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Development and Characteristic Investigation of
a Multidimensional Discrete
Magnetostrictive Actuator

Long Chen“, Yuchuan Zhu “, Jie Ling

Abstraci—Active combustion control (ACC) has been
proved to be an effective method for the suppression of
pressure oscillation in aero engine combustion chambers,
which will seriously endanger flight safety of aircrafts. How-
ever, the actuators for ACC need to work with a bandwidth
of 1000 Hz, a stroke up to submillimeter level and a high
power density simultaneously. Existing electromagnetic ac-
tuators, or smart material actuators, are still unable to meet
these requirements at the same time. To address this issue,
in this article, a multidimensional discrete magnetostrictive
actuator (MDMA) was developed by adopting the multidi-
mensional discrete configuration. In order to obtain large
output displacement while maintaining the characteristics
of high bandwidth and high power density of magnetostric-
tive materials, tubular and cylindrical magnetostrictive rods
are nested axially and radially through sleeves to form a dis-
crete magnetostrictive stack; independent excitation coils
and permanent magnet rings are integrated axially to form
a discrete electromagnetic excitation system. Then, a mag-
netic equivalent circuit (MEC) model was developed to ana-
lyze the magnetic field distribution characteristic of MDMA
components. Next, a multiphysics comprehensive dynamic
model was established to describe the complex dynamic
properties of multidimensional discrete structures. Subse-
quently, a prototype of the MDMA was fabricated, which is
only 56 mm in diameter and only 71.5 mm high. Experi-
mental results indicate that, the proposed MDMA reaches
a stoke of 100 m, and the working bandwidth can exceed
1000 Hz. Furthermore, closed-loop control tests were con-
ducted and the results showed that the MDMA can effec-
tively track sinusoidal references of different amplitudes
under low frequency with a feedback PID controller.
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[. INTRODUCTION

ITH the development of modern aero-engines, low emis-
W sion, and high efficiency become two critical require-
ments [1], especially in civil aviation [2]. Many compelling
evidences indicate that, lean combustion technology that has
been widely used in aero-engines is feasible to save energy
and reduce emissions [3], [4]. However, an inherent detrimental
effect of this technology is combustion instability, which has a
specific manifestation of pressure oscillation in the combustion
chamber [5], [6]. If these pressure fluctuations are not mitigated,
the stability and safety of aero-engine will be seriously dimin-
ished [7].

At present, active combustion control (ACC) technology has
been proved to be an effective approach to suppress the com-
bustor pressure oscillation [8], [9]. The specific operation of
ACC is realized by real-time adjustment of fuel flow [10]-[12].
For a traditional ACC system, it usually consists of sensors,
controllers and actuators, as shown in Fig. 1. Research works on
sensing systems and control systems for ACC of aero-engines
have been extensively carried out and has obtained remarkable
achievements [13]-[15]. However, the research on the actuator
system lags far behind. One of the leading factors is that, the
frequency of pressure oscillating wave in the combustion cham-
ber is up to 1000 Hz [16]. So the ACC will puts forward higher
requirements on the bandwidth of the fuel regulator, which is
responsible for the fuel flow regulation of aero engines [17], [18].
This exceeds the limit of traditional electromagnetic actuators
that drive the regulators [12]. Nabae et al. [19] proposed an
electromagnetic actuator, the bandwidth of which is only 300 Hz.
Guo et al. [20] carried out the optimization work of electromag-
netic actuators to improve its frequency response. Experiments
show that the bandwidth of the optimized actuator can only reach
350 Hz.

