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An online model identification approach is proposed
to describe the rate/temperature hystereses for mag-
netostrictive actuator in this article. Magnetostric-
tive hysteresis loops show asymmetric, rate-dependent
phenomena under different input currents and ex-
perimental temperatures. It is difficult to apply a
comprehensive model to accurately capture such hys-
teresis variation. The hysteresis offline identification
study is conducted. However, the rate/temperature-
dependent hysteresis cannot be described well via the
offline method, due to the unmodeled dynamics and
external disturbances. To this end, the online infinite
impulse response (OIIR) and fractional order polyno-
mial modified Prandtl Ishlinskii (FPMPI) integrated
model is utilized for the rate/temperature-dependent
hysteresis identification. Comparison of the online and
offline identification results shows that the hysteresis
online identification results are typically better than
the offline results, at the level of one order of magni-
tude.

Keywords: Online identification, magnetostrictive,
rate/temperature-dependent, hysteresis

1. Introduction

Magnetostrictive actuator is progressively being inves-
tigated for micropositioning and microvibration control
applications where fast reaction, large powers density,
high resolution are required. However, for the mag-
netostrictive actuator, the output vs. input loops ex-
hibit complicated hysteresis phenomena, which tend to be
asymmetric, saturate, and dynamic [1]. The profile of hys-
teresis loop is dependent on the amplitude/frequency/bias
of the input signal and surrounding temperature, etc. To
predict the response, it is essential to exactly formulate
the hysteresis model.

As to the rate-independent hysteresis model, the phys-
ical and phenomenological [2] approaches have been ex-
tensively reported. The typical phenomenological mod-
eling approaches include neural network (NN) [3], the
Krasnosel’skii Pokrovskii (KP) [4], Preisach [5], and
Prandtl Ishlinskii (PI) like [6] modeling approaches. PI-
like model possesses a more simplified form compared

against the KP and Preisach models. In terms of those PI-
like models, different Lipschitz continuous functions, e.g.
integer order polynomial [7, 8], hyperbolic tangent [9],
Sigmoid function [10], are applied to modify the conven-
tional Play operator. The modified PI model can be used
for asymmetric hysteresis modeling.

It is difficult to build the rate-dependent hysteresis
model over a wide range of frequency. To the best
of our knowledge, three kinds of approaches are pro-
posed in the previous studies. (i) The conventional hys-
teresis operators are modified [11–13]. In most cases,
the weight or threshold function is changed to be rate-
dependent. However, the rate-dependent threshold func-
tion needs to hold the dilation condition. Moreover, the
developed model is only effective when the input signal
covers narrow frequency bandwidth. (ii) Some intelligent
models based on fuzzy or machine learning theory are
proposed to describe the rate-dependent hysteresis [14–
16]. However, the complicated intelligent algorithms are
required to realize rate-dependent hysteresis modeling.
(iii) A few hysteresis models based on the Hammerstein
principle are presented [17–19]. However, whether the
rate-independent hysteresis or rate-dependent dynamics is
identified offline. The system uncertainty not considered
for the hysteresis offline modeling approach may result in
unmodeled error.

The temperature also plays effect upon the hysteresis
of the magnetostrictive and other smart material actua-
tors. The hysteresis characterizations of the piezo-stack
actuator for different temperatures are studied experimen-
tally [20, 21]. It is concluded that the basic shape of the
hysteresis loop is free from temperature, but the displace-
ment and sensitivity (mean slope) of the hysteresis in-
crease with the growing surrounding temperature. A few
studies have been performed to model the temperature-
dependent hysteresis. A temperature-dependent Prandtl
Ishlinskii model (TD-PI) is proposed to account for the
temperature effects on the hysteresis nonlinearity [20].
For the TD-PI model, a temperature-shape function is in-
tegrated into the traditional PI model. However, the deter-
mination of temperature-shape function is a difficult prob-
lem. A model, incorporating the thermal and piezoelectric
sub-models, is presented [21]. However, the thermal sub-
model is established by the FEM method, resulting in a
lot of computation for model identification.

It motivates us to propose a proper hysteresis modeling
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Fig. 1. Experimental characterization of the rate-dependent
output vs. input loops for the magnetostrictive actuator: (a)
experimental setup; (b) CAD model of the actuator cross-
section; (c) measured rate-dependent hystereses; (d) loop
relative width vs. input frequency.

approach to capture the rate and temperature effects of the
hysteresis[22]. It is a big challenge to establish and iden-
tify a hysteresis model totally incorporating those factors.
First, the dimensions of model parameters are large; sec-
ondly, it is complex to build large data sets for purpose
of describing the evolving hysteresis offline. To address
this issue, an online identification approach capable of
tracking the actual rate/temperature-dependent hysteretic
response is presented in this paper.

