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+emain challenge of the galfenol actuator for high-precision positioning is the inherent nonsmooth hysteresis, whichmay lead to
undesirable inaccuracies or oscillations and even instability.+e primary aim of this study is to develop a tracking control method
to precisely control the output displacement of a galfenol-actuated nanopositioning stage using feedforward control with a
disturbance observer. In order to accurately describe the rate-dependent hysteresis, considering the dynamic behavior of the
power amplifier, a novel dynamic model is put forward. +en, a developed controller is designed. In this controller, a feedforward
control is developed to compensate the rate-dependent hysteresis, and a disturbance observer is employed to restrain distur-
bances, high-order unmodeled dynamics, and hysteresis compensation error. +e comparative experimental results show that the
proposed control method can significantly improve the positioning accuracy and suppress disturbances. +is research can be
applied in various micro and nanopositioning and vibration control fields.

1. Introduction

Magnetostrictive materials have received much attention in
recent years due to their advantages of fast response, large
displacement output, and the fact that they are well-suited for
actuation purposes. Galfenol alloy is a structural magneto-
strictive material which is suitable for load carrying trans-
ducers operating under combined loads [1, 2], and it has been
applied to develop nanopositioning actuators for industrial
[3, 4], aerospace [5, 6], and manufacturing applications [7].

Unfortunately, the main challenge of the galfenol actuator
for high-precision positioning is the inherent nonsmooth
hysteresis, which may lead to undesirable inaccuracies or
oscillations and even instability [8, 9]. +e feedforward
control based on the hysteresis model is an effective way to
address the hysteresis nonlinearity problem for a galfenol
actuator, especially when the system is operating in highly
hysteresis. +e main idea of the feedforward control is to
construct an inverse hysteresis model to compensate the

hysteresis, and then the traditional linear control methods can
be applied to control the linear dynamic system [10, 11]. +e
hysteresis model includes the well-known Preisach model
[12], Prandtl–Ishlinskii model [13], and Bouc–Wen model
[14].

Such hysteresis models are not able to capture the time-
varying effect of the command signal on the dynamic force
response of the galfenol-actuated stage due to the rate-de-
pendent hysteresis of the galfenol actuator that suggests that
the hysteresis strongly depends on the varying rate of the
command signal applied on the power amplifier of the
galfenol actuator. To model this rate-dependent effect, nu-
merous improvement strategies based on these standard
hysteresis models are proposed by researchers [15]. How-
ever, since the dynamic characteristics of the amplifier are
not considered, it is still extremely difficult for these models
to provide satisfactory accuracy over a wide frequency range.

In addition, as a matter of fact, it is generally impossible
to obtain the perfect hysteresis and dynamic model due to
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the existence of the modeling uncertainties and distur-
bances. +e dynamics of the galfenol-actuated stage with the
hysteresis compensation can be treated as a linear dynamic
system plus a lumped disturbance term.

+e primary aim of this study is to develop a tracking
control method to precisely control the output displacement
of a galfenol-actuated nanopositioning stage using feed-
forward control with a disturbance observer. In order to
accurately describe the rate-dependent hysteresis, a novel
dynamic model is put forward by considering the dynamic
behavior of the power amplifier.+en, a feedforward control
using a hysteresis observer (HOB) is developed to com-
pensate the rate-dependent hysteresis. Finally, a disturbance
observer (DOB) is employed to restrain disturbance.

+is paper is organized as follows. In Section 2, the
dynamic model of the galfenol-actuated nanopositioning
stage is presented. +en, in the next section the developed
controllers are designed. After that, Section 4 provides the
comparative experimental results. Finally, Section 5 con-
cludes this paper.

2. Electromechanical Coupling Model of a
Galfenol-Actuated Nanopositioning Stage

Figure 1 shows a practical galfenol-actuated nanopositioning
stage. Both ends of the galfenol alloy beam are fixed to the
base by the fixed pieces. +ere are a set of coils on the base to
drive the stage. +e load is bonded with the beam in the
middle. When applying a driving current to the stage, the
magnetostrictive force acting on the beam due to the mag-
netostriction effect leads to a forced vibration of the load.

Schematically, the electromechanical coupling model of
the galfenol-actuated stage is illustrated in Figure 2.+is model
contains three components to fully represent the dynamic
behavior of the stage: an electric model to represent the dy-
namic behavior of the power amplifier; a hysteresis model to
describe the magnetostriction effect; and a mechanical model
to capture the dynamic characteristics of the stage.

