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A B S T R A C T

Active combustion control has shown a bright prospect for suppressing aero-engine combustion oscillations
but also puts forward higher requirements for the actuator on the high bandwidth, large stroke, and high
weight-power ratio. A multidimensional discrete magnetostrictive actuator proposed in our previous work can
meet these requirements simultaneously. However, the temperature of the working environment around the
aero-engine is high, so it is essential to further investigate the temperature-dependent characteristics of the
actuator. In this paper, a multi-physics coupled temperature-dependent analytical model is developed, and
the influence mechanism of temperature on the actuator is analyzed from the perspective of physics with a
wide field of view from the material level to the actuator system level. Experiments based on a fabricated
prototype were conducted and the results indicate that both the stroke, hysteresis, and closed-loop tracking
performance of the actuator decrease with the increase in temperature, but the temperature has little effect
on the frequency response; the proposed analytical model can accurately describe the temperature-dependent
output characteristics of the multidimensional discrete magnetostrictive actuator, the root mean square error
of which is less than 3% within 200 Hz.
1. Introduction

To improve combustion efficiency and reduce the pollutant emis-
sions of aero-engines, lean combustion technology [1,2] has been
widely used in civil aviation [3]. However, it also brings combustion
instability embodied in pressure oscillations of the combustion cham-
ber [4–6], which will seriously endanger the safety of the aircraft [7,8].
To suppress these combustion oscillations, based on the characteristics
of high efficiency and wide adaptability, active combustion control
(ACC) has become a hot research topic [9,10].

In a traditional ACC system, there are three main subsystems [11–
13], i.e., the sensor system that is responsible for pressure fluctuation
measurement and needs to be directly exposed to the thousandth-
degree Celsius heat of the combustion chamber, the control system,
which is in charge of oscillating signal processing and needs to deal
with changeable working conditions, and the actuator system which is
responsible for real-time adjustment of fuel flow. At present, sensors for
pressure and optical measurement with high operating temperatures
are commercially available [14], and active control algorithms with
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strong robustness have also been developed [15–17]. However, the
ACC system requires the actuator to have high bandwidth, large stroke,
and high energy density at the same time [18,19]. Neither the elec-
tromagnetic actuator [20], the traditional smart material actuator [18,
21], nor the smart material actuator with displacement amplifica-
tion mechanism [22,23], none of them can meet these requirements
simultaneously.

To address these issues and further promote the application of ACC
in aero-engines, a novel multidimensional discrete magnetostrictive
actuator (MDMA) was proposed in our previous work [24]. By adopting
the multidimensional discrete configuration, a stroke of 100 μm and
a working bandwidth exceeding 1000 Hz are achieved simultaneously
at a volume of 163.1 cm3 and a weight of 787 g, which meets the
requirements of the ACC system for actuators. However, although
actuators do not need to face the heat of the combustion chamber
directly like sensors, combined with the working environment around
the aero-engine, the operating temperature of actuators is still high.
But the output characteristics of MDMA in a high-temperature environ-
ment have not yet been investigated. Therefore, to further realize the
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application of ACC in aero-engines, it is of great significance to analyze
the mechanism of temperature influence on the output performance of
MDMA.

Many studies indicate that temperature has a great influence on the
properties of magnetostrictive materials. Jin et al. [25] proposed a non-
linear magneto-thermo-elastic coupled hysteretic constitutive model,
and Zhan et al. [26] presented a three-dimensional multi-field coupled
constitutive model, both are aimed at the prediction of temperature
influence on magnetization and nonlinear magnetostrictive strain of
the magnetostrictive material Terfenol-D. Through the introduction of
temperature-dependent hysteresis parameters, a physical model based
on the Jiles–Atherton theory was developed by Raghunathan et al. [27]
to study the effects of temperature on the magnetic hysteresis of
ferromagnetic materials. To analyze the influence of temperature on the
permeability and elastic modulus of magnetostrictive materials, Zhou
et al. [28] proposed a magneto-thermo-mechanical coupled constitu-
tive model. To investigate the effects of temperature on the magnetic
properties and loss characteristics of magnetostrictive materials, Huang
et al. [29] experimentally tested the magnetic characteristics of three
different magnetostrictive materials from 10 ◦C to 80 ◦C.

Temperature also influences the electrical resistivity, permeability,
nd elastic modulus of other components. A series of temperature-
ependence experiments on the electrical resistivity of metal materials
nd magnetostrictive materials were carried out by Poker et al. [30]
nd Cook et al. [31], and the results indicated that the electrical
esistivity is linearly positively correlated with the temperature. Ho-
oplastically, the elastic modulus of metal materials such as stainless

teel [32] and pure iron [33] will decrease with the increase in tem-
erature, showing a linear negative relationship within 200 ◦C. On the
ontrary, there is a nonlinearity between temperature and the relative
ermeability of metal materials, but the correlation is weak within
00 ◦C [34,35] which can be ignored.

