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Development and Test of a Two-Dimensional
Stacked Terfenol-D Actuator With High
Bandwidth and Large Stroke

Long Chen“, Yuchuan Zhu

Abstracti—Smart material actuators (SMAs) can provide
motion with high resolution and high bandwidth, but the
output stroke is relatively small. Therefore, motion am-
plification mechanisms for SMAs have drawn consider-
able attentions in recent years. However, most of exist-
ing mechanisms realize the motion amplification at the ex-
pense of working bandwidth. To achieve large stroke and
high bandwidth simultaneously, a novel two-dimensional
stacked magnetostrictive actuator (TSMA) was developed
and tested by adopting the magnetostrictive material, i.e.,
the Terfenol-D in this article. The U-shaped sleeves were
employed to support the axial and radial two-dimensional
stacking of three Terfenol-D rods. Then, an analytical model
was established based on working principle of the TSMA,
and a design of experiment analysis was carried out for the
sensitivity study of the TSMA’s key structural parameters.
Next, the involved parameters of the established analyti-
cal model were obtained via system identification. Further-
more, several experimental tests of a fabricated prototype
for the TSMA were carried out. The results show that the
stroke of the proposed TSMA can reach 65 . m. The dis-
placement amplification ratio is achieved as 2.8 and the
working bandwidth is kept as 500 Hz. This proves that
the proposed structure can significantly increase the dis-
placement with a little loss of bandwidth. Finally, a set of
preliminary closed-loop tests using a traditional incremen-
tal proportion-integration-differentiation (PID) control were
carried out to improve the motion precision. The closed-
loop tracking results of 10—-100 Hz sinusoid references
show that the root-mean-square errors are less than 4%
using a simple PID control alone.
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[. INTRODUCTION

ECENTLY, due to the advantages of high energy density
R and rapid response, smart materials have been widely used
in many important fields such as robotics [1], [2], microma-
chining [3], optical instruments [4]-[6], and precision electric
motors [7], etc. Magnetostrictive material is a kind of smart
material, which can provide displacement under the excitation of
an external magnetic field. Attributed to this noncontact driving
method, the life and stability of magnetostrictive material are
superior than other smart materials. Magnetostrictive actuators
for high dynamic servo valves [8] and magnetostrictive elec-
trohydraulic actuators for flap actuation [9], [10] usually have
more rapid response and more reliable physical structure than a
traditional one.

Nevertheless, a drawback of a magnetostrictive actuator is
that the output displacement is normally less than 0.2% of its
own length. In some application scenarios [11]-[13], the whole
structure of the actuator should be compact with large stroke
while its size should be small. For instance, a direct-drive servo
valve requires submillimeter stroke of the spool [14]. The fuel
injector actuator for combustion instabilities control also needs
to have a submillimeter stroke [15].

The integration with amplification mechanisms is an effective
method to increase the stroke. An amplification mechanism for a
piezoelectric-based servo valve was developed by Karunanidhi
et al. [16], where a maximum stroke of 135 pm is obtained and
the corresponding bandwidth is 284 Hz (—90° phase). Chen et
al. proposed a rhombus mechanism for motion amplification
of piezoelectric actuators in [17]. The output displacement can
reach 100 pum. A three-stage motion amplification mechanism
were developed by Tian et al. in [18], the maximum strokes of
three axes are 177.33, 179.30, and 17.45 pm, respectively. The
first-two resonance frequencies are 102.69 and 106.86 Hz. Na et
al. [19] investigated a reverse bridge type motion amplification
mechanism. The maximum stroke is 880 ym and the resonance
frequency is 69 Hz. Choi et al. [20] proposed a piezo-driven
XY stage with a monolithic compliant parallel mechanism. The
stroke is == 110 ¢ m in the = and y axes and the bandwidth is
20 Hz. Lai et al. [21] proposed a flexible motion amplification
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mechanism. The travel range is 288.3 1 m, and the resonance
frequency is 178 Hz.

Different from the indirect actuation method, which adopts
amplification mechanisms, another method for motion amplifi-
cation is the direct actuation with well-designed material struc-
ture. In our previous work, Li e al. [22] proposed a dual galfenol
rods-based actuator (DGA) with a bandwidth of 700 Hz. The dis-
placement amplification is achieved through series connection
of two galfenol rods. But, due to a small magnetostrictive strain
ratio of the galfenol material [23], the maximum stroke of the
DGA is only about 15 pm.

