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Abstract: The hysteresis of the magnetostrictive actuator was studied. A mathematical model of the hysteresis

loop was obtained on the basis of experiment. This model depends on the frequency and the amplitude of the alterna-

ting current inputted to the magnetostrictive actuator. Based on the model, the effect of hysteresis on dynamic out-

put of the magnetostrictive actuator was investigated. Then how to consider hysteresis and establish a dynamic mod-

el of a magnetostrictive actuator system is discussed when a practical system was designed and applied.
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1 INTRODUCTION

The magnetostrictive actuator is a kind of ac
tuator which is powered by the magnetostrictive
material pod. Under the external magnetic field
the phenomena of elongating or shortening with
the shape will occur. In contrast with other smart
materials the magnetostrictive pod has quite a lot
of merits such as greater deformation, higher pow-
er, bigger energy density and faster velocity of re-
sponse. All these features make the magnetostric
tive actuator be the basic intelligent component of
the high accuracy linear motor and the Stewart
Platform which are broadly used in active vibration

' the authors have

control. In the former paper
gained the hysteresis loop and illustrated the dy-
namic feature. In this paper, according to this im-
portant feature, the numerical fitting coefficients
of our mathematical model are quantitatively ana-
lyzed. Though many researchers go deep into the
investigation of this problem, for example, ZHU
and GU™ did some researches in the actuator s
feature of the vibration amplitude and the frequen-
cy by means of experiments; and TAN and Baras'”
proposed a hysteresis model by the feature of Prei-
sach operator. Here the least square method is
used to fit the experimental curve and get a very
approximative fitting result.

In this paper the authors pay attention to do
research on the question of the pre-pressed magne-
tostrictive actuator s vibration response of a real
application. The material used is a certain magne-
tostrictive Tho.3Dyo 7Fe10s, which is usually called
TerfenoFD'. A set of experiments are designed
and the results can well illustrate the system model

we have established. According to the experiment,
a dynamic model of the system with a magnetos-
trictive actuator has been established. Using this
model, the vibration response of the single current
exciter can be gained. This achievement provides a
basement for further solution and control of the vi-
bration of the smart structure which is composed of

such kind of actuators'” .

2 DYNAMIC FEATURE OF PRE PRESSED
MAGNETOSTRICTIVE ACTUATOR

2.1 Structure and working principle

T he structure of the pre-pressed magnetostric-
tive actuator is shown in Fig. 1'". The spring is
always in the pressed state in order to ensure the
contact situation between the output pod and the
magnetostrictive pod. The permanent magnet pro-
vides a bias magnet field in order to make the mate
rial work in a linear area, and the electro-magnetic
loop is used to provide the magnetic field to make
the magnetostrictive pod work. The loop will be
imported with alternating current and provide a
changing magnetic field to make the pod move.
Since the vibration amplitude of the pod is in the
range of micron, the actuator actualizes the micro-
amplitude vibration.

2.2 Linear modeling of hysteresis loop

Former results'" show that the nonlinear
terms in the fitting semranalytical expression have
little effect on the output results, so after being
proved by the experiments, we predigest the fit-
ting model into a linear one, which can be written

as!”
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Fig. 1 Structure of actuator

xs= KI+ CI (1)
where K and C are the coefficient to be fitted,
and I and I are the current and its differential in-
putted to the actuator. The transformation of the
hysteresis loop has no relation to the amplitude ac
cording to the fitting coefficient as shown in Fig. 2
but it is related to the frequency. From Eqn. (1)
we can see that the slope of the hysteresis loop is
determined mainly by K and the outline mainly by
C. For any loop a set of K and C can be obtained.
The change of K and C with frequency f is drawn
in Figs. 3 and 4. By using the least square method
we have obtained the fitting formula of the coeffi
cient K and C as

K = 0.000008f* - 0.000002f > -

0. 136 812f + 4. 43221 (2)
Gf = 0.000 006/~ 0.000 988>+
0. 041 681f - 0. 005 216 (3)
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Fig. 2 Experimental and fitting curves at 60 Hz
1 —Testing result U= 3.0 V; 2 —Testing result U= 2.5 V;
3 —Testing result U= 1.5 V; 4 —Testing result U= 0.5 V;
5 —Fitting result U= 3.0V; 6 —Fitting result U= 2.5V;
7 —Fitting result U= 1.5V; 8 —Fitting result U= 0.5V

33 * — Real curve
e — Imitating curve

Imitating coefficient of current
=)
T

2L
._3 1 : VSR 1 | 1 | I
10 20 30 40 50 60 70 80 90 100
Frequency/Hz
Fig. 3 Fit result of K
0.55
e— Real curve
0.45F *»— Imitating curve

0.35

%

0.25

Imitating coefficient of
current differential coefficient

0.15

{ SR

05 !
10 20 30 40

50 60 70 &0 90 100
Frequency/Hz

Fig. 4 Fit result of C

In Fig. 5 we give out the comparisons between the
fitted and the experimental curves with different f .