Standing on the opposite of electromagnetic actuators, smart
material based actuators, mainly includes piezoelectric actuators
(PA) and magnetostrictive actuators (MAs), have caught a lot
of attentions in aviation depend on their characteristics of high
working bandwidth and high energy density [21]-[23]. Although
the PA has a smaller volume and simpler structure [24], [25],
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constrained by piezoelectric material’s low curie temperature
and electrical breakdown hidden trouble, the requirements of
aero-engine for high-operating temperature and high reliability
of actuator cannot be met temporarily. So, MA is more promis-
ing, because: 1) magnetostrictive materials have a higher curie
temperature (380 °C, commercially available), 2) magnetostric-
tive materials are driven by magnetic field in a contactless way,
which makes their reliability is more superior than piezoelectric
materials. But restricted by magnetostrictive material’s magne-
tostrain rate, which is usually less than 0.2%, the traditional MA
cannot get enough output stroke in a relatively small weight
and volume. The suppression degree of combustor pressure
oscillation is directly decided by the stroke of the actuator.
Delaat et al. [16] developed a high bandwidth fuel regulator
based on magnetostrictive material. The bandwidth of which
is up to 600 Hz and the stroke is up to 0.38 mm. However, in
order to achieve this stroke, the external size of the actuator
reaches 0.46 m. This is intolerable, because for aero engines,
power-to-weight ratio and power-to-volume ratio are critical
parameters for evaluating its performance.

Therefore, the amplification of micro displacement by adopt-
ing amplification mechanism has been widely concerned in
recent years. Regrettably, although displacement amplification
actuators can obtain sufficient stroke in a small volume, the
addition of displacement amplification mechanism will greatly
sacrifice the bandwidth of the actuator [26], [27]. No matter the
flexible hinge displacement amplification mechanism proposed
by Tian et al. [28], the hydraulic displacement amplification
mechanism designed by Yang et al. [29], or the lever displace-
ment amplification mechanism established by Bartlett et al. [30],
while realizing the displacement amplification, the bandwidth is
reduced by more than 70%.

As mentioned above, the existing actuator design schemes
cannot simultaneously meet the requirements of high bandwidth,
large stroke, and high power density in the actual application
of ACC for aero engines. There is another effective method to
realize displacement amplification by designing a special stack
configuration. In our previous work [31], anovel radially discrete
stack configuration was proposed. By radial stacking of two
tubular and one cylindrical magnetostrictive rods, a stroke of
65 pm is achieved under an axial dimension of 69 mm and a
weight of 1548 g, the bandwidth is kept as 500 Hz, which shows
a broad prospect in ACC of aero-engines.

In this article, based on the radially discrete stack config-
uration, a novel multidimensional discrete configuration for
MAs is proposed. In the configuration, the magneto-mechanical
conversion system, the electromagnetic excitation system and
the magnetic bias system of the MA are all discretized:

1) an axial-radial discrete magnetostrictive stack is designed
to increase the stroke and keep the high bandwidth;

2) an axial discrete excitation coil is developed to improve
the motion control accuracy and bandwidth of the actua-
tor;

3) an axial discrete magnetic bias system with annular per-
manent magnet is designed to provide bias magnetic field,
reduce mass and volume of the actuator and improve work
efficiency.
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Fig. 1. ACC system. The fuel regulator needs to operate at a band-
width of 1000 Hz.
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Fig. 2. Structure of the proposed MDMA.

Finally, a multidimensional discrete magnetostrictive actuator
(MDMA) is developed, and a prototype is fabricated. Exper-
imental results show that the MDMA can output a displace-
ment of 100 yum under an axial size of 71.5 mm and a ra-
dial size of 56 mm, and its weight is 787 g, bandwidth can
exceed 1000 Hz.

The rest of this article is organized as follows. The structure
and working principle of the proposed MDMA is introduced in
Section II. The analysis and modeling of the MDMA magnetic
circuit is carried out in Section III. In Section IV, a dynamic
model of the MDMA is established. In Section V, a prototype
of the proposed MDMA is fabricated and a series of perfor-
mance testing experiments are carried out. Finally, Section VI
concludes this article.