However, looking into all the abovementioned designs, it can
be observed directly that although the output displacement of
some certain mechanisms can reach 100 pm or even larger, due
to the usage of additional amplification mechanisms, none of
these actuators has a bandwidth exceeding 300 Hz. In [18]-[20],
compared with the bandwidth (about 1000 Hz) of smart mate-
rials themselves [24], the bandwidth of actuators has dropped
by more than 70%. Thus, there is always a tradeoff between the
large stroke and high bandwidth among existing SMAs. But,
in some fields, SMAs need simultaneous large stroke and high
bandwidth [25], [26]. Especially in the field of active combustion
control of aeroengines, the actuator is usually required to have
a bandwidth reach 500-1000 Hz and a submillimeter stroke
simultaneously [27].

Inspired by the structure in our previous work in [22], a further
improvement can be made by adopting materials with larger
magnetostrictive strain ratios and modified structure. Terfenol-D
is a kind of magnetostrictive material with an output up to two
thousandths of its initial length [28]—[31]. Thus, to achieve the
design goal of simultaneous large stroke and high bandwidth of a
magnetostrictive actuator, a novel axial-radial two-dimensional
stacked magnetostrictive actuator (TSMA) was developed in
this work based on the principle of U-shaped sleeve motion
amplification method by exploiting Terfenol-D. Compared with
traditional magnetostrictive actuators of the same size, the output
displacement of TSMA reaches 65 pm, 2.8 times as much. Fur-
thermore, compared with all the motion amplification actuators
mentioned above, the bandwidth of the TSMA exceeds 500 Hz.

The rest of this article is organized as follows. The structure
and working principle of the proposed TSMA is showed in
Section II. Then, the analytical model of the TSMA is built
in Section III. Section IV gives the elaborated process of the
DOE analysis for the key parameters of the TSMA. Parameter
identification and accuracy verification of the analytical model
are carried out in Section V. Section VI presents the experiments
on the fabricated prototype of the proposed TSMA and the
analysis of the results. The effect of coil heating and load on
the TSMA is discussed in Section VII. Finally, Section VIII
concludes this article.

[I. STRUCTURE AND WORKING PRINCIPLE OF THE TSMA

A. Motion Amplification Principle

The principle of the 2-D magnetostrictive stack is shown in
Fig. 1. Two tubular and one cylindrical magnetostrictive rods
are nested via two U-shaped sleeves. In the process of nesting of
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Fig. 1. Principle of the 2-D magnetostrictive stack. The sleeve material
is stainless steel (SUS304). The black dotted frame is the original shape
of Terfenol-D rods, A, A, and i3 respectively represent the output
of rod 1 (tubular), rod 2 (tubular), and rod 3 (cylindrical). During the
movement, the axial size of the Terfenol-D rod increases while the radial
size decreases, and the volume remains unchanged.
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Fig. 2. Detailed structure of the TSMA. It is mainly composed of
three parts: Magnetostrictive stack (Terfenol-D rod 1, Terfenol-D rod 2,
Terfenol-D rod 3, Sleeve 1, and Sleeve 2), preload applying mechanism
(disc spring, output rod, pretightening end cover, and shell) and elec-
tromagnetic excitation device (coil and coil bobbin). The yellow arrow
represents the direction of excitation current. Two power amplifiers are
employed to drive two coils at the same time to meet the drive power
requirements of the TSMA performance test.

the magnetostrictive stack, both the axial and radial dimensions
are simultaneously increasing.

In the TSMA, notations of magnetostrictive rods and sleeves
are as follows: the rod (or sleeve) in the outermost layer is named
asrod 1 (or sleeve 1), and it is named successively for the rod (or
sleeve) 2, 3 from outside to inside. Under the action of an external
excitation magnetic field, the three Terfenol-D rods extend at
the same time, and the displacement of the lower Terfenol-D
rods are transmitted upward through the sleeves, and finally
superimposed into the total output displacement of the TSMA.