2.1. Electric Model of the Power Amplifier. In general, the
galfenol actuator can be equivalent to be an inductance in
tandem with a resistance in the electric circuit. Considering
the dynamics of the power amplifier, the relationship between
the command voltage uc(t) and practical driving current
Ig(t) applied on the galfenol actuator can be expressed by

Rg + Rp Ig(t) + Lg
dIg(t)

dt
� Kpuc(t), (1)

where Rp and Kp are the equivalent resistance and ampli-
fication gain of the power amplifier and Lp and Rp are the
inductance capacitance and resistance of the galfenol ac-
tuator. Taking Laplace transformation equation (1), the
relationship between the command voltage and driving
current can be expressed in the s-domain by

Gp(s) �
Ig(s)

Uc(s)
�

K1

1 + τs
, (2)

where K1 � Kp/Rg + Rp and τ � Lg/Rg + Rp.

2.2. Mechanical Model of the Stage. With respect to the
mechanical dynamic of the stage, it can be equivalent to be a
second-order system described by

m €x(t) + c _x(t) + kx(t) � Fg(t), (3)

where m is the equivalent moving mass, c is the damping
coefficient, k is the stiffness, and Fg is the driving force
applied by the galfenol actuator. Taking Laplace trans-
formation of the relationship in equation (3), the nominal
transfer function of the mechanical system can be obtained
in the s-domain as

Gs(s) �
X(s)

Fg(s)
�

k2ω2

s2 + 2ξ ωs + ω2, (4)

where k2 � 1/k, ω �
����
k/m

√
, and ξ � c/2

���
mk

√
.

Obviously, this equivalent ignores the high-order part of
the dynamics, which is treated as an unknown disturbance
and compensated by a DOB (see Section 3.2).

2.3. Hysteresis Model of the Galfenol Actuator. Due to the
magnetostriction effect, a combination of linear force and
hysteresis force will be generated by the galfenol actuator
under a driving current. +e Bouc–Wen model is proposed
to represent the magnetostriction effect and can be given by

Fg � Fl + Fh � Klig + Khh,

_h � α − βsgn _Igh  + c | _h|
n

  _Ig,
(5)

where Fg is the magnetostriction force of the galfenol ac-
tuator; Fl and Fh are the linear force and hysteresis force,
respectively; Kl is a constant ratio between the linear force
and the driving current; h is the hysteresis current; Kh is a
constant ratio between the hysteresis force and the hysteresis
current; α, β, c, and n are the parameters of the Bouc–Wen

hysteresis operator; and sgn(x) �
1, x> 0
− 1, x< 0 .

3. Controller Design

In this section, the control method which consists of a
hysteresis compensator and a disturbance compensator is
discussed in detail.

3.1. Hysteresis Compensation Using a HOB. We focus on the
feedforward compensation of the hysteresis using a HOB in

Fixed piece

Galfenol

Load

Coil

Base

Figure 1: Galfenol-actuated nanopositioning stage.
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this section. +e desired tracking signal xd(t) is applied to
the hysteresis compensator which consists of the inverse
mechanical model Gs

− 1 (s), the HOB, and the inverse electric
model G− 1

p (s). On the basis of the analysis in Section 2, since
the hysteresis model is used to describe the relationship
between the output force and the driving current, we employ
the Bouc–Wen model to observe and compensate the
hysteresis force. +is process can be written as follows:

Fc � Fg − Fh � Fl + Kh(h − h) � KlIg + ec, (6)

_h � α − βsgn _Ig
h  + c |h|

n
  _Ig, (7)

where Fh is the estimated value of the hysteresis force and ec
is the compensation error.

Equation (6) can be rewritten as

Ig �
Fc

Kl

. (8)

+en, the command signal of the controller can be given
by

uc � G− 1
p

Ig �
G− 1
p

Kl

G
− 1
s xd − Kh

h ,

_h � α − βsgn _Ig
h  + c |h|n  _Ig.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(9)

+e compensated system with the HOB can be ap-
proximated as a linear dynamics model Gs(s), as shown in
Figure 3. In practice, it is generally impossible to obtain the
perfect linear dynamics model due to the existence of the
modeling errors and disturbances. +erefore, in the next
section, the disturbance compensation control using a DOB
is designed.

3.2. Disturbance Compensation Using a DOB. We treat the
external disturbance, high-order unmodeled dynamics, and
compensation error of the hysteresis as unknown distur-
bances added to a linear system. A DOB is designed to real-
time observe this unknown disturbances.

