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Abstract: This paper presents two numerical realization of Preisach model by Density Function Method (DFM) and F Function
Method (FFM) for a giant magnetostrictive actuator (GMA). Experiment and simulation showed that FFM is better than DFM for
predicting precision of hysteresis loops. Lagrange bilinear interpolation algorithm is used in Preisach numerical realization to
enhance prediction performance. A set of hysteresis loops and higher order reversal curves are predicted and experimentally
verified. The good agreement between the measured and predicted curves shows that the classical Preisach model is effective for

modelling the quasi-static hysteresis of the GMA.
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INTRODUCTION

Giant magnetostrictive actuators (GMAs) have
advantages of solid state actuation, powerful force,
fast response, high precision and have been applied in
many fields such as vibration control, machine tool
micro-positioning and fluid control. But it is well
known that GMA has hysteresis, a form of non-neg-
ligible memory behavior, and mixes dynamic and
rate-dependent memory effects together. IJile-
Atherton model (Sablik and Jiles, 1988; Marcelo et al.,
2000) and Preisach model (Smith, 1997; Chen et al.,
2006) are the typical two methods that describe the
GMA hysteresis. The Preisach model is a phenome-
nological hysteresis model that offers mathematical
generality, and classical Preisach model is universally
the most known to describe rate-independent hys-
teresis quite satisfactorily with acceptable computa-
tional cost (Davino ef al., 2005). Some new modified
Preisach model developed from classical Preisach for
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taking dynamic effects into account or describing
high order hysteresis, such as moving Preisach model
(Della Torre, 1990), modified generalized Preisach
model (Mayergoyz and Frienman, 1988) and dynamic
hysteresis model (Bernard and Mendes, 2002). But
they suffer from heavy computation cost that makes
them hard for practical application. Therefore this
paper keeps on aiming at the classical Preisach model.
Density Function Method (DFM) and F Function
Method (FFM) are used for Preisach numerical im-
plementation. Simulation and experimental results of
the two methods are compared and discussed.

PREISACH MODEL AND ITS NUMERICAL
REALIZATION

The classical Preisach model can be written as
(Tan et al., 2001)

1= [ wa. B7,,lu®ldadp, (1)

azf

where f{7) is the system output, (e, f) is a density
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function or weighting function, 7,,[u(?)] is the hys-

teresis operator with output of 0 or +1, since the input
current to GMA always exceeds zero, and « and £
correspond to “up” and “down” switching values of
the input u(f), respectively.

DFM

DFM is based on the definition of the classical
Preisach model, i.e. Eq.(1), with the discrete expres-
sion being

f(t) = ZluiAi};i [u(t)], (2)

where 4; is the area of the ith discrete region. Fig.1a is
the schematic drawing of the Preisach plane discre-
tization where N=15. If the discrete cell is dense
enough, the density function can be regarded as the
same value in a discrete cell, and the hysteresis op-
erator is also the same in the same cell. Therefore the
exclusive unknown parameter in Eq.(2) is the density

function ;.
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Fig.1 Discretization of Preisach plane. (a) Preisach plane;

(b) The discretization points on the reversal descending
curve

Some identification techniques are presented in
(Gorbet and Wang, 1998; Natale and Velardi, 2001).
However, measuring the major hysteresis loop and the
first order reversal curves (Fig.1b) is necessary. The
difference of identification is the method of the
treating experimental data.

FFM

FFM is based on the pattern interpretation of the
Preisach plane, which was proposed by Doong and
Mayergoyz (1985) and Ge and Jouaneh (1995) for
piezoelectric hysteresis model. Fig.2a is the schematic
drawing of first order and second order reversal de-
creasing curves. The notation f, is the output value on
the limiting ascending branch corresponding to the
input u=q. The notation f,4is the output value on the
reversal curve attached to the limiting ascending
branch at the point f,,. The output value corresponds to
the input u=4.