B. Structure of the TSMA

The structure of the proposed TSMA is shown in Fig. 2. The
output performance of magnetostrictive materials can be greatly
improved when there is a preload. In the TSMA preload applying
device, the pretightening end cover compresses the disc spring
to form a preload when tightened. The shell, the base, the output
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rod, and the pretightening end cover are made of pure iron with
extremely strong magnetic properties. The purpose is to produce
a closed magnetic circuit inside the actuator, which is beneficial
to improve the output performance of magnetostrictive materi-
als.

Magnetostrictive materials have inherent frequency doubling
effect, which can be eliminated by applying a constant bias
magnetic field. Existing methods to eliminate frequency dou-
bling effect included permanent magnet bias method and dc bias
method [32]. In order to facilitate the performance test of the
actuator, dc bias method was employed, thus the drive signal of
the coil is a sinusoidal signal with a dc bias.

[ll. ANALYTICAL MODEL OF THE TSMA

The TSMA analytical model was built to describe the output
hysteresis characteristics of the TSMA in this section.

A. Power Amplifier Voltage—Current Conversion Model

The power amplifier and its load coil winding can be approx-
imately regarded as a first derivative element of an RC network
and a second-order oscillation system, therefore, the voltage—
current conversion process can be expressed by a second-order
system, as shown in (1) [33]

kUCd[z](l + TtS)
s+ 28pwy s + wi

ku(14+Tws)  ku(As+1)
182+2%8+1_B32+C’5+1

2
Wy

G(s) =

(D

where kg is the magnification, 7 is the time constant, wy and
&y, respectively, represent the natural frequency and damping
ratio of the system.

B. Magnetization Model

The coil generates an excitation magnetic field under the
action of current to drive the magnetostrictive rod. When con-
sidering the influence of eddy current, the magnetic field acting
on a magnetostrictive rod is shown as (2) [22], [33]

I — NI B NI

kl(14+7s)  kel(1 + popc(dd — d%)s/l6kag)(2)
where H is the magnetic intensity, /V is the number of turns
of the coil, I is the input current, ky is the magnetic leakage
coefficient, [ is the length of a magnetostrictive rod, 7 is the
eddy current time constant, yi is the vacuum permeability, pa
is the relative permeability of the magnetostrictive rod, ks is the
electrical resistivity correction factor, p¢ is the resistivity of the
magnetostrictive rod, d, and d; is the outer and inner diameter
of a magnetostrictive rod, respectively.

When a coil generates a driving magnetic field, the magne-
tostrictive rod is magnetized. So far, there are many magneti-
zation models describing the magnetization process, mainly in-
cluding phenomenological models such as Preisach model [34],
physical models such as Jiles—Atherton model [35], etc. The
Jiles—Atherton model (see Appendix B) is used in this article.

Sleeve 2 Output rod

Rod 3 Kan

Rod 2

:

ms

SE\E

&
|

Fig. 3. Schematic of the multibody dynamics model. Terfenol-D rods
become force sources when driven by a magnetic field. Sleeves and
output rod act as elastic elements to transfer force and displacement.

C. Magnetostrictive Model

The magnetostrictive strain of a magnetostrictive rod mainly
depends on three factors, including the saturation magnetostric-
tive strain of the magnetostrictive material, the magnetization
intensity of the magnetostrictive material, and the preload ap-
plied to the magnetostrictive rod. The magnetostrictive strain
can be expressed as (3) [36]

1 2F M?
A= (1+2tanth> A.sﬁsz, FSFé
F—F, 1 2F\ . M2
A= (I_F;naz) (1+2ta’nhF’8>)\.31\452, F>Fg
3)

where A is the magnetostrictive strain, Ay is the saturation
magnetostrictive strain, F' is the preload of a magnetostrictive
rod, FY is the optimal preload, M is the magnetization intensity,
My is the saturation magnetization, and Fy,,y is the maximum
magnetostrictive force of the magnetostrictive rod, which can be
calculated by

3
Fmafc = EA'SEGAG (4)

where E ¢ and Ag are the elastic modulus and the cross-sectional
area of a magnetostrictive rod, respectively.