2. Rate/temperature-dependent hysteresis

The rate-dependent property of the magnetostrictive
hysteresis is illustrated in Fig. 1. The experimental
setup and cross-section of the CAD model are shown in
Fig. 1(a) and Fig. 1(b) respectively. The output vs. in-
put loops of the magnetostrictive actuator are shown in
Fig. 1(c), when the 2 A currents of different frequencies
are utilized to drive the magnetostrictive actuator. It is
seen that as the input frequencies raise, the loop relative
widths increase and the maximum displacements of the
magnetostrictive actuator decrease. Fig. 1(d) shows the
quantitative results of the loop relative widths from 1 Hz
to 5 Hz. The definition of the loop relative width is the ra-
tio of the loop maximum width to the maximum displace-
ment. It is also found that the relationship of loop relative
width vs. frequency can be well fitted by a monotonously
increasing quadratic polynomial function.

Another custom-developed magnetostrictive microp-
ositioner (see Fig. 2(a)) is utilized to examine the
temperature-dependent characteristics of the output vs.
input loops. The stroke of the magnetostrictive actuator is
magnified by an amplified structure which is essentially
a lever arm. The reason we use this magnetostrictive mi-
cropositioner is that its diameter is smaller than the one in
Fig. 2(a), making it easier to measure the temperature of
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Fig. 2. Experimental characterization of the temperature-
dependent output vs. input loops for the magnetostrictive
micropositioner: (a) experimental setup; (b) measured and
fitting displacement vs. time, and temperature vs. time re-
spectively; (c) output displacements with 6 Hz input current
under different surrounding temperatures; (d) temperature-
dependent hysteresis loops.

the actuator housing and thus evaluate heat changes inside
the actuator.

When the surrounding temperature of the magnetostric-
tive material rises, the additional thermal-induced strain
is produced, and vice versa. The experimental procedures
to study the temperature-dependent characteristics of the
hysteresis loops are described as follows: (i) the initial
heat is acquired, after a short time of 5 A DC current is
applied to the excitation coil of the magnetostrictive ac-
tuator; (ii) the magnetostrictive actuator cools naturally
without input current, while the temperature on a surface
spot of the magnetostrictive actuator is measured with a
radiation infrared thermometer. It is noted that the actual
temperature inside the magnetostrictive actuator is higher
than the measured.

Fig. 2(b) shows the measured and fitting curves of the
temperature vs. time and displacement vs. time respec-
tively. The displacement is a relative quantity of which
the initial value is set to a certain value. From Fig. 2(b), it
can be seen that the displacement of the magnetostrictive
micropositioner decreases as the surrounding temperature
declines. The exact displacement vs. temperature model
is not discussed because it is out of scope for this work.
Then the 6 Hz sinusoidal motion experiment of the mag-
netostrictive micropositioner is conducted. Similarly, the
initial temperature is obtained by providing a short time
of DC current to the electromagnetic coil of the magne-
tostrictive actuator. During the experiment, the measured
temperatures are 42.5 °C at initial time, 38.6 °C at 4 min,
and 30.4 °C at 14 min. From Fig. 2(c), we see that the
displacement of the micropositioner decreases from 200
mm to 125 mm when the temperature drops. The corre-
sponding hysteresis loops vary in terms of the shapes and
orientations, as shown in Fig. 2(d).
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Fig. 3. Block diagram of the output vs. input offline identi-
fication approach for magnetostrictive actuator.

3. Hysteresis offline identification approach

The Hammerstein-based offline identification approach
is used to describe the complicated output vs. input loops
of magnetostrictive actuator.

As shown in Fig. 3, it is assumed that the magne-
tostrictive actuator comprises the rate-independent and
rate-dependent subsystems respectively, that is, H(·) and
G(z−1). The subsystems can be identified offline with the
polynomial modified Prandtl Ishiskii and linear time in-
variant dynamics models, that is, HFPMPI(·) and Ĝ(z−1)
respectively. However, if there exist some uncertainty
in magnetostrictive actuator, for example, multiplicative
uncertainty ∆ in Fig. 3, the hysteresis offline identifica-
tion accuracy will be reduced. Meanwhile, if the ex-
ternal disturbances d(k), e.g., aforementioned surround-
ing temperature, affect the output of the magnetostrictive
actuator, the offline identified model cannot capture the
disturbance-induced hysteresis variation.