Defining F function as:

Fa,p)=(fo = fop)- €)

Fig.2b is the geometrical interpretation of F
function in the Preisach plane. It is easy to prove that:

F(a,p)=[[ w(x,y)dxdy. (4)
T(a,B)

T(e,p) is the triangle area in the Preisach plane.
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Fig.2 Geometrical interpretation of F function. (a) First
and second order reversal descending curve; (b) The
formation of triangle region in Preisach plane
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A staircase curve forms with the variation of the input
value. It separates the Preisach plane into two regions:
T(¢) and 7_(¢) as shown in Fig.3.
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Fig.3 Memory curve separates the Preisach plane

From (Doong and Mayergoyz, 1985; Ge and
Jouaneh, 1995), the numerical expressions of the
classical Preisach model, for situations in which the
last variation of the input is decreasing or increasing,
can be written, respectively, as

f(@)= Z{[F(ak Be) = Flay, BO1+ F(u(@), B}
increasing, ®)]
FO) = X IF (@B )~ Flar B+ [Flay.fy )

—F(a,,,u(®))], decreasing.  (6)
Therefore, if the F function sequence is known, the
hysteresis output can be calculated.

EXPERIMENTS AND DISCUSSION

Experimental setup

An experimental test system depicted in Fig.4
was set up. The GMA developed by ourselves is pre-
sented in (Tang, 2005). An LVDT sensor (MHRO010)
is used to measure the displacement of the GMA. All
signals are connected to the multifunction data ac-
quisition device (DAQ, PXI16071E) installed in the NI
frame (PXI1031). The measuring software is pro-
grammed in LabVIEW environment. The linear
power amplifier is LVC5050 made by AETechron
Corporation.

DFM and FFM both need the experimental data
of first order reversal curves, so first a series of
first-order reversal curves is tested for the GMA sys-

tem of Fig.4. The input current has sinusoidal wave-
form, amplitude is greater than zero to avoid effect of
twice the drive frequency, and the drive frequency is
much less than the natural frequency of the system
(Fig.5). Thus, these curves can be regarded as static
hysteresis loops and therefore the classical Preisach
model can be used. From Fig.6, it can be seen that the
ascending curves almost coincide, giving rise to a
major ascending curve. It can also be observed that f,5
monotonically increases with respect to « and £.
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Fig.5 Input current signals
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Fig.6 First order reversal descending curves

Parameter identification
Once first order reversal curves are measured, F'
function sequence is also known, which means the
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Preisach numerical model is realized. But for DFM,
there is one unknown parameter z; that needs to be
identified.

Suppose the input current sequence is {u[i]}~,,

and the measured displacement sequence is { f [, .
The predicted displacement of the GMA is:

flil= iykAkﬁk[i], i=1,2,..,K;K =L(L+1)/2. (7)

In Eq.(7), Ay is the area of the kth discrete region in
the Preisach plane, and 7,[i] is the Preisach operator
that corresponds to the input u[i]. The density func-
tion u is greater than zero since the displacement
always exceeds zero. We use the least squares method
to estimate the parameters:

min|[CAp - F[ st p=0, (8)
where,
R AN 701]
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Fig.7 Distribution of the identified density function
mass

Eq.(8) is a typical non-negative restriction least
squares issue. We programmed in Matlab to solve the
equation using the “Isqnonnegs” command. Fig.7
shows the distribution of the identified density func-
tion masses. It reveals that density function in many
discrete cells equal zero, which means it could save
much more memory space.

Prediction experiment

DFM and FFM are implemented to compare
their prediction performance. Figs.8 and 9 are the
tracking prediction and test results of DFM and FFM
without interpolation algorithm. The input current has
sinusoidal waveform, varying from 0~2 A, and a
period of 1 s.

Theoretically, DFM and FFM should have the
same accuracy based on the same experimental data.
But it is revealed from Figs.8 and 9 that FFM has
higher accuracy than DFM. We think it may be caused
by the fact that the discretization level of 10 is not
enough. It brings errors inevitably since density
function is taken as the same value in a discrete cell,
and parameter identification error is also unavoidable
in DFM. But in FFM, errors just occurred in the re-
gions near memory curves, so we choose FFM as our
next study of 2D interpolation.
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Fig.8 Predicted and tested results by DFM. (a) Driven
current waveform to the GMA; (b) Predicted and tested
displacement waveform by DFM; (c) Predicted and tested
hysteresis loop by DFM



Tang et al. / J Zhejiang Univ Sci A 2007 8(7):1059-1064

s8]

Current u (A)