D. Development of the Multibody Dynamics Model

As shown in Fig. 3, the established dynamic equation can be
expressed as

miZy = Fy — kixy — 1@y — ka () — xe) —ca (&1 — 1)
mudy = —F + ky(x — xn) + e () — )
—ky (o1 — 22) — 241 — @)
mady = Fy 4+ ka(x — 22) + o841 — @2)
—kp(xy — 22) — a2 — 42)
Mpdn = —F3 + k(s — 2) + co(dr — 44)
—k3(xp — 23) — c3(dp2 — 3)
mads = F3 4+ ka(zp — x3) + c3(@ — @3)
_ks(x3 - (Es) - Cs(:tS - 5175)
msfﬂ's = ks(m3 - ws) + Cs(-'jf‘f% - xs) - kdhws - this

&)

where x|, x4, T2, T2, 3, and x4 are the output displacements
of the rod 1, the sleeve 1, the rod 2, the sleeve 2, the rod 3, and
the output rod, respectively; my, myy, ma, my, ms, and mg are
the masses of the rod 1, the sleeve 1, the rod 2, the sleeve 2,
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Fig. 4. DOE results analysis. Main Effect Plot, the degree to which
key dimension parameters affect the TSMA output displacement. The
horizontal axis represents the value range of each variable from low to
high.

the rod 3, and the output rod, respectively; ki, ki1, k2, k2, k3,
ks, and kg, are the stiffness of the rod 1, the sleeve 1, the rod
2, the sleeve 2, the rod 3, the output rod and the disc spring,
respectively; ¢, ¢y, 2, C2, C3, Cs, and cqp, are the damping of
the rod 1, the sleeve 1, the rod 2, the sleeve 2, the rod 3, the
output rod, and the disc spring, respectively; Fi, F5, and F3 are
the magnetostrictive force of the rod 1, the rod 2, and the rod 3,
respectively.

IV. DOE ANALYSIS OF THE TSMA
A. Design Variables and Their Value Ranges

The 2-D magnetostrictive stack consists of three Terfenol-D
rods and two U-shaped sleeves. The key dimensions include
the outer diameter d; of the Terfenol-D rod 1, the outer di-
ameter d, of the Terfenol-D rod 2, the outer diameter d; of
the Terfenol-D rod 3, and the wall thickness 7 of the U-shaped
sleeve. These dimensions directly affect the output performance
of the TSMA. The analytical model of the TSMA was built in
MATLAB/Simulink. Isight 2017 was employed to perform the
DOE analysis.

Determined by the original Terfenol-D rod, the outer diameter
dy of the rod 1 is 30 mm. So, the DOE experiment factors are dj,
d3, and 7. The experiment design goal is the maximum output
displacement of the TSMA. The range of d,, d3, and n) are 17—
27 mm, 5-15 mm, and 0.1-0.5 mm, respectively.

B. Result Analysis

After effective analysis, the main effects plot for the TSMA
output displacement was drawn as Fig. 4.

As shown in Fig. 4, the factor that has the greatest influence on
the TSMA output displacement is the outer diameter d3 of rod
3. When ds changed from 5 to 15 mm, the output displacement
of TSMA changed by 10.85% and reach the maximum when
d3 is 12-14 mm. Thus, the rod 3 will be the top priority of the
TSMA design. Therefore, the outer diameter d3 of rod 3 was
designed to be 13 mm. The dimensions of each Terfenol-D rods
and sleeves are shown in Table I.

TABLE |
EXTERNAL DIMENSIONS OF THE TERFENOL-D RODS

Name Outer diameter (m)  Inner diameter (m)  Length (m)
Rod 1 0.030 0.023 0.030
Sleeve 1 0.023 0.022 0.030
Rod 2 0.022 0.014 0.030
Sleeve 2 0.014 0.013 0.030
Rod 3 0.013 - 0.030
TABLE Il
PARAMETERS OF THE TSMA DYNAMIC MODEL
Symbol  Unit Value  Symbol  Unit Value
m g 81 ko N.um~—! 160
k1 N.um~—! 290 cio N-ssm~1 2700
c1 N.ssm~! 2900 mg g 37
me g 19 k3 N.um~—! 130
ki N.um—! 280 c3 N-ssm~! 880
c1 N-sm~—1 4600  ms g 22
ma g 63 ks N.um~—! 949
ko N.um~—! 220 cs N-ssm~—1 9000
o N.sm~1 1510 kg Num~! 0.8
me2 g 11 Cdh N-ssm~1 2500