[I. STRUCTURE AND WORKING PRINCIPLE OF THE MDMA
A. Structure of the MDMA

The output displacement amplitude of MA is affected by many
factors, including stack length, magnetic field intensity, and
preload strength. Therefore, like traditional MAs, the MDMA
consists of the following three parts: the magnetostrictive stack,
the electromagnetic excitation section, and the preload appli-
cation mechanism. As shown in Fig. 2, the magnetostrictive
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Fig. 3. Multidimensional discrete configuration. In which, orange field
lines represent the excitation field generated by coils and black field lines
represent the offset field generated by the permanent magnets.

stack of the MDMA consist of nine Terfenol-D rods those are
responsible for magneto-machine conversion and two sleeves,
which are responsible for the transfer of displacement; the
electromagnetic excitation section consist of four independent
coils, which are responsible for electromagnetic conversion and
four circular permanent magnets those are responsible for the
generation of bias magnetic field; the preload application mech-
anism consists of disc springs and is responsible for applying
preload.

B. Working Principle of the MDMA

As shown in Fig. 3, the multidimensional discrete configura-
tion mainly includes the following three parts: axial-radial dis-
crete magnetostrictive stack, radially discrete electromagnetic
excitation coil, and radially discrete permanent magnets.

Sufficient output displacement can be obtained only by in-
creasing axial length or adding additional amplification mech-
anism for traditional MAs. In contrast, the MDMA achieves
displacement amplification by employing the radial nested stack
structure. In the MDMA, the axial-radial discrete magnetostric-
tive stack consists of three-stage magnetostrictive rods in both
radial and axial directions, when excited by an external mag-
netic field, all the magnetostrictive rods deform simultaneously
and output their displacement along the axial direction. The
sleeve transmits the displacement of the outer tubular mag-
netostrictive rod radially inward, and finally converges to the
top of the innermost cylindrical magnetostrictive rod, which
becomes the total output displacement of the magnetostrictive
stack. The high bandwidth and high energy density of mag-
netostrictive materials can be preserved by this discrete stack
structure while achieving displacement amplification. Because
on the one hand, no additional amplification mechanism is
introduced, on the other hand, axial size of the stack is not
increased.

The electromagnetic excitation system mainly determines
the bandwidth and power density of the MA. In the radial
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Fig. 4. MEC model of the MDMA. In which, NI and F,,,, represent the
excitation and bias magnetomotive force generated by excitation coils
and permanent magnets, respectively; ¢, to ¢;5 are the magnetic flux;
Ryod1s Rrod2, and R,oq3 represent the magnetic reluctance of rod 1,
rod 2, and rod 3, respectively; Rgpell, Ror, Rbase, Bm, and Ry, are
the magnetic reluctance of inner shell, output rod, base, iron rings, and
permanent magnets, respectively; Rsi1, Rsi2, Rs21, and Ry are the
magnetic reluctance of magnetizer 2, magnetizer 1, magnetizer 4, and
magnetizer 3, respectively; Ry, is the leakage magnetic reluctance; R,
to R4 are the radial transfer magnetic reluctance; Raq: to Rac4 are the
air gaps magnetic reluctance.

discrete electromagnetic excitation system, the circular perma-
nent magnet is used to provide bias magnetic field, which can
greatly reduce the number of turns of the excitation coil and
improve the electromagnetic conversion efficiency and power
density; the inductive reactance of the excitation coil is re-
duced through the dispersion of the excitation coil and the
frequency response of the electromagnetic conversion process is
improved.

[ll. MAGNETIC CIRCUIT MODEL OF THE MDMA

A. Establishment of the Magnetic Equivalent Circuit
(MEC) Model

One of the by-products of the multidimensional discrete
configuration is the uneven magnetic field distribution. In order
to accurately analyze the internal magnetic field distribution of
MDMA, the MEC model was established, as shown in Fig. 4,
rod 1y, rod 1, and rod 15 are considered to be a holistic magne-
tostrictive rod 1, the same goes for rod 2 and rod 3. According
to Kirchhoff’s law, the MEC model can be described by (16) in
Appendix A.