+e scheme framework of the disturbance compensation
using a DOB depicted in Figure 4. As shown in Figure 4, the
estimated value of the disturbance can be expressed by

d �
QG− 1

s xd − x( 

1 − Q
, (10)

where Q is a low-pass filter. It should be pointed out that the
DOB can estimate disturbances precisely if these distur-
bances stay within the bandwidth of the low-pass Q filter
[16]. In order to precisely observe the disturbances, it is
desired that Q(jω) ≈ 1 in an extensive frequency range.
Unfortunately, the bandwidth of the Q filter is limited by the
robustness of the system [17].

+erefore, considering the relative degree of the me-
chanical model Gs and the robustness of the system, a two
order low-pass filter is adopted, which can be expressed by

Q(s) �
1

1/ωQ s 
2

+ 2 1/ωQ s + 1
, (11)

where ωQ is the cutoff frequency of the low-pass filter. It
means the lumped disturbance and model uncertainties
whose frequencies are lower than the cutoff frequency ωQ

can be approximately restrained.
In summary, the control strategy combined with the

hysteresis and disturbance compensators can be expressed as

uc �
G− 1
p

Kl
G

− 1
s xd − Kh

Fh +
QG− 1

s xd − x( 

1 − Q
 ,

_Fh � α − βsgn _Ig
Fh  + c  Fh



n

  _Ig.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(12)

Due to the controller consisting of two compensators,
the stability of the system can be guaranteed by selecting the
Q filter with a suitable bandwidth.

4. Experimental Verification

4.1. Experimental Setup. In order to experimentally validate
the proposed DOB controller with the HOB, the experi-
mental setup is shown in Figure 5. It can be seen from
Figure 5, the experimental setup is composed of the galfenol-
actuated nanopositioning stage, power amplifier, function
generator (type: 33220A, Agilent corporation), real-time
control system (dSPACE DS1006 with MATLAB/Simulink),
and laser Doppler vibrometer (LDV, type: OFV-505/OFV-

Rg

Lg
Rp

GNDuc(t) ug(t)

Kp

Fg(t) x(t)

Electric model of
the power amplifier

Hysteresis model of
the galfenol actuator

Mechanical model
of the stage

ig(t)
ig(t)

Fl(t)

Fh(t)

Figure 2: Electromechanical coupling model of the stage.
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5000, Polytec corporation). +e external disturbances are
generated by the function generator.

4.2. Modeling Results. +rough sweep excitation, the am-
plitude-frequency and phase-frequency functions are ob-
tained for the dynamics model identification. +rough
identifying the resonant frequency, resonant peak, and phase
change, the dynamic parameters of the stage and power
amplifier are obtained:

Gs(s) �
32.95

s2 + 866s + 9.57 × 104
,

Gp(s) �
0.2

0.0015s + 1
.

(13)

With the hysteresis model, using the reported identifi-
cation method in [18], the best-fit parameters of the
Bouc–Wen model are summarized in Table 1.

In order to examine the rate-dependent characteristic
and the modeling accuracy of the proposed electrome-
chanical coupling model, harmonic command voltages with
amplitude of 10V and frequencies of 1 and 100Hz are
employed. +e practical and estimated responses from both
the electromechanical model and traditional model, which
does not take into account the dynamic characteristics of the
power amplifier, are illustrated in Figure 6.

From the results shown in Figure 6, the modeling ac-
curacy for the two models with driving frequency of 1Hz is
similar. +e modeling errors with driving frequency of 1Hz
reach to the largest which are 0.068 μm and 0.876 μm for the
electromechanical and traditional models, respectively. Al-
though only static hysteresis models are employed by the
electromechanical model, a good consistence between the

practical and estimated results is observed. Good modeling
accuracy using the electromechanical model suggests that
this model can predict the rate-dependent behavior of the
stage well up to 100Hz. However, the traditional model does
not possess this capacity. Figure 7 shows the Bode diagram of
the model and stage, which also indicates that the model can
predict the rate-dependent behavior of the stage well up to
100Hz. +e model cannot describe the dynamic perfor-
mance of the stage under frequency higher than 100Hz, and
the modeling error will become larger.

4.3. Control Performance

4.3.1. Feedforward Control Results. +e effectiveness of the
feedforward hysteresis compensator is investigated in this
section. Because the highest frequency of the stage in this
study is 100Hz, we select that the cutoff frequency ωQ of the
Q filter is 500Hz. +e variations in measured stage dis-
placement with the input current applied to the feedforward
control are illustrated in Figure 8 for different excitation
frequencies. Figure 8 shows that the proposed HOB control
can effectively compensate for the hysteresis of the stage
under different input frequencies.