V. PARAMETER IDENTIFICATION AND ACCURACY
VERIFICATION OF THE ANALYTICAL MODEL

A. Parameter Identification

MATLAB/Simulink was employed to identify parameters that
cannot be measured or calculated in the TSMA analytical model,
mainly including the parameter of the power amplifier transfer
function (A4, B and C'), the damping of each part in the dynamic
model (¢, ¢, ¢, C2, €3, ¢s and cqp), and the parameter of
Jiles—Atherton model (a, «, ¢, and k of rod 1 and rod 2). The
target curve was obtained by experiment. Before starting the
parameter identification, set the damping of each part to 0. The
initial values of other parameters are determined based on the
existing empirical values. Table II shows the parameters of the
TSMA dynamic model in which the value of the mass (m, my,
my, My, m3 and my) and the stiffness (ky, ki1, k2, ki, k3, ks,
and kg, ) were obtained through theoretical calculations and the
damping were obtained through parameter identification.

The parameters of voltage—current conversion model obtained
after parameter identification are as follows: ky =1, A= 4.8¢%,
B=25e8 and C = 6.4¢*.

For the Jiles—Atherton model, Terfenol-D rod 3 is cylindrical,
its Jiles—Atherton model parameters have been obtained by our
research group in previous studies [33]. But rod 2 and rod 3 are
tubular, and their parameters are identified on the basis of rod 3
at low frequencies, as shown in Table III.

B. Comparison and Verification of the
Magnetization Model

To verify the accuracy of the magnetostrictive rod’s magneti-
zation process described by the TSMA analytical model, a 2-D
axisymmetric finite element model of the proposed TSMA was
established. Both in the TSMA finite element model and the
TSMA analytical model, the Jiles—Atherton model was used
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TABLE IlI
PARAMETERS OF JILES—ATHERTON MODEL

Symbol  Unit Rodl Rod2  Rod3

M kA-m~t 600 600 600

a Am~t 6512 10012 7012

« —— -0.035  -0.01 -0.01

cr —— 0.2 0.18 0.18

k Am~?! 4000 5500 4283

5
56 x10
$57 ’-M-(A/m) //’——- |
g /9 | i ]
S P 4 t ! " A i
g II | /; |—Finite element model
%01 W I /’ — -Analytical model J
>0 ! ‘ ‘
0 0.05 0.1 0.15 0.2

Time ¢ (s)

Fig. 5. Verification of the accuracy of magnetization process. The data
extraction path of finite element model simulation results (along the
yellow dotted line).

Rod 3 Sleeve 2 Rod 2 Output rod  Shell

K

Rod 1

Sleeve 1 Stack

Fig. 6. Components of the TSMA prototype.

to describe the magnetization process of the magnetostrictive
material. The magnetization intensity of Terfenol-D rod 1 under
the excitation current of amplitude 12 A and frequency 10 Hz
was calculated. It can be seen that the two curves in Fig. 5 have
high coincidence.

VI. EXPERIMENTAL STUDY OF THE TSMA

In the experimental study, in order to meet the driving power
requirements, the actuator has two independent coils. Two power
amplifiers drive two coils simultaneously. The prototype of the
TSMA is shown in Fig. 6.

A. Test Bench of the TSMA

As shown in Fig. 7, the output displacement of the TSMA
was measured by an eddy current displacement sensor. The
signal generator is responsible for the generation of sinusoidal
excitation signal and amplifying it into a current signal through
the power amplifier to directly drive the excitation coil. Single
rod test and three rods nested (TSMA) test were carried out
separately. Stainless steel rods were used to replace the other
Terfenol-D rods when performing the single rod experiment.

~ Eddy current
displacement sensor

Oscilloscope

Signal generator

oo
oeecenn ®

i———

Power amplifier|

Power amplifier|
k=

(b)

Fig. 7. Test bench of the TSMA. (a) Schematic of the test bench. (b)
Physical photo of the test bench.
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Fig. 8. Effect of preload and input current on the TSMA output dis-
placement. (a) Preload. (b) Input current.