B. Parameter Identification of the MEC Model

In the MDMA, the magnetic reluctance of some regular
shape components can be obtained by numerical calculation or
finite-element calculation. However, for air gap magnetic reluc-
tance without specific shape and size, it can only be identified
according to the finite element simulation results. The magnetic
reluctance parameters in the MEC model are shown in Table I, in
which R, Ry, Rags, Raca, I21, 2, R3, and 124 are obtained
by identification. The simulation results of the finite element
model (FEM) and the calculation results of MEC model are
compared in Fig. 5, which indicate that the established MEC
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TABLE |
PARAMETERS OF THE MEC MODEL
Symbol  Value (H_l) Symbol  Value (H_l)
Rghert  5.34 x 103 Ry, 9.13 x 108
Rpase 5.23 x 103 Ry 1.81 x 107
Ror 1.50 x 103 Ro 2.34 x 107
Rroat 4.63 x 107 R3 4.11 x 106
Rioqaz  7.05x 107 Ry 3.20 x 106
Rrods 1.27 x 108 Rag1 2.25 x 109
Rs11 865.4 Raga  6.25 x 106
Rs12 484.6 Rags  2.37 x 107
Rso1 2.65 x 103 Raga  7.40 x 108
Rso2 737.5 Rpm 1.88 x 108
R 1.39 x 103 - -
14— . . .
——Rod 1 FEM
£ 1.2 —-Rod 2 FEM %
g —=—Rod 3 FEM
2 1/ -e-Rod 1 MEC
5 0.8 -4#-Rod2MEC| [T
5 -=-Rod 3 MEC
; 0.6

2 4 6 8 10 12 14
Excitation current / (A)

Fig. 5. Accuracy verification of the established MEC model.

model can accurately describe the heterogeneous magnetic paths
of MDMA.

IV. DYNAMIC MODEL OF THE MDMA

In the working process of MDMA, the excitation coil is
responsible for converting current into a magnetic field to
magnetize the magnetostrictive rods. After magnetization, the
magnetostrictive rod’s internal magnetic domain is deflected,
resulting in magnetostrictive force. Then, the magnetostrictive
rods extend and push sleeves, magnetizers and output rod, and
finally, becomes the output displacement of the MDMA.

A. Nonlinear Dynamic Magnetization Model

According to the established MEC model, the magnetic flux
of each magnetostrictive rod can be calculated as follows:

¢ =A"'B. (D

The matrix ¢, A, and B are shown in (17) in Appendix B, in
which, Fr, Ry 15, Ri1,6, 13,8, 14,14, [215,14, and R5 15 can be
calculated as

Ro 15 = Rs12 + Racs, Riie = Ro1 + Raai
Ri33 = Ry + Rage, Ris1a = R + Raca
Risia = R + Raga, Risis = Reo + Rags
R8,4 = Repen + By + anu Fr =NI+ Fpm

©))

Taking eddy current effects into account, magnetic field
strength of each magnetostrictive rod can be expressed as [32]

do
— g _® 2 Hopc dH.
H=H - H = ErpA de TdekaG dt
_ ¢ . 3)
H(s) = norg (43— d2)
kppA{ 1+ 6k 7 pG

where H. is the magnetic intensity generated by the excitation
coil; H' is the magnetic intensity generated by the eddy cur-
rent; ¢ is the magnetic flux; p is the permeability; A is the
cross-sectional area; i is the vacuum permeability; pi is the
relative permeability of the magnetostrictive rod; d, and d; are
the outer and inner diameter of the magnetostrictive rod; pg
is the resistivity of the magnetostrictive rod; ky and k are the
magnetic flux leakage compensation factor, and the eddy current
effect compensation factor, respectively.