However, research on the system level temperature dependent char-
cteristics of magnetostrictive actuators has been carried out
arginally. Because there is a great obstacle to establishing an ana-

ytical model for the temperature dependence of the actuator system
ased on physics. Cai et al. [36] established an equivalent circuit
odel to describe the effect of temperature on the resonance frequency

f a magnetostrictive ultrasonic transducer. To describe the system
evel input–output temperature dependence relationships of magne-
ostrictive devices, Huang et al. [37] proposed an electromagnetic-
echanical-thermal fully coupled nonlinear model with the combina-

ion of a finite element model. To avoid the difficulties in analytical
odeling methods, which are based on physical mechanism, an online
odel identification approach is proposed by Yi et al. [38] to describe

he temperature dependence of magnetostrictive actuators.
A more difficult factor is that, different from traditional magne-

ostrictive actuators, the MDMA has a complex structure as well as a
omplex electro-magneto-elastic-mechanical energy conversion process
ecause of its multidimensional discrete configuration. In our previous
ork [24], a theoretical model has been established to describe the
utput characteristics of the MDMA, which includes a magnetic equiv-
lent circuit (MEC) model, a nonlinear dynamic magnetization model,
magnetostrictive force model and a multi-body mechanical dynamic
odel. However, it is not yet capable of describing the temperature
ependence of the MDMA.

In this paper, based on the theoretical model established in our
revious work [24], a multi-physics coupled temperature dependent
MCTD) analytical model is proposed to investigate the mechanism of
emperature influence on the output characteristics of the MDMA. In
hich, the magneto-thermo-elastic dependence of magnetic resistance

s considered in the magnetic equivalent circuit (MEC) model, the
emperature dependent resistivity and temperature dependent magne-
ization process of magnetostrictive materials are considered in the
onlinear dynamic magnetization model, and the magneto-thermo-
lastic dependent elasticity modulus is considered in the magnetostric-
2

ive force model and multi-body mechanical dynamic model. Then a
prototype of the MDMA was fabricated and a series of experiments
were carried out to investigate the influence of temperature on its open-
loop and closed-loop performance. The results indicate that, both the
output displacement and hysteresis of the MDMA decrease gradually
with the increase in temperature, the degree of which are about 12%
and 27% at 70 ◦C respectively; but the temperature has a little effect on
the frequency response of MDMA; the temperature has a certain effect
on the closed-loop displacement tracking performance of the MDMA,
the tracking error will increase under high working temperature; the
proposed MCTD model can describe the temperature dependent output
characteristics of the MDMA accurately, the root mean square error of
which is less than 3% within 200 Hz and about 7% at 400 Hz.

The remainder of this paper is structured as follows: The structure
and temperature influence mechanism analysis of the MDMA is shown
in Section 2. In Section 3, the MCTD analytical model was established
with the consideration of the magneto-thermo-elastic coupling between
the constitutive relation of magnetostrictive materials and the struc-
tural dynamics in the MDMA. The temperature-dependent experiments
on a fabricated prototype of the MDMA and the accuracy verification
for the proposed MCTD analytical model are carried out in Section 4. In
Section 5, a series of analyses based on the proposed MCTD analytical
model are carried out. Section 6 gives the conclusions.

2. Structure and temperature influence mechanism of the MDMA

2.1. Structure and working principle

As shown in Fig. 1, the MDMA can be divided into three parts,
i.e., the magnetostrictive stack, the electromagnetic excitation section,
and the preload application mechanism. To achieve both high band-
width and large stroke in a confined volume, the multidimensional
discrete configuration [24] is employed by MDMA. The magnetostric-
tive stack consists of three magnetostrictive rods that are nested in
the radial direction through the employment of two sleeves and four
magnetizers, and each magnetostrictive rod consists of four short rods
axially. The axial dispersion maintains high bandwidth, and the radial
dispersion realizes displacement amplification. In the electromagnetic
excitation section that contains coils and permanent magnets, the exci-
tation coil is separated into four parts with uniform axial distribution to
improve bandwidth, the permanent magnets are employed to provide
bias magnetic field and eliminate the frequency doubling effect [39].
The innermost layer of each excitation coil unit has an induction coil,
which is responsible for sensing the magnetic flux density. For the
preload application mechanism, which consists of discrete disk springs
in series, the preload can be adjusted by rotating the end cover.

In the working process of the MDMA, the current passes through the
excitation coil to generate a control magnetic field, which magnetizes
the magnetostrictive stack together with the permanent magnets’ bias
magnetic field. After being magnetized, all the magnetostrictive rods
deform simultaneously to produce magnetostrictive strain then the
magnetostrictive force and output their displacement along the axial
direction. The sleeve transmits the displacement of the outer tubular
magnetostrictive 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.

2.2. Temperature influence mechanism

The influence of temperature on the actuator’s output characteristics
is a macroscopic reflection of the temperature dependence of material
parameters. Therefore, the temperature influence mechanism of MDMA
can be summarized in Fig. 2, which includes the following three levels.

The first is the material level. According to the structure and work-
ing process of MDMA, the temperature dependence of the magnetic
permeability, electrical resistivity, saturated magnetization, and elastic

modulus of magnetostrictive rods is the most important factor that has
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Fig. 1. The structure of the MDMA.