The FPMPI model HFPMPI(·) is utilized to describe the
rate-independent hysteresis. The FPMPI model is the
cascade of the weighted fractional order polynomials su-
perposition and weighted Play operators superposition.
The structure of FPMPI model is similar to that of PMPI
model in Ref. [8], but FPMPI model is more capable of
capturing the hysteresis asymmetric behavior.

Since the displacement of the magnetostrictive actuator
covers positive range, the single-side Play operator is used
in this article. Its discrete form, at time instant k, can be
expressed as

HrH [v](k) ={
max{v(k)− rH ,min{v(k),HrH [v](k−1)}}; k ⩾ 1
max{v(0)− rH ,min{v(0),HrH [v](0)}}; k = 0

(1)

where v and HrH are the input and output of the Play oper-
ator respectively; HrH [0] is the initial value which is often
set to 0, and rH is the threshold value of Play operator.
PI model is formulated with the weighted Play operator

superposition as

H[v](k) = HHHrH [v](k) ·www
T
H . . . . . . . . . (2)

where HHHrH = [HrH,0 ,HrH,1 , · · · ,HrH,N ] is the Play operator
vector, wwwH = [wH,0,wH,1, · · · ,wH,N ] is the weight vector.

rrrH = [rH,0,rH,1, · · · ,rH,N ]
T is the threshold vector cor-

responding to the Play operator vector, and its element is
given by

rH,i =
i

N +1
max{|v(k)|}; i = 0,1, · · · ,N. . (3)

The mathematical formulation of FPMPI model is
given as

ur(k) = HHH[u](k) = HHHrH [PPP[u] ·www
T
P ](k) ·wwwT

H . . (4)

where u(k) and ur(k) are the FPMPI model input and
output respectively, HHH is the FMPMI model, PPP[u] =
[u0,u1,u2,u1/2,uL−1,u1/(L−1)] is the polynomial operator
vector, wwwP = [wP,0,wP,1,wP,2, · · · ,wP,2L−2] is the weight
vector of the polynomial operator. A discrete transfer
function is utilized for dynamics identification. The spec-
ified structure of the transfer function is formulated as

Ĝ(z−1) = z−d

J
∑
j=1

b jz−i

1+
I
∑

i=1
aiz−i

. . . . . . . . (5)

where d = 1, ai(i = 1 · · · I) and b j( j = 1 · · ·J) are the ele-
ments of the coefficient vectors. As shown in Fig. 3, with
the intermediate signal ur and output displacement y, the
parameters of discrete transfer function are estimated of-
fline.

4. Hysteresis online identification approach

We assume that the rate/temperature-dependent effect
can be described by linear time variant system. As a re-
sult, the fixed coefficients of Model (5) are corrected to
the time variant.

The block diagram of the proposed hysteresis online
identification approach is shown in Fig. 4. First, the
rate-independent nonlinear part H(·) is modeled via the
FPMPI model, thus the input is redefined to ur and the
system can be regarded as linear. Then, the linear dynam-
ics is modeled with the OIIR filter whose parameters are
estimated by the adaptive RLS algorithm.

The dynamics of the magnetostrictive actuator is con-
structed by the OIIR filter. The structure of the OIIR filter
is shown as

Ĝ(z−1,k) =
Ym(z−1,k)
Ur(z−1,k)

=
P(z−1,k)

1−Q(z−1,k)
. . . (6)

where Ym(z−1,k) and Ur(z−1,k) are the Z-transforms
of the output and input of the actuator dynam-
ics respectively; P(z−1,k) = ∑

M
i=0 pi(k)z−i,Q(z−1,k) =

∑
N
j=1 q j(k)z− j; pi(k) and q j(k) are the time variant numer-

ator and denominator coefficients of the OIIR filter– these
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Fig. 4. Block diagram of output vs. input online modeling
approach for the magnetostrictive actuator.

coefficients are also called OIIR filter weights; M+1 and
N + 1 are the numerator and denominator orders of the
OIIR filter.

Therefore, the identification error e(k) is formulated as

e(k) = y(k)−wwwT (k)ϕϕϕ(k) . . . . . . . . . (7)

where

ϕϕϕ(k) =

[ur(k), · · · ,ur(k−M),y(k−1), · · · ,y(k−N)]T . (8)

The weight vector www(k) is estimated by minimizing the
least-square error ξ (n) at time instant n as

minξ (n) =
n

∑
i=0

λ
n−ie2(i). . . . . . . . . . (9)

where λ (0 < λ ⩽ 1) is the “forgetting factor” that makes
the older error sequences exert less influence upon opti-
mization process.