The magnetization of magnetostrictive rods can be calculated
by Jiles—Atherton (J-A) model, which is the most widely used
magnetization model, as the following five equations [31]:

H, = H+ oM
dM;,
Mir = Man - ké(m)
M = M, + M, (€]
My, = Ms[coth(li“) - Ije}
Mr - CT(Man - Mi )

where H,. is the effective magnetic field, o is the magnetic
domain interaction coefficient, M is the magnetization, M;; is
the magnetization’s irreversible value, M), is an hysteretic value
of magnetization, & is the pinning coefficient, J is the directional
coefficient, M, is the reversible value of magnetization, M is
the saturation magnetization, a is the shape coefficient of the
magnetization curve without hysteresis, and ¢, is the reversible
coefficient.

B. Magnetostrictive Force Model

The internal magnetic domains of a magnetostrictive rod
will deflect under the action of an external magnetic field,
which will produce magnetostrictive strain, and then resulting
in magnetostrictive force. The preload is one of the main factors
that affects the strain of magnetostrictive rods, which can be
expressed as [33]

1 2B\ . M
<1+2tanh}l) )\,Sﬁg7 Fngs
B F,—F, 1 2F,)\ . M?
(1 — _F'max) (1 + ztanhFS) )\.Sﬁsz, Fp > Fs

(5
where A is the magnetostrictive strain, F), is the preload of a
magnetostrictive rod, Fj is the saturation preload, X is the satu-
ration magnetostrictive strain, M is the magnetization intensity,
and F},,x is the maximum magnetostrictive force.
The output force F' of magnetostrictive rods can be calculated
by the following equation [33]:

F =\EcAc (6)

where E¢ and A are the elastic modulus and the cross-sectional
area of a magnetostrictive rod, respectively.
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Fig. 6.

Schematic of the MDOF dynamic model.

C. Multidegree-of-Freedom (MDOF) Mechanical
Dynamic Model

In the MDMA, all components form an MDOF dynamic
system in which magnetostrictive rods become force sources,
sleeves, magnetizers, and output rod responsible for the trans-
fer of force and displacement, as shown in Fig. 6. For each
magnetostrictive rod, in addition to overcoming its own mass,
stiffness, and damping, it should also overcome the mass, stiff-
ness, and damping of other components in the output direction.
The establishment of MDOF mechanical dynamic model is of
great significance for guiding the design and optimization of the
MDMA.

The dynamic equation of the system can be expressed as

MX+CX+KX=F (7)

the matrix M, C, K, X, and F can be expressed as follows:

(™t 0 0

M= 0 THme 0 ®)
i 0 0 5 M3
[e1 4+ 0 0

C= 0 co+4+ce 0 &)
L 0 0 c3 + C1p3
[ k1 + K 0 0

K= 0 ky + Kip2 0 (10)
. 0 0 k3+kus
EZ I3

X = x|, F= F2 (11)
_.1'3 F3

where m to ms, ¢ to cs, kj to k3, 1 to x3, and F) to F5 are the
mass, the damping, the stiffness, the output displacement, and
the output force of rod 1, rod 2, and rod 3 respectively; my,q to
M3, Cir1 1o cp3, and kjpq to kyp3 are the equivalent load mass,
the equivalent load damping, and the equivalent load stiffness
of rod 1, rod 2, and rod 3, respectively, which can be calculated
by the following equations:

mip = Z?:1 My + My + Mo + My + M3 + Mg

Mirg = Magz + M2 + Mapgy + M3 + Mg

mir3 = Ms

(12)

Sleeve Output rod

Magnetizer

e
56 mm

Magnetizer ~Sleeve  Stack PM MDMA

Fig. 7. Prototype of the MDMA. Magnetizers, iron rings, inner shell,
base, and output rod are made of DT4C; sleeves and pretightening end
cover are made of SUS304; outer shell is made of aluminum alloy 7075;
coil bobbin is made of polycarbonate; permanent magnet is made of
NbFeB.