Fig. 2. The mechanism of temperature effect on MDMA.

crucial influence on the performance of MDMA. The temperature
lso influences the remanent magnetism of permanent magnets, the
agnetic permeability of magnetic circuit components, and the elastic
odulus of sleeves. Thermal expansion of each component is also a side

ffect of temperature.
The second is the actuator system level. The temperature depen-

ent variation of material parameters will lead to changes in the
tructural parameters of each component, and further affect the electro-
agneto-mechanical energy conversion process of the MDMA. For

he electro-magnetic conversion processes, the temperature-dependent
ariation of the remanent magnetism of permanent magnets will result
n a change of the bias magnetic field. According to the magnetic
ircuit theory and eddy current effects, the effective magnetic field
ntensity will fluctuate due to temperature-dependent changes in the
ermeability that affect the reluctance and the resistivity that affect
he resistance. For the magneto-mechanical conversion process, the
ariation of the saturated magnetization and the elastic modulus will
hange the stiffness of magnetostrictive rods and sleeves, which has a
reat impact on the performance of MDMA.

The third is that the effect of temperature on the MDMA is not unidi-
ectional but multi-physics coupled. Magneto-thermal-elastic-
echanical coupling exists at both the magnetostrictive material level

nd the actuator system level.

. Temperature-dependent analytical modeling of the MDMA

Considering the magneto-thermo-elastic dependence of the mag-
etic permeability, the resistivity, the magnetization, and the elastic
3

t

Fig. 3. The proposed temperature-dependent magnetic equivalent circuit model.

Table 1
The parameters of the MEC model.

Symbol Value (𝐻−1) Symbol Value (𝐻−1)

𝑅shell 5.34 × 103 𝑅1 1.81 × 107

𝑅base 5.23 × 103 𝑅2 2.34 × 107

𝑅or 1.50 × 103 𝑅3 4.11 × 106

𝑅s11 865.4 𝑅4 3.20 × 106

𝑅s12 484.6 𝑅AG1 2.25 × 106

𝑅s21 2.65 × 103 𝑅AG2 6.25 × 106

𝑅s22 737.5 𝑅AG3 2.37 × 107

𝑅m 1.39 × 103 𝑅AG4 7.40 × 108

𝑅L 9.13 × 108 𝑅pm 1.88 × 106

modulus of each component, a multi-physics coupled temperature de-
pendence (MCTD) analytical model is established in this section based
on the theoretical model proposed in our previous work [24].

3.1. Temperature-dependent magnetic equivalent circuit model

To describe the uneven magnetic field distribution of the MDMA,
a magnetic equivalent circuit model was proposed in our previous
work [24,40]. On the base of which, with the consideration of coupled
thermal effects on the magnetic circuit components and permanent
magnets, a temperature-dependent magnetic equivalent circuit (TD-
MEC) model was established as shown in Fig. 3, where 𝐹 𝑇

pm is the
temperature dependent bias magnetomotive force of the permanent
magnets; 𝑅𝑀,𝑇 ,𝜎

rod1 , 𝑅𝑀,𝑇 ,𝜎
rod2 and 𝑅𝑀,𝑇 ,𝜎

rod3 represents the magneto-thermo-
elastic dependent magnetic reluctance of rod 1, rod 2 and rod 3 re-
spectively. For the key magnetic circuit components made of pure iron,
such as the inner shell, the base, the output rod, and the magnetiz-
ers, their parameters have been obtained in our previous work, as
shown in Table 1. Because the temperature dependence of the relative
permeability of pure iron is weak [34,35,41] within 400 ◦C, their
temperature dependence is ignored. For other components made of
non-magnetic materials, air, and permanent magnets with excellent
temperature stability, their relative permeability hardly changes with
temperature.

According to Kirchhoff’s law, the TDMEC model can be described
by (23) in Appendix A, in which 𝜙1, 𝜙2 and 𝜙3 are the magnetic flux of
ach magnetostrictive rod that needs to be solved. For the temperature-
ependent bias magnetomotive force 𝐹 𝑇

pm, which can be calculated
s [42]:
𝑇
pm = 𝐹pm(1 + 𝛼pm1(𝑇 − 𝑇0) + 𝛼pm2(𝑇 − 𝑇0)2) (1)

here 𝐹pm is the original bias magnetomotive force; 𝑇 is the operating
emperature; 𝑇0 represents the original temperature, in this paper is
0 ◦C; 𝛼pm1 and 𝛼pm2 are the temperature coefficients. For the magneto-
hermo-elastic dependent magnetic resistance of each magnetostrictive
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rod, which can be calculated numerically through:

𝑅𝑀,𝑇 ,𝜎
rod =

𝑙𝑇G
𝜇𝑀,𝑇 ,𝜎
G 𝐴𝑇

G

(2)

where 𝑙𝑇G and 𝐴𝑇
G are the temperature-dependent length and cross-

sectional area of the magnetostrictive rod according to the thermal
expansion effect, respectively; 𝜇𝑀,𝑇 ,𝜎

G is the magneto-thermo-elastic de-
pendent magnetic permeability of magnetostrictive rods which can be
obtained as [28]:

𝜇𝑀,𝑇 ,𝜎
G =𝜇0

[

1+
( 𝜋

2𝑘𝑀𝑇
𝑠

sec2( 𝜋𝑀
2𝑀𝑇

s
)

−
2(𝜆s𝜎 − 𝛬0(𝜎))

𝜇0(𝑀𝑇
s )2

−
2𝛽𝛥𝑇𝜎
𝜇0(𝑀𝑇

s )2
)

−1
] (3)

where 𝜇0 is the vacuum permeability; 𝑀 is the magnetization inten-
sity; 𝜆s is the saturation magnetostrictive strain; 𝜎 is the stress of
magnetostrictive material; 𝛽 is the linear variation coefficient; 𝛥𝑇 rep-
resents the temperature increment; 𝑀𝑇

s is the temperature-dependent
saturation magnetization, which can be expressed as follow [27,28]:

𝑀𝑇
s = 𝑀s

(

1 − 𝛥𝑇
𝑇c − 𝑇r

)𝑥
(4)

where 𝑇c is the Curie temperature; 𝑇r is the room temperature, i.e.,
20 ◦C; 𝑀s is the saturation magnetization of the room temperature; 𝑥
is the amplification coefficient that reflects the slope of the change in
saturation magnetization with temperature. 𝑘 is the relaxation factor
which can be calculated as [28]:

𝑘 = 𝜋
2

𝜒m

𝑀𝑇
s

(5)

where 𝜒m is the initial magnetic susceptibility of the magnetization
curve at 𝑇 = 𝑇r for a free state.

𝛬0(𝜎) is the original function of the elastic strain 𝜆0(𝜎) that is related
to magnetic domain rotation which can be expressed as follow [28]:

𝛬0(𝜎) =
𝜆s𝜎
4

+
3𝜆s𝜎λ
4

ln
[

2
√

2
3

cosh
(𝜎 − 𝜎0)

𝜎λ

]

(6)

where 𝜎λ is the magnetic domain rotation saturation stress; the constant
𝜎0 = 𝜎λarctanh(1∕3).

3.2. Temperature-dependent nonlinear dynamic magnetization model

The excitation coil generates a magnetic field under which the mag-
netostrictive material will be magnetized. Temperature has a significant
effect on both processes.

With the consideration of temperature-dependent magnetic perme-
ability and resistivity as shown in Fig. 4, considering the eddy current
effect, the magnetic field intensity of the magnetostrictive rod can be
calculated as [24]:

⎧

⎪

⎨

⎪

⎩

𝐻 = 𝐻𝑐 −𝐻 ′ = 𝜙
𝑘f𝜇

𝑀,𝑇 ,𝜎
G 𝐴𝑇

G
− ∫

𝑟𝑇1
𝑟𝑇2

𝑟d𝑟
𝜇𝑀,𝑇 ,𝜎
G
2𝑘J𝜌𝑇G

d𝐻c
d𝑡

𝐻(𝑠) = 𝜙
𝑘f𝜇

𝑀,𝑇 ,𝜎
G 𝐴𝑇

G(1+𝜇
𝑀,𝑇 ,𝜎
G ((𝑟𝑇1 )

2−(𝑟𝑇2 )
2)𝑠∕4𝑘J𝜌𝑇G)

(7)

where 𝐻c is the magnetic field intensity; 𝐻 ′ is the magnetic intensity
generated by the eddy current; 𝜙 is the magnetic flux which can be
calculated by Eq. (23); 𝜇𝑀,𝑇 ,𝜎

G is the magneto-thermo-elastic dependent
magnetic permeability of the magnetostrictive rod; 𝑟𝑇1 and 𝑟𝑇2 is the
temperature-dependent outer and inner radius of a magnetostrictive
rod respectively; 𝑘f and 𝑘J are the magnetic flux leakage compensation
factor and the eddy current effect compensation factor, respectively;
𝜌𝑇G is the temperature-dependent resistivity of the magnetostrictive rods
can be calculated as [31]:

𝜌𝑇G = 𝜌G + 2.5 × 10−9(𝑇 − 𝑇0). (8)

Magnetostrictive materials will be magnetized under the excitation
of an external magnetic field. The Jiles–Atherton model is the most
4

Fig. 4. The eddy current at radius 𝑟.

widely used magnetization model that can describe the temperature-
dependent magnetization process of a magnetostrictive rod as fol-
lows [27,43]:

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝐻e = 𝐻 + 𝛼𝑇𝑀
𝑀ir = 𝑀an − 𝑘𝑇 𝛿( d𝑀ir

d𝐻e
)

𝑀 = 𝑀r +𝑀ir

𝑀an = 𝑀𝑇
s [coth(

𝐻e
𝑎𝑇 ) − 𝑎𝑇

𝐻e
]

𝑀r = 𝑐𝑇 (𝑀an −𝑀ir )