2.3 Frequency response feature of actuator

Using the former complex fitting results of
x5, if we give an input current [ = Asin(27f¢) to
the actuator, then we can get x, which has the fre-
quency components of f, 2f, 4f because of the
nonlinear terms. Taking the input current of U=
2.5V, f=60Hz as an example by comparing the
experimental and fitted results, we get different
frequency curves of x,, which are shown in Fig. 5.
The above figures show that the results of the the
oretical fit are basically matched with the experi-
mental results in the question of the amplitudes,
the cycles and the transformation trends. The fit-
ted curves of the no-loading system show that the
major component of the frequency is just the exci
tation frequency, but for the existence of the high
exponential term in the fitted polynomial, there are
high frequency components in the curve. The mod-
el can reflect the system dynamic feature factually
and it is pivotal for vibration control. However, as
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we see, the amplitudes of the components are far
less than the major part, so in some cases the non-
linear terms can be ignored to predigest the model.
If a linear fitting model is given asx = Ki(A, f) X
I+ C(A, f)x1I, the following frequency-response
results in Fig. 6 can be obtained. Figs. 6(a) and
(b) show the theory and the experiment results
and Fig. 6(c) shows the result of the predigested

linear model. Fig. 6(d) shows the comparison of
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the input current and output displacement of the
linear and nonlinear models.

3 ESTABLISHED MODEL

3.1 Modeling of actuator

Considering the working principle of a magne-
tostrictive actuator, we have tried to build a dy-
namic model of it, by the gained magnetostrictive
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Fig.5 Comparison between fitted and experimental curves
(a) —A= 2.5V, f= 10Hz (b) —A=2.5V, f= 60 Hz
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Fig. 6 Frequencies-response curves of A= 2.5V, f=60Hz
(a) —Theory result; (b) —Experiment result; (¢) —Linear model; (d) —Graph
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pod s hysteresis loop''” '"'. As has been analyzed

in part 2, the relationship between the spring and
the pod is shunt-wound since they have the same
connection point. When the control current is in-
put, the pod will generate elongating and shorten-
ing. Under such circumstance, the pod tends to be
a super-elastic body, whose deformation can be de-
scribed as x.. Then if no current is input, the pod
is comparatively rigid, whose stiffness can be writ-
tenas k = FEA/l, where E, A, [ are the elastic
modulus, the sectional area and the length of the
pod, respectively. In view of the above course, we
can predigest the actuator model as shown in
Fig. 7, where D. is a mark to illustrate the differ
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Fig.7 Actuator s dynamic model
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ent working situations, it is a gangway when cur-
rent is input, otherwise it is broken' .

3.2 Modeling of system

To testify the rationality of the actuator s
model, a two-freedom-degree experimental system
was designed . A thin aluminum board was made
and used to bolster the actuator with an extra mass
on the top of it. The board is connected with the
ground through four elastic braces. In view of the
inner structure of the actuator we prestige the dy-
namic model as shown in Fig. 8. The theory and
experimental response values can be achieved as
shown in Fig. 9. In the established system, &k >k
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J m;— Extra mass on

top of actuator
my— Mass of both
actuator and
aluminum
board
my— Mass of
actuator
Xy kg Stiffhess of
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elastic board
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Fig. 8 System dynamic model
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Fig. 9 Response of system
(a) —f=10Hz; (b) —f=20Hz; (¢) —f=70Hz (d) —f= 90Hz
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> k2. When we input a control current I =
Asin(27ft) to the actuator, dynamic equation of
the system should be written as

mix1+ (ki+ k)xi— (ki+ k)xa= kus

mzﬁ.c'z— (k1+ k)x1+ (kl + k+ kz)xz =— kxs

(4)
where «x, is the output of the magnetostrictive
pod when a control current is given, which has
been described as in the fitting mathematical mod-
el, x1 and x2 are the displacement of the two mass
in that two-freedom degree system respectively.

According to the parameters of the system,
vibration response is solved.

The experimental results indicate that the vi-
bration response value is becoming smaller and
smaller with the increase of the exciting frequency.
From the calculation results we can conclude that
the theoretical calculation is correct and the dy-
namic model of the system is acceptable, the am-
plitude is decreasing with the frequency and the ab-
solute value of the extra mass displacement can
match the experimental results in the range of er-
ror. At the same time the frequency of the theoret-
ical response is the same as that of the experiment
result. As the initial condition has not been consid-
ered, the phase factor should be out of investiga-
tion. We can draw a conclusion that the above
model can describe the system well and may be
used in further research' .

4 CONCLUSIONS

Using the method mentioned, the problem of
dynamic responses of an actuator, excited by single
current input, which has an obvious characteristic
of hysteresis, is solved. Through the established
mathematical model in this paper, the theoretical
response value of the two-degree-freedom dynamic
model is gained. The theoretical and experimental
results have been shown in the above figures and
we can see through the comparison the that theo-
retical results reflect the experimental value per-
fectly from the point of view of the amplitudes, the
cycles or the frequencies and the changing trend
with the frequency. Only under the single current
input exciter, the linear model is substantial to
solve the vibration responses and fit well with the
experimental data. The significant aim of this pa-
per is to make the actuator apply to a practical sys-
tem and build a theorectical analysis basement for

further vibration control'® .
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