B. Performance Analysis of the TSMA

The driving signal is a sinusoidal signal with dc bias. For
instance, 12 A refers to a sinusoidal input current with an
amplitude of 0-12 A. Preload and input current are the main
factors that affect the output performance of magnetostrictive
materials. So their effects on the output performance of TSMA
were analyzed first. As shown in Fig. 8(a), there is an optimal
preload range between 800 and 1100 N for the TSMA to get
a maximum output displacement of 65 pm. So the following
experiments were performed under a preload of 900 N. It can be
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Fig. 9. Simulated and experimental hysteresis of the TSMA. Under 50, 200, and 400 Hz.
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e ERTSMA | 51 fenol-D rod 3 The comparison of the output displacement of individual
= 60f 1 Terfenol-D rod and the TSMA under different driving frequen-
%’ . cies are depicted in Fig. 10(b). Under the current amplitude of
8 0 10 A, the output displacement of rod 1 and rod 3 is about 22 ;4 m,
& 20t and the output displacement of rod 2 is about 17 ym. The total
a 0 output displacement of the TSMA is about 60 xim, which is 90%
10 50 100 200 300 400 500 of the sum of three rods tested separately, the loss is relatively
Frequency f (Hz) small. Compared with a single rod, the displacement amplifica-
(b) tion ratio is achieved as 2.8. The output displacement at 500 Hz
is about 78% of that at 10 Hz, which verify that the TSMA’s
Fig. 10.  Working bandwidth of the TSMA. (a) Effect of frequency on  working bandwidth can reach 500 Hz. The two-dimensional

the hysteresis. (b) Effect of frequency on the output displacement. The
excitation current amplitude is 10 A. The output displacement at 500 Hz
is about 78% of that at 10 Hz.

seen from Fig. 8(b) that when the frequency exceeds 200 Hz, the
output displacement at 12A no longer increases compared with
that at 10 A. To study the high-frequency performance of the
TSMA, the experiments were carried out under the maximum
current of 12 A.

Fig. 9 show the simulation and experimental hysteresis com-
parisons of the TSMA, which indicates that the simulation can
well predict the shape and trend of TSMA output hysteresis
under different driving frequencies. As the driving frequency
increases, the output displacement of the TSMA gradually at-
tenuates, the hysteresis becomes more and more obvious. As
shown in Fig. 10(a), the output hysteresis simulation result has
the same trend as the experimental result. There is an error of 9
pm at different frequencies.

stacked structure has a significant amplification effect on the
output displacement of the actuator, and the TSMA still has the
characteristic of rapid response.

C. Closed-Loop Test of the TSMA

Through the above experimental analysis, it can be seen
that the output nonlinearity of the TSMA becomes more and
more serious as the driving frequency increases. In our previous
work [33] and [37], detailed hysteresis modeling studies and
inverse compensation studies for a magnetostrictive actuator
have been carried out. Therefore, an incremental proportion-
integration-differentiation (PID) closed-loop controller was fur-
ther designed for the test of the TSMA’s closed-loop output
characteristics. In the TSMA closed-loop test platform, the
output displacement of the TSMA was detected by an eddy cur-
rent displacement sensor. Real-time simulator (Links-Box-03)
with NI PCI6259 capture card was responsible for the signal
acquisition and transmission. As shown in Fig. 11.
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Fig. 12. Closed-loop test results of the TSMA. (a) 10 Hz. (b) 100 Hz.
In the PID controller, k, = 7.7, k; =2, and kq = 2.

The closed-loop test results are shown in Fig. 12. Desired sinu-
soidal displacements with different amplitudes under different
working frequencies were tracked. The root mean square error
is 0.3377 pm, 0.2973 pm, 0.3026 pm, 0.3290 pm, and 0.9184
pm under the reference displacement amplitudes of 25 pm, 35
pm, 45 pm, 55 pm at 10 Hz and 25 pm amplitude at 100 Hz,
respectively. Thus, the TSMA can effectively track targets of
sinusoidal displacement just using a PID controller.

VIIl. DISCUSSION

In this section, the effect of coil heating and load on the TSMA
output performance is further analyzed.

A. Effect of Coil Heating

The TSMA transient thermal analysis finite element model
was built, and the excitation current in the simulation is a
sinusoidal signal with an amplitude of 10 A, a dc bias of 5 A
and a frequency of 10 Hz. The coil generates heat after being
energized and conducts the heat to the Terfenol-D rods. The
temperature of each Terfenol-D rod was extracted for analysis,
as shown in Fig. 13.