Ct1 Ct2

—1
= (G + L+ v+ L)

CM3 Ct2 CM4

-1
1 1
Clr3 = (Z + a)

—1
— 4 1 0 R U RS BRI o 1
‘1 = (Zi:l eMi + + e + + c3 + Cs + th)

(13)
—1
_ 4 1 1 1 1 1 1 1
Firy = (Zizl i +E+E+E+E+Eﬂdh>
_ 1 1 1 1 1 1)
kiry = (m+m+km+a+z+a)
—1
ker = (kis + ﬁ)
(14)

where m ,,;, to my,,, My, My, and mg are the mass of magnetizer
1 to magnetizer 4, sleeve 1, sleeve 2, and output rod, respectively;
Cari O Cagyy Cyiy Ciay Cs, and ¢y, are the damping of magnetizer
1 to magnetizer 4, sleeve 1, magnetizer 2, sleeve 2, output rod,
and disc spring, respectively; k,;, t0 ky4, k15 kis ks, and kg, are
the stiffness of magnetizer 1 to magnetizer 4, sleeve 1, sleeve 2,
output rod, and disc spring, respectively.

Finally, the state-space model of the MDOF dynamic system
can be established as follows:

m - [_Molx _MllC] [ﬂ ’ {MOI}F ()

Y={[1 0] E :

V. EXPERIMENTAL STUDY OF THE MDMA
A. Prototype and Test Bench of the MDMA

As shown in Fig. 7, a prototype of the proposed MDMA was
fabricated for the characteristic investigation. The magnetostric-
tive material employed in the prototype is Terfenol-D. Each
magnetostrictive rod is composed of two 10 mm and one 20 mm
rods with a total length of 40 mm. The excitation coil consists
of four separate units, total number of turns is 720.

The test bench of the MDMA is shown in Fig. 8, in which
four power amplifiers (AETechron Inc, 7224) are employed
to drive discrete coils, the excitation current is measured by
a current sensor (Shenzhen Zhiyong Co., Ltd, CP800), the
output displacement of the MDMA is acquired by a capacitive
displacement sensor (Harbin Core Tomorrow Technology Co.,
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Fig. 8. Experimental platform for the MDMA. (a) Signal flow diagram.
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Fig. 9. Effect of preload.

Ltd, E09.Cap), a real-time simulator (Beijing Lingsi Chuangqi
Technology Co., LTD, Links-Box-03) is responsible for excita-
tion signal generation and data acquisition simultaneously.

Due to the inherent frequency doubling effect, the excitation
signal is a sinusoidal signal with a dc bias. The amplitude of the
dc bias is determined by the strength of the bias field provided by
the permanent magnets. According to the experimental results,
the bias field provided by the permanent magnet in MDMA is
the same as that generated by the coil under a excitation current
of 2 A. Therefore, the dc bias must ensure that the low level of
the excitation current is —2 A.

B. Open-Loop Performance of the MDMA

The output displacement of MDMA is mainly affected by
preload and excitation current. As shown in Fig. 9, there is an
optimal preload of 600 N for the MDMA. It can be seen from
Fig. 10 that the MDMA has a saturation output displacement
of 100 pum at the excitation current of 20 A. The frequency
response of the MDMA is shown in Fig. 11, which indicate that

Fig. 11.  Frequency response of MDMA.

TABLE Il
COMPARISON BETWEEN THE PROPOSED MDMA AND OTHER WORKS

Studies Type Bandwidth ~ Stroke ~ Volume — Weight
(Hz) (um)  (em?) ©
Schiller, 2006 [24]  PA 800 300 N/A N/A
Li, 2020 [25] PA 1029 26.78 106.7 N/A
Chen, 2021 [31] MA 500 65 273.2 1548
This work MA >1000* 100 163.1 787

* Experiment open-loop result, as shown in Fig. 11, while the closed-loop result is 367.5 Hz
under step size of 50 us, as shown in Fig. 14.

the first-order natural frequency of the MDMA is 1149 Hz and
the bandwidth of MDMA can exceed 1000 Hz.

The comparisons between the proposed MDMA and some
previous studies are listed in Table II. Compared with the PA
in [24] and [25], the proposed MDMA has a high bandwidth
exceeding 1000 Hz and a stroke up to submillimeter level
simultaneously. Compared with the actuator in our previous
work [31], the proposed MDMA increased the stroke by 54%
and bandwidth by 100% on the basis of 40% volume reduction
and 49% mass reduction.