This minimization problem can be solved by the recur-
sive least squares (RLS) technique, and the weight auto-
tuning process is given as

PPP(n + 1) =
1
λ

[
PPP(n) − PPP(n)ϕϕϕ(n)ϕϕϕT (n)PPP(n)

λ +ϕϕϕT (n)PPP(n)ϕϕϕ(n)

]
wwwT(n + 1) = wwwT(n) + PPP(n + 1)ϕϕϕe(n). (10)

where PPP(n) is the inverse of the correlation matrix RRR(n) of
the input sequence uuur(n). The initial value of matrix PPP(n)
is set to the inverse of the input signal power estimate.
When the vector www(n) converges to be constant, the IIR-
based dynamics is achieved. By finding the roots of the
characteristics polynomial, the stability of IIR model can
be determined.
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Fig. 5. Comparison of the actual, offline and online iden-
tified rate-dependent hystereses for (a) 1 Hz and (b) 5 Hz
input currents; (c) comparison of the actual , offline and on-
line identified temperature-dependent hystereses.

5. Hysteresis offline and online identification
results

To identify the rate-independent hysteresis, the 0.05
Hz sinusoidal currents of which the amplitudes increase
arithmetically from 0.3 A to 3 A are applied to drive the
magnetostrictive actuator. The measured currents and dis-
placements are normalized to 3 A and 37 µm respectively,
which is performed for all experimental data. With the
measured input/output data and FPMPI model in Eq. (4),
the weight coefficients of Play and fractional order poly-
nomial operators, wwwH and wwwP, are obtained. The orders of
wwwH and wwwP are set 10 and 8 respectively with the trade-
off between identification accuracy (more than 97%) and
computational complexity (to keep low).

To identify the transfer function of the magnetostrictive
actuator offline, the small amplitude and 0.1–20 Hz band-
limited current is utilized to drive the actuator. To keep
relatively low computation complexity and small identi-
fication error (<3%), the numerator and denominator or-
ders of the transfer function, Eq. 5, are selected as 8 and
4, and the delay constant is set to 1 with trial and error.

For the OIIR filter, the weights are identified online ac-
cording to different input signals and surrounding temper-
atures.

The actual, offline and online identified
rate/temperature-dependent hystereses of the mag-
netostrictive actuator are comparatively illustrated in
Fig. 5. Fig. 5(a) and Fig. 5(b) correspond to the cases
of 1 Hz and 5 Hz input currents respectively. It is
observed that although the actual hysteresis loop shapes
of the magnetostrictive actuator change dramatically, the
identified hysteresis loops can adapt to the variation of
the actual ones. The relative identification errors of 1
Hz and 5 Hz hystereses are 5.16% and 2.29% respec-
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tively in Norm-2 sense. However, the uncertainty in
magnetostrictive actuator is not considered for hysteresis
offline identification approach. By using hysteresis online
identification approach, the relative identification errors
are reduced to 0.02% and 0.01%.

Fig. 5(c) compares the actual, offline and online iden-
tified temperature-dependent hysteresis curves. When the
surrounding temperature decreases from 42.5 °C to 30.4
°C, the thermal-induced strain of the magnetostrictive ma-
terial decreases and the shapes of hysteresis loops change.
Whereas, the offline identified hysteresis model can not
track this change. The relative identification errors are
3.43%, 21.06%, and 58.12% for the 42.5 °C, 38.6 °C, and
30.4 °C cases. By contrast, those values are reduced to
0.04%, 0.03%, and 0.08% via the proposed hysteresis on-
line identification approach.

6. Conclusion

In this article, we report a FPMPI and OIIR inte-
grated model to online identify the rate/temperature-
dependent hystereses for the magneotstrictive actuator.
The custom-developed magnetostrictive actuator are em-
ployed to verify the proposed hysteresis online identifi-
cation approach. First of all, the complicated variations
of the rate/temperature-dependent hystereses are analyzed
experimentally. The traditional Hammerstein-based of-
fline identification approach is introduced. However, the
system uncertainty and external disturbance are not con-
sidered for the hysteresis offline identification approach.
Then, instead of the offline transfer function, we apply
an OIIR filter to capture the dynamic variations of the
rate/temperature-dependent hysteresis loops. According
to the experimental result comparison between the offline
and online approaches, it is found that all hysteresis on-
line identification results are better significantly than the
offline ones under different input currents and surround-
ing temperatures. In the future, we will further develop
the hysteresis online identification approach by construct-
ing an online FPMPI model and integrating it with the
OIIR filter.
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