0 0204 06 08 10 12 14 16 18 2.0
Time ¢ (s)
T (a)
= 60 .
bl — Predicted
£ 40 - Tested
£ 20
3l et L Teeed
i 0 02 04 06 08 10 12 14 16 1.8 20
a) Time £ (s)
£ (b)
S
= e
3 T
£ - = — Predicted
g T T -o- Tested
E A A = 1 1 L 1 1 1 )
& 02 04 06 08 10 1.2 14 16 1.8 20
) Current u (A)
(c)

Fig.9 Predicted and tested results by FFM. (a) Driven
current waveform to the GMA; (b) Predicted and tested
displacement waveform by FFM; (c) Predicted and tested
hysteresis loop by FFM

Lagrange bilinear interpolation is used to en-
hance prediction performance. If the vertices (a,/f)
fall in the quadrangle cell shown in Fig.10b, the F
function value of the point can be expressed as:

F(“’ﬁ)=NIF(ai’ﬁj)+N2F(ai’ﬂj+l)
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Fig.10 Illustration of 2D interpolation. (a) The big trian-
gle region in Preisach plane; (b) The point drop in the
rectangle region; (c) The point drop in the triangle region
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The coefficient in Eq.(9) is defined as: N1=43/4,
No=A4/A, N3=A4,/4, Nj=A,/A. A is the area of the dis-
crete quadrangle cell. Ay, 4,, A3, A4 are the areas of the
region separated by the vertices (¢, f) respectively. If
the vertices (o,f) fall in the triangle cell as shown
Fig.10c, the F function value of the point can be ex-
pressed as:

F((Z,ﬁ):%F(afvﬂj)+/IZF(aiH’ﬂj)_'—ﬂBF(aHl’ﬂjH)'
(10)

The coefficient in Eq.(10) is defined as: A4,=T%/T,
=T,/T, 25=T\/T. T is the area of the triangle cell, and
T\, Ty, T; are the areas of the separated region by the
vertices (a,f) respectively. The coefficient can be
calculated as (Shen and Liang, 1992):

1=4+4 +4,

a=Aha +ha,, +4a,,

ﬂ:j’lﬂj +/12:Bj +ﬂ’3ﬂj+l'

(11)

For a sinusoidal input signal, varying from 0 to 3
A, frequency of 1 Hz, the hysteresis loop predicted by
the F function realization using interpolation algo-
rithm and the experimental loop are compared in
Fig.11. It can be seen that they match each other well.
The error of predicted path under different driven
current variation (sinusoidal waveform, frequency 1
Hz) is given in Table 1.
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Fig.11 Predicted and tested result by interpolation algo-

rithm

Table 1 shows that the predicted error increases
with driven current increases. This accords with the
fact that the non-linearity intensifies with the increase
of driven current. More densely discretization in the
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severe non-linearity region can keep the predicted
error stable. Application of nonuniform discretization
technique to Preisach numerical realization is our
ongoing study work.

Table 1 Predicted error for different current variation

u(A) J (pm) Cmax (HM) r (%)
0~1 0~13 0.5 3.8
0~2 0~45 2.0 4.4
0~3 0~88 45 5.1
0~4 0~107 7.5 7.0

u: current; f: displacement; ep,x: maximum error; r: error ratio

The predicted GMA higher order hysteresis
curves were verified experimentally and the results
are compared in Fig.12. The close match between the
simulated curve and the experimental curve shows
that the classical Preisach model works well for

simulating higher order hysteresis curves for
low-frequency input signals.
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Fig.12 Predicted and tested result of high order curves. (a)
Variation of the driven current’s amplitude; (b) Predicted
and tested displacement waveform; (c) Predicted and
tested high order hysteresis loop

CONCLUSION

This paper presents Preisach modelling of hys-
teresis of a GMA by two numerical realization: DFM
and FFM. To implement the numerical model, a set of
first-order hysteretic reversal curves is measured.
Experiment and simulation show that FFM is better
than DFM over predict precision of hysteresis loops.
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Lagrange bilinear interpolation algorithm is used in
FFM to enhance prediction performance. A set of
hysteresis loops and higher order reversal curves are
predicted based on experimental data and experi-
mentally verified. The predicted error is acceptable
and it increases with the input current increases. Pre-
diction experiment verified that the classical Preisach
model is effective for modelling the hysteresis of the
GMA under low-frequency input current.
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