C. Parameter Identification of the Dynamic Model

In the MDMA dynamic model, there are some parameters that
cannot be obtained by measurement or numerical calculation,
such as a, k, a, and ¢, in Jiles—Atherton model; damping param-
eters in mechanical dynamic model. They can only be identified
experimentally. Multi-island genetic algorithm was employed to
improve the accuracy of identification, and all parameters of the
mechanical dynamic model are shown in Table III, parameters
of the Jiles—Atherton model are shown in Table I'V.

thorized licensed use limited to: NANJING UNIVERSITY OF AERONAUTICS AND ASTRONAUTICS. Downloaded on September 26,2022 at 07:20:35 UTC from IEEE Xplore. Restrictions app



CHEN et al.: DEVELOPMENT AND CHARACTERISTIC INVESTIGATION OF A MULTIDIMENSIONAL DISCRETE MAGNETOSTRICTIVE ACTUATOR 2077
TABLE IlI C T T T T . 20
PARAMETERS OF DYNAMIC MODEL €50 | R e ference == Experiment=——Error]
240 _
Symbol — Unit Value  Symbol  Unit Value = =
1 £30 =4
mi g 50.9 kas N-um 2077 g =
k1 N.um~—! 103 Cuns N-ssm~! 3817 5] =
c1 N-sm~ ! 5170 myo g 53 2 20 5
mui1 g 1.1 kio N.um~! 687 é ‘
K Neum~! 3161 ¢ Nsm~1 1414 A 107
CM1 N-s-m_l 1295 mnia g 0.62
me1 g 8.9 Ema Nsm~! 506 0 : : : : : -
ket Nam=! 117 ca Nesm-! 3817 0 005 01 0I5 02 025 03
co1 N-ssm~! 1414  mg3 g 18.6 Times ¢ (s)
Mz g 2.1 k3 Num—! 377 (a)
ko Num~—! 939 c3 N-sm~! 1257 30 : . : . . 15
CM2 N-ssm~ ! 3693 ms g 7.1 g |-Reference—Experiment—Error
ma g 334 ks N.um~! 642 525} N 110
ko Neum~—1 67 cs N-sm~! 8581 b g 9
s Nsm~! 776 kan Num—! 031 Z 20 5 §
e g 072 can Nsm~! 816 E 15 0 =
S 10 5 g
TABLE IV = 2
PARAMETERS OF JILES—ATHERTON MODEL é 5 -10
0 1 1 1 1 1 _ 5
Symbol  Unit Rodl Rod2 Rod3 0 0.005 0.01 0.015 0.02 0.025 0.03
M, KAm-! 600 600 600 T‘mebs t(s)
a Am~l 1484 8708 7012 (b)
« —_— 605.(5)014 606%234 601%1
& —_ . . . .
T Am—1 3475 4683 4983 Fig. 13.  Closed-loop test result of the MDMA. (a) 10 Hz. (b) 100 Hz.
@ 0
60 50 % =
—_ —Experiment — —Experiment = -5 Sim: 353.3 (Hz)
550 - - Simulation §40 - - Simulation E Exp: 367.5 (Hz)
= = Z 10+ . . Y: -3.0 (dB)
230 2 =
5 820 e
§20 E 2 500
a o =
290 210 o -100 [ Sim: 415.0 (Hz)
a A 2 150t Exp: 448.5 (Hz)
= | Y: 90 (deg)
% 0 2 4 6 s % 0 2 4 6 & 2200 : : g 3
Input Current 7 (A) Input Current 7 (A) 10 Freque}lgy. 7(Hz) 10
(a) (b)
,\50 — Experiment ASO Fig. 14.  Closed-loop frequency response of the MDMA under step size
\%4() -- Simulation \5540 of 50 us.
= =
=30 =30 —Experiment
E g == Simulation . . . . . ...
520 520 g simulator. The criteria of parameter tuning is to minimize the
—;10 T:ﬂo root mean square (RMS) error and reduce oscillation in tracking
A o | . target displacement. Under a sampling period of 50 us, the
2 0 2 4 6 2 0 2 4 6 parameters are set as k, = 0.2, k; = 0.03, and k4 = 0.007,
Input C‘(m)en” @) Input C‘(‘:)e“” @) respectively, to get the best control accuracy. As shown in
C . . . .
Fig. 13, MDMA can effectively track reference with different
Fig. 12. Hysteresis diagram of the MDMA. (a) 10 A, 10 Hz. (b) 8 A, amplitudes under 10 Hz, and the RMS error is less than 2%.

