated by interpola-
tion equations as follows:
Fam =" A MA-c" m e} M, 4
Fom =dY" +dY" MA-dY" m . (5
The constants in the interpolation equations
(4) and (5) are estimated based on the measured

functions at the nodes within T,.

3 Experimental results and simu-
lation of FTS hysteresis proper-

ties

3.1 Experimental setup

The fast tool servo system designed in this in-

vestigation is composed of a main body, a tool
holder, a moving part, a capacitive displacement
sensor and a piezoelectric actuator. The piezoe-
lectric actuator is of stacked type, 50 mm in
length and 16 mm in outer diameter, which is
preloaded by four flexure hinges in the main
body. A capacitive displacement sensor is used
to measure the displacement of the piezoelectric
actuator. The block diagram of the entire exper-

imental system setup is shown in Fig. 3.

Capacitive
displacement sensor

PC with plug-in board

Power amplifier for

piezoelectric actuato

Fig.3 System block diagram

3. 2 Voltage-to-displacement dynamics in fast
tool servo system

To demonstrate the hysteresis properties of the

FTS system, a series of first order reversal

curves are tested for the system. Fig. 4 shows

the experimental voltage-to-displacement curves,

from which we can see that the ascending curves

almost coincide.
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Fig. 4 Hysteresis loops for 0. 01 Hz input signals

In order to use the classical Preisach model to
represent the hysteresis nonlinearity, the con-
gruency and wipe-out properties have to be satis-
fied™,
of the FTS system, the input signals are de-

To investigate the congruency property

signed as shown in Fig. 5. The corresponding

displacement outputs are given in Fig. 6, from
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which we can see that the minor loops are not

exactly congruent, however, the difference is in-

significant.
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Fig.5 0.1 Hz input signals for investigating con-

gruency property
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Fig. 6 FTS displacement-congruency property

To investigate the wipe-out property of the
FTS system, input signals used in the experi-
ments are shown in Fig. 7. The displacement
outputs corresponding to the input signals are
presented in Fig. 8, from which we can see that
the displacements overlap from 160 — 210 s.
Thus, in the first experiment the previous input
extremum of 55 V does not have any influence

on the output once the input reaches another ex-
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Fg. 7 Input signals for investigating wipe-out property

tremum of 85 V. In other words, the previous

extremum is wiped out.
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Fig. 8 FTS displacement-wipe-out property

3.3 Comparison of experimental and simulated
behavior of the tool servo system

Based on the experimental data, the values of
fM’ and fM,'"J (i,j=1,2,++,n) can be deter-
mined, and then the output f(z) is predicted u-
sing (2) or (3). Classical Preisach model is then
numerically implemented to predict the displace-
ment outputs of the FTS system.

For an arbitrary input signal, varying from
0 V to 80 V, the displacement data predicted by
the classical Preisach model and the experimental
data are compared in Fig. 9. The good match be-
tween the simulated curve and the experimental
curve shows that the classical Preisach model
works well for simulating the displacement of
the FTS system and the classical Preisach model

is suitable for hysteresis modeling for the FTS

system.
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Fig. 9 Comparison of measured and CPM calculated

data for FTS
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4 Conclusions

This paper presents the classical Preisach model-
ing of the hysteresis for a fast tool servo system.
A series of tests are conducted to study the hys-

teresis properties of the piezoelectric actuator.
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