(9)

where 𝑀 is the magnetization intensity; 𝑀𝑇
s is the temperature de-

pendent saturation magnetization; 𝐻e is the effective magnetic field;
𝑀r is the reversible value of magnetization; 𝑀ir is the temperature
dependent magnetization’s irreversible value; 𝑀an is a hysteretic value
of magnetization; 𝛿 is the directional coefficient; 𝛼𝑇 is the temperature
dependent magnetic domain interaction coefficient that depicts the
relation between the prestress and magnetic domain; 𝑘𝑇 is the tem-
perature dependent pinning coefficient (the characteristic coefficient
of hysteresis); 𝑎𝑇 is the temperature dependent shape coefficient of
the magnetization curve without hysteresis and 𝑐𝑇 is the temperature
dependent reversible coefficient. The temperature dependence of the
above parameters can be expressed as follows [27]:

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝛼𝑇 = 𝛼0𝑒
− 2

𝛽1
𝑇
𝑇c
(

1 − 𝑇
𝑇c

)−𝛽1

𝑘𝑇 = 𝑘0𝑒
− 1

𝛽2
𝑇
𝑇c

𝑎𝑇 = 𝑎0𝑒
− 1

𝛽3
𝑇
𝑇c

𝑐𝑇 = 𝑐0𝑒
− 2

𝛽1
𝑇
𝑇c
(

1 − 𝑇
𝑇c

)−𝛽1

(10)

where 𝛼0 is the original magnetic domain interaction coefficient; 𝑘0 is
the original pinning coefficient; 𝑎0 is the original shape coefficient; 𝑐0 is
the original reversible coefficient; 𝛽1 is the material-dependent critical
exponent; 𝛽2 is the critical exponent for pinning constant and 𝛽3 is the
critical exponent for domain density.

3.3. Temperature-dependent magnetostrictive force model

The magnetic domain of the magnetostrictive rod will deflect after
being magnetized, resulting in magnetostrictive strain and then magne-
tostrictive force. Based on the magnetostrictive force model in [24], the
temperature-dependent saturation magnetization and magneto-thermo-
elastic elastic modulus are introduced to describe the influence of
temperature on the process. The magnetostrictive strain of each rod
can be calculated as follows [39,44]:

𝜆 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

(1 + 1
2
tanh

2𝜎p
𝜎s

)𝜆s
𝑀2

(𝑀𝑇
s )2

, 𝜎p ≤ 𝜎s

(1 −
𝜎p − 𝜎s
𝜎max

)(1 + 1
2
tanh

2𝜎p
𝜎s

)𝜆s
𝑀2

(𝑀𝑇
s )2

, 𝜎p > 𝜎s

(11)

where 𝜆 is the magnetostrictive strain; 𝜆s is the saturation magne-
tostrictive strain; 𝜎 is the prestress; 𝑀𝑇 is the temperature dependent
p s
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⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

saturation magnetization; 𝜎s and 𝜎max are the saturation and maxi-
um magnetostrictive stress respectively, for each magnetostrictive rod
hich can be calculated as follows [39]:

𝜎s =
1
2𝜆s𝐸

𝑀,𝑇 ,𝜎
G

𝜎max =
3
2𝜆s𝐸

𝑀,𝑇 ,𝜎
G

(12)

where 𝐸𝑀,𝑇 ,𝜎
G is the magneto-thermo-elastic dependent elastic modulus

of each magnetostrictive rod which can be expressed as [28]:

𝐸𝑀,𝑇 ,𝜎
G =

[

1
𝐸G

+
3𝜆s
4𝜎λ

sech2
(𝜎 − 𝜎0

𝜎λ

)(

1 − 𝑀2

(𝑀𝑇
s )2

)

+

[

3𝜆s
2

(

1 − tanh
( 𝜎−𝜎0

𝜎λ

)

)

+ 2𝛽𝛥𝑇
]2 𝑀2

(𝑀𝑇
s )2

[ 𝜇0𝜋𝑀
𝑇
s

2𝑘 sec2( 𝜋𝑀
2𝑀𝑇

s
) − 2(𝜆s𝜎 − 𝛬0(𝜎)) − 2𝛽𝛥𝑇𝜎]

]

−1.
(13)

With the consideration of the coupled magneto-thermo-elastic de-
endence of elastic modulus of magnetostrictive materials [45], the
agnetostrictive force 𝐹 of each magnetostrictive rod can be calculated

s follow [46]:

= 𝜆𝐸𝑀,𝑇 ,𝜎
G 𝐴𝑇

G. (14)

.4. Temperature-dependent multi-body mechanical dynamic model

The magnetostrictive stack of MDMA consists of magnetostric-
ive rods sleeves and magnetizers. A multi-degree-of-freedom dynamic
odel has been proposed in [40] to describe their mechanical dynamic

haracteristics. Temperature affects both the stiffness and damping of
he dynamic system. But the temperature dependence of sleeve material
nd magnetostrictive rod material on damping is weak. The experi-
ents on the frequency characteristics also show that temperature has

ittle effect on the frequency and amplitude of the first-order resonant
oint of MDMA, which is determined by the damping. So, the influence
f temperature on damping is ignored. With the consideration of the
emperature-dependent elastic modulus, i.e., stiffness, a temperature-
ependent multi-body dynamic model is established furtherly as shown
n Fig. 5. The magnetostrictive rods are force sources. Sleeves, mag-
etizers, and the output rod are transmitters to transfer force and
isplacement. The dynamic equation can be expressed as follow:

𝑿̈ + 𝑪𝑿̇ +𝑲𝑀,𝑇 ,𝜎𝑿 = 𝑭 (15)

here 𝑴 , 𝑪, X and F are the mass matrix, the damping matrix, the
isplacement matrix and input force matrix respectively, which can be
xpressed as (24), (25) and (26) in Appendix B; 𝑲𝑀,𝑇 ,𝜎 is the magneto-
hermo-elastic dependent stiffness matrix, which can be expressed as:

𝑀,𝑇 ,𝜎 =
⎡

⎢

⎢

⎣

𝑘𝑀,𝑇 ,𝜎
1 + 𝑘𝑀,𝑇 ,𝜎

lr1 0 0
0 𝑘𝑀,𝑇 ,𝜎

2 + 𝑘𝑀,𝑇 ,𝜎
lr2 0

0 0 𝑘𝑀,𝑇 ,𝜎
3 + 𝑘lr3

⎤

⎥

⎥

⎦

(16)

where 𝑘𝑀,𝑇 ,𝜎
1 , 𝑘𝑀,𝑇 ,𝜎

2 and 𝑘𝑀,𝑇 ,𝜎
3 are the magneto-thermo-elastic depen-

dent stiffness of rod 1, rod 2 and rod 3 respectively, which can be
calculated as:

𝑘𝑀,𝑇 ,𝜎 =
𝐸𝑀,𝑇 ,𝜎
G 𝐴𝑇

G

𝑙𝑇G
. (17)

𝑀,𝑇 ,𝜎
lr1 and 𝑘𝑀,𝑇 ,𝜎

lr2 are the magneto-thermo-elastic dependent equivalent
oad stiffness of rod 1 and rod 2 respectively; 𝑘lr3 is the equivalent load
tiffness of rod 3. Which can be calculated as:

𝑘𝑀,𝑇 ,𝜎
lr1 = ( 1

𝑘M1
+ 1

𝑘𝑇t1
+ 1

𝑘M2
+ 1

𝑘𝑀,𝑇 ,𝜎
2

+ 1
𝑘M3

+ 1
𝑘𝑇t2

+ 1
𝑘M4

+ 1
𝑘𝑀,𝑇 ,𝜎
3

+ 1
𝑘s

+ 1
𝑘dh

)−1

𝑘𝑀,𝑇 ,𝜎
lr2 = ( 1

𝑘M3
+ 1

𝑘𝑇t2
+ 1

𝑘M4
+ 1

𝑘𝑀,𝑇 ,𝜎
3

+ 1
𝑘s

+ 1
𝑘dh

)−1

𝑘 = ( 1 + 1 )−1

(18)
5

lr3 𝑘s 𝑘dh
Fig. 5. Schematic of the temperature-dependent multi-body mechanical dynamic
model.

Fig. 6. The key dimensions of the sleeve.

where 𝑘M1, 𝑘M2, 𝑘M3, 𝑘M4, 𝑘s and 𝑘dh are the stiffness of magnetizer 1,
magnetizer 2, magnetizer 3, magnetizer 4, output rod and disk spring
respectively; 𝑘𝑇t1 and 𝑘𝑇t2 are the temperature dependent stiffness of
sleeve 1 and sleeve 2 respectively, which can be expressed as:

𝑘𝑇t = (
𝑙𝑇1

𝐸𝑇
t 𝐴

𝑇
1

+
𝑙𝑇2

𝐸𝑇
t 𝐴

𝑇
2

+
𝑙𝑇3

𝐸𝑇
t 𝐴

𝑇
3

)−1 (19)

where 𝐸𝑇
t is the temperature-dependent elasticity modulus of sleeves,

according to the function of temperature dependent elasticity modulus
of stainless steels [32] which can be expressed as 𝐸𝑇

t = 𝐸t − 0.10667𝑇
and the unit of 𝐸t and 𝑇 are GPa and ◦C respectively; 𝑙𝑇1 to 𝑙𝑇3 and
𝐴𝑇
1 to 𝐴𝑇

3 are the temperature-dependent length and the cross-sectional
area of the sleeve according to the thermal expansion effect as shown
in Fig. 6. Finally, the state space model of the dynamic system can be
established as follows [40]:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

[

𝑿̇
𝑿̈

]

=
[

𝟎 𝟏
−𝑴−1𝑲𝑀,𝑇 ,𝜎−𝑴−1𝑪

] [

𝑿
𝑿̇

]

+
[

𝟎
𝑴−1

]

𝑭

𝒀 =
[

𝟏 𝟎
]

[

𝑿
𝑿̇

]

.
(20)