10 Hz. (c) 8 A, 100 Hz. (d) 8 A, 400 Hz.

The output hysteresis diagram of MDMA at different working
conditions is shown in Fig. 12. It can be seen that the hysteresis
increases gradually as the frequency increases, the proposed
dynamic model can accurately describe this property and the
error is less than 5%.

D. Closed-Loop Test of the MDMA

To test the closed-loop performance of MDMA, an incre-
mental PID controller is employed and parameters of which are
tuned through experiments with the employment of the real-time

However, the RMS error under 100 Hz reaches 11.53% and
there is a time delay, which is mainly caused by the hysteresis of
the actuator and displacement sensor. The closed-loop frequency
response of the MDMA was measured though experiment and
simulation, respectively, under a step size of 50 us, in the
simulation, the proposed dynamic model is employed. As shown
in Fig. 14, the simulation results and experiment results have a
high consistency in low frequency, and the closed-loop band-
width of MDMA is < 400 Hz. This mainly because the step
size of 50 ps is not small enough for the closed-loop tracking
under high frequency. In addition, a special controller should be
designed further to ensure actuator closed-loop performance at
high frequency.
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VI. CONCLUSION APPENDIX B

In this article, in order to meet the requirements of aero-engine
ACC for high-bandwidth, large-displacement, and high-power
density actuators, an MDMA was developed. A MEC model
and a dynamic model was developed to describe the magnetic
field distribution and dynamic characteristics; a prototype was
designed and fabricated and a series of experiments were carried
out for the characteristic investigation of MDMA. The specific
conclusions are as follows.

1) The established MEC model can describe the uneven
distribution of magnetic fields within MDMA accurately,
with an error less than 0.7%.

2) The proposed dynamic model can accurately describe the
dynamic hysteresis nonlinearity of the MDMA, with an
RMS error less than 5%.

3) The proposed MDMA have a stroke of 100 pm, and
a bandwidth exceeding 1000 Hz, under a size of
56 mmx71.5 mm.

4) MDMA can track sinusoidal references under 10 Hz of
different amplitudes with an RMS error less than 2% with
a feedback PID.

APPENDIX A
The MEC model of the MDMA can be described as follows:

&7+ P10 — ¢4 =0, ¢1 + @5 + ¢ — P10 =0

2+ p3+ P9 — s — 6 =0, ¢3 — g — g =0

ot o1s—¢1=0, ¢13—d3 —P1p =0
G2+ G1a— 2 — 11 =0

¢4(Rshell + Rm + Rpm) + ¢7RL — NI — Fpm =0
P10 Rbase + ¢1Rroar + d15(Rs12 + Rags) — o7 R =0
51 + g2 Riod2 — @1 Rrodr — ¢11123 =0

O3 Rroas + P9 o — 2 Rroaz2 — ¢12824 =0

d11R3 + d1a(Re2z + Raca) — d15(Rsi2 + Rags) =0
P12Rs + P13Ror — P1a(Rs22 + Raga) =0

¢3(Rs21 + Raga) — poRy, =0

¢6(Rs11 + Rag1) — ¢sRi =0

(16)

The matrix ¢, A, and B in (1) is as follows: (17) shown at the
top of this page.
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