Since the rod 1 is close to the coil, its temperature rises more
significantly than other rods. In the 10th and 20th second, the
temperature of rod 1 increased by 1.36 and 5.42 °C, which
cause thermal expansion of 0.53 pum and 2.1 um, respectively.
Considering that the continuous working time of the TSMA in
the experiment is usually less than 2 s, so the effect of heat during
the experiment is relatively small and can be ignored.

B. Effect of Load

The analytical model was used to analyze the effect of load
on the TSMA output performance. As shown in Fig. 14, a load

—~60r
%v) —Terfenol-D rod 1
& 50 [ |=Terfenol-D rod 2
o Terfenol-D rod 3
240
=
230
g ~
=200
0 10 20 30 40 50 60

Time ¢ (s)

Fig. 13.  Temperature rise curve of Terfenol-D rods. The coefficient of
thermal expansion for Terfenol-D is 12.9 x 10~%/°C. This means that for
a Terfenol-D rod with a length of 100 mm, the thermal expansion can
reach 1.29 p m for every temperature increase of 1 °C.

Displacement x (um

o Load =2 kg (200 Hz)

0 2 4 6 8 10 12
Input Current 7 (A)

Fig. 14. Effect of mass load on the TSMA performance. Simulation
under 100 Hz with different loads and 200 Hz with 2 kg load.

of 5 kg causes significant deformation of the TSMA output
hysteresis at 100 Hz. When carrying a load, the output hysteresis
of the TSMA has a tendency to rotate counterclockwise. For the
same mass load, as the operating frequency increases, its impact
on TSMA performance becomes greater.

VIIl. CONCLUSION

In this article, a motion amplification actuator, named the
two-dimensional stacked magnetostrictive actuator (TSMA),
was developed based on Terfenol-D with high bandwidth and
large stroke. The proposed TSMA can maximize the rapid re-
sponse characteristics of smart materials, thanks to no additional
mechanical deformation structure. An analytical model was
established and a DOE analysis was carried out to investigate
the sensitivity of some key structural parameters. Parameter
identification and experiments were also conducted to test the
achieved performances of the TSMA. According to the results,
conclusions can be drawn as follows:

1) The outer diameter d3 of the rod 3 has the greatest influ-
ence on the TSMA output displacement.

2) The analytical model can accurately describe the output
hysteresis characteristics of the TSMA under different
frequencies.

3) The stroke of the TSMA can reach 65 pim under an axial
dimension of 69 mm. The displacement amplification
ratio is achieved as 2.8 and the working bandwidth is
kept as 500 Hz.

4) The closed-loop sinusoidal signal tracking experiment
results indicate that the tracking root mean square error of
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the TSMA under different frequencies and amplitudes are

no more than 1 pm just using a traditional PID controller.

Future works will seek to advanced control schemes to elimi-

nate the effects of the nonlinearities so that to enhance the output
performance of the proposed TSMA.

APPENDIX A

The fundamental characteristics of Terfenol-D is shown in
Fig. 15.

2000

1500

H (A/m)

Magnetostriction A (ppm)
w S
(=4 =3
(=] =]

051152
0
0 50 100 150 200 250
Magnetic intensity H (kA/m)
(@ (b)

Fig. 15. Fundamental characteristics of Terfenol-D. (a) B-H curve.
(b) H-2 curve, which were both provided by the manufacturer. where
B is the magnetic induction, H is the magnetic intensity, and A is the
magnetostriction.

APPENDIX B

Jiles—Atherton model can be expressed by five equations:

H.=H+aM
dMir

Mir— ank5<dHe)

M = Mr + Mir (6)
H, a

Myn = M {coth (a) - He»]

Mr - Cr(Man - Ml )

where M is the magnetization intensity of a magnetostrictive
rod, M is the saturation magnetization, H, is the effective
magnetic field, M, is the reversible value of magnetization, M,
is the magnetization’s irreversible value, M,,, is an hysteretic
value of magnetization, « is the magnetic domain interaction
coefficient, ¢, is the reversible coefficient, a is the shape coef-
ficient of the magnetization curve without hysteresis, k is the
pinning coefficient (the characteristic coefficient of hysteresis),
and 0 is the directional coefficient.
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