3.5. Thermal expansion model

Under high temperatures, each component of the MDMA will gener-
ate thermal expansion that is linear with temperature increments. But
some of whose expansion has a positive effect on the compensation
of thermal displacement. As shown in Fig. 7, because the upper end
of the sleeve is fixed with the magnetostrictive rod and the lower end
is free, the output direction of its thermal displacement is opposite to
that of the magnetostrictive stack, which can offset the error caused
by the thermal expansion of other components. Therefore, the thermal
expansion displacement of the MDMA can be expressed as:

𝑥T = (𝛼G𝑙G + 𝛼M𝑙M + 𝛼s𝑙s − 𝛼t 𝑙t )𝛥𝑇 (21)

where 𝛼G, 𝛼M, 𝛼s and 𝛼t are the thermal expansion coefficient of the
magnetostrictive rod, magnetizer, output rod, and sleeve respectively;
𝑙G, 𝑙M, 𝑙s and 𝑙t are the length of the magnetostrictive rod, magnetizer,

output rod and sleeve at room temperature, respectively.
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Fig. 7. Thermal expansion of the magnetostrictive stack.

Fig. 8. Prototype of the MDMA.

4. Experimental evaluation

In this section, a prototype of the MDMA was manufactured and a
temperature dependence test bench was established, based on which
a series of experiments were carried out to evaluate the temperature-
dependent performance of the MDMA and verify the accuracy of the
MCTD model.

4.1. Prototype of the MDMA

As shown in Fig. 8, a prototype for the MDMA was fabricated with
the employment of the magnetostrictive material Terfenol-D, and both
magnetostrictive rod 1, rod 2 and rod 3 consist of four short Terfenol-
D rods. The radial dimensions of each Terfenol-D rod are shown in
Table 2. To meet the requirements of the MDMA at high temperatures,
samarium cobalt was chosen as the permanent magnet material, whose
Curie temperature can reach 700 ◦C. The excitation coil is developed
with the combination of four independent units, the wire diameter
of which is 0.6 mm, and the total number of turns is 180 × 4. The
Induction coils also have four independent units, the wire diameter of
which is 0.5 mm, and the total number of turns is 18 × 4. The coil
bobbin is made of polyether-ether-ketone (PEEK) with an operating
temperature of 250 ◦C. The magnetizer material is DT4C, and the sleeve
material is SUS304.

4.2. Temperature experimental platform

The temperature dependence experimental platform was developed
as shown in Fig. 9, which consists of the temperature control system,
the power system, and the signal acquisition and transmitting system.
In the temperature control system, a heat chamber is developed. Two
6

Table 2
The diameter of Terfenol-D rods.

Name Outer
diameter
(mm)

Inner
diameter
(mm)

Rod 1 20 15
Rod 2 14 9
Rod 3 8 –

Fig. 9. Temperature dependence experimental platform.

PTC heaters (ENMG, CSH3B-2150K) are arranged on both sides of
the MDMA, and the ambient temperature inside the heat chamber
is controlled by the PID temperature controller (Chang zhou Gaoqi
Electronics Co., LTD, XMT5-8201K02-R4) with the employment of the
Type K thermocouple as the temperature sensor. In the power system,
four power amplifiers (AETechron Inc, 7224) are employed to drive
discrete coils of the MDMA, respectively. In the signal acquisition and
transmitting system, another Type K thermocouple is installed inside
the base to obtain the actual internal temperature of the MDMA. A
current sensor (Shenzhen Zhiyong Co., Ltd, CP800) is used to measure
the excitation current and the output displacement is acquired by a
capacitive displacement sensor (Harbin Core Tomorrow Technology
Co., Ltd, E09.Cap). A real-time simulator (Beijing Lingsi Chuangqi
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Fig. 10. The Heating system analysis.

Fig. 11. The excitation signal for the MDMA.

Technology Co., LTD, Links-Box-03) is responsible for excitation signal
generation and data acquisition.

4.3. Heating system performance analysis

To evaluate the performance of the temperature control system, a
finite element model was developed in COMSOL and an experimental
test was carried out. The steady-state result of the temperature dis-
tribution in the heat chamber is shown in Fig. 10. The comparison
between the simulation result and the experimental result indicates
that: (1) The temperature measured by three temperature sensors in
the experiment is consistent with the finite element simulation; (2)
The internal temperature distribution of the MDMA is uniform and
the temperature sensor which was located inside the bottom of the
actuator can monitoring the temperature of MDMA accurately. (3) The
heat chamber enables the actuator to reach a maximum temperature of
70 ◦C.

4.4. Temperature dependence investigation

In this subsection, the influence of temperature on the flux density,
the output displacement, the hysteresis, the frequency response and
the closed-loop displacement tracking performance of the MDMA was
investigated at the temperature range from 20 ◦C to 70 ◦C (the actual
temperature inside the MDMA) though experiment. The bias magnetic
field and the thermal expansion of the MDMA were also tested. Due to
7

Table 3
The thermal expansivity of MDMA components.

Components Material Value (μm/◦C × m)

Magnetostrictive rod Terfenol-D 12.9
Magnetizer DT4C 12.2
Output rod DT4C 12.2
Sleeve SUS304 17.2

Fig. 12. Effect of temperature on the flux density at 10 Hz.

the coil heating and eddy current effect, the actuator itself will release
a lot of heat and cause the temperature to rise during its operation.
To minimize the influence of this heat on the accuracy of temperature
control, the continuous working time of the actuator was limited to
within 0.4 s.