4.3.2. Without External Disturbances. In this case, the DOB
is mainly used to compensate for high-order unmodeled
dynamics and hysteresis compensation error. For har-
monic tracking target with different frequencies, the
control resulted using the HOB controller and
HOB +DOB controller are illustrated in Figure 9. It can be
observed in Figure 9, both the HOB controller and
HOB +DOB controller can obtain the high positioning

StagePower 
amplifier

HOB Linear dynamic system Gs
α – βsgn I

.
gh  + γ h  n

h 
.

I 
.

g

I gF lFg

d/dt
∫

h
Kh

xxd Gp
–1Gs

–1 uc Ig1/Kl
–

+

Figure 3: Scheme framework of the hysteresis compensation.
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Figure 4: Scheme framework of the disturbance compensation.
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accuracy. +e maximum absolute control errors are
summarized in Table 2. +e maximum control error of the
HOB controller with driving frequency of 100Hz increases
from 0.082 μm to 0.125 μm. +e reason for this phenom-
enon is that the modeling error caused by high-frequency
unmodeled dynamics increases as the drive frequency
increases. +e maximum control error of the HOB+DOB
controller is 0.056 μm. Obviously, the DOB can com-
pensate for high-order unmodeled dynamics and hyster-
esis compensation error.

Furthermore, a complex tracking target with multiple
harmonic signals with different amplitudes and frequencies
is also employed to verify the effectiveness of the control
method. +e control results are shown in Figure 10. +e
maximum absolute control errors are also summarized in

Table 2. +e maximum absolute control error for the HOB
and HOB+DOB controllers are 0.131 μm and 0.052 μm,
respectively. With respect to the complex signal, the control
error resulted from the HOB+DOB controller is similar to
that of tracking simple harmonic signals, suggesting that the
HOB+DOB controller is powerful for controlling the gal-
fenol-actuated nanopositioning stage.

4.3.3. With External Disturbances. In order to verify the
disturbance suppression ability of the DOB, an external
disturbance generated by the function generator is employed
to disturb the complex tracking target. +e control results
are shown in Figure 11, and the maximum absolute control
errors are also summarized in Table 2. +e maximum

Table 1: Identified parameters of the Bouc–Wen model.

Kl Kh α β c n

0.0069 0.0085 − 0.45 0.31 − 0.11 1.12

Power amplifier

Controller 
(OFV-5000)

Sensor head
(OFV-505)

Laser Doppler vibrometer

Real-time control 
systems 

(dSPACE DS1006)

Nanopositioning stage

Function generator
(Agilent 33220A)

Disturbance

Control 
signal

Sensor 
signal

MATLAB/Simulink

(a)

Sensor head Nanopositioning
stage

Function
generator

Real-time control
systems

Power amplifierLaser Doppler vibrometerMATLAB/Simulink

(b)

Figure 5: Rapid control prototypes of the proposed control method. (a) Schematic. (b) Photograph.
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Figure 6: Comparisons of hysteresis characteristics between the experimental and the modeling results under sinusoidal control signals
with different frequencies. (a) 1Hz. (b) 100Hz.
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absolute control error for the HOB and HOB+DOB con-
trollers are 0.259 μm and 0.059 μm, respectively, which in-
dicates the proposed HOB+DOB control method can
greatly improve the control system’s antiinterference ability.

Anyway, from the experimental results, the HOB-based
control can have a good capability for compensate the
hysteresis with varying frequencies and amplitudes in a wide
range. +e DOB-based control method can restrain
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Figure 9: Control results in tracking sinusoidal targets. (a) 1Hz. (b) 100Hz.

Table 2: Maximum absolute control errors of the proposed control methods.

Tracking target
Maximum absolute control errors (μm)

HOB HOB+DOB
1Hz 0.082 0.049
100Hz 0.125 0.056
Nonperiodic 0.131 0.052
Nonperiodic + disturbance 0.259 0.059
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Figure 10: Control results in tracking a nonperiodical target.
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disturbances, high-order unmodeled dynamics, and hys-
teresis compensation error.

5. Conclusion

We demonstrate a hysteresis and disturbances compensa-
tion method for a galfenol-actuated nanopositioning stage.
In order to accurately describe the rate-dependent hyster-
esis, the proposed dynamic model considers the dynamic
behavior of the power amplifier. Simplicity in imple-
mentation and robustness of performance are the main
advantages of the proposed hysteresis and disturbances
compensation approach. +e effectiveness and efficiency of
the method have been experimentally verified. +e experi-
mental results confirm that the proposed HOB-DOB-based
compensation scheme successfully suppressed the hysteresis
and disturbances of the galfenol-actuated nanopositioning
stage to a satisfactory level under an input frequencies up to
100Hz.
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