4.4.1. The bias magnetic field
A bias magnetic field must be applied to eliminate the inherent

frequency doubling effect of magnetostrictive materials, which is partly
supplied by permanent magnets in the MDMA. The experimental results
indicated that the bias magnetic field provided by the permanent
magnets is equivalent to the magnetic field generated by the coil at
the excitation current of 3.5 A, i.e. the bias magnetomotive force 𝐹pm
of permanent magnets can be calculated as:

𝐹pm = 3.5 ×𝑁 = 3.5 × 720 = 2520 (At) (22)

where 𝑁 is the turns of the excitation coil.
Therefore, to prevent the frequency doubling effect, the sinusoidal

excitation signal used in the experiment is shown in Fig. 11, the
minimum value of which is −3 A, when its peak-to-peak value is greater
than 6 A, the coil should be used to provide additional bias magnetic
field.

Considering that samarium cobalt permanent magnets possess ex-
cellent temperature stability, the remanence temperature coefficient
of which is less than 3 × 10−4, the temperature dependence of bias
magnetomotive force can be ignored in the MCTD model.

4.4.2. The thermal expansion
The thermal expansion properties of MDMA were investigated

through experiment, and the results indicate that the coefficient of
thermal expansion is 0.712 μm/◦C. According to the theoretical model
in Section 3.5, the thermal expansion coefficient of the MDMA is
calculated to be 0.662 μm/◦C. The relevant material parameters are
shown in Table 3 and according to which, the size change of sleeve and
magnetostrictive rod is only about 0.15% between 20-150 ◦C. There-
fore, the temperature dependence of structure sizes can be ignored. In
the following experimental tests, the displacement caused by thermal
expansion was eliminated.
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Fig. 13. Effect of temperature on the stroke at 10 Hz.

Fig. 14. Effect of temperature on the hysteresis at 10 Hz.

4.4.3. The flux density
The flux density is an important index in the MDMA operation

process. The induction coil is used to collect the magnetic flux density
during the operation of the actuator in experiments. As shown in
Fig. 12, the flux density in MDMA decreases by 5.6%, 5.7%, 4.4% and
4.2% at a temperature rise of 50 ◦C under the excitation current of 6

, 8 A, 10 A and 12 A respectively.

.4.4. The output displacement and hysteresis
Output displacement is one of the most important indexes to eval-

ate the performance of actuators, the influence of temperature on
hich was investigated experimentally, the results are shown in Fig. 13.
ith the temperature increment from 20 ◦C to 70 ◦C, the output

isplacement of the MDMA shrank by 11.3%, 12.6%, 12.8%, and
3.0% under the excitation current of 6 A, 8 A, 10 A, and 12 A,
espectively. Therefore, it is necessary to increase the amplitude of
he excitation current to compensate for the attenuation of actuator
utput displacement in high-temperature working environments. The
xperimental results indicated that temperature has a positive effect on
he inhibition of MDMA hysteresis, as shown in Fig. 14. The hysteresis
f MDMA was reduced by 25.0%, 27.6%, 26.6% and 27.0% at 70 ◦C
ompared with that at 20 ◦C. Therefore, the linearity of MDMA will be
mproved with the increase in temperature.

.4.5. The frequency response
As shown in Fig. 15, the temperature has little effect on the fre-

uency response of MDMA at different temperatures, the first resonant
requency is kept at 1270 Hz, the change of which is less than 0.17%
ithin 70 ◦C, and the bandwidth exceeds 2000 Hz. Therefore, the
DMA can still meet the requirements of the ACC system for the high

peration frequency on the actuator under high temperatures.

.4.6. The closed-loop tracking performance
In the closed-loop test of the MDMA, the PID controller developed

n our previous work [24] is employed, the parameter of which is set
s 𝑘p = 0.2, 𝑘i = 0.03 and 𝑘d = 0.007 respectively. The experimen-
al tracking results under different working conditions are shown in
8

Fig. 15. Effect of temperature on the frequency response.

Fig. 16. Effect of temperature on the closed-loop displacement tracking error.

ig. 16, which indicates that the temperature has a certain effect on
he closed-loop tracking performance of MDMA. The tracking error has
minimum point at 40 ◦C. This is mainly because, below 40 ◦C, the

hysteresis of MDMA decreases more with the increase of temperature
than the attenuation of its output displacement, which reduces the
nonlinearity of MDMA and makes the displacement tracking error
smaller. But with the further increase in temperature, the attenuation
of performance becomes more and more serious, and the closed-loop
tracking error also increases gradually. Compared with that at 20 ◦C,
the tracking error of the MDMA at 70 ◦C increases 30%, 28%, 24%, and
22% when the reference displacements are Amp 10 μm 10 Hz, Amp 20
μm 10 Hz, Amp 10 μm 100 Hz and Amp 20 μm 100 Hz respectively.
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Fig. 17. Accuracy verification of the MCTD model.
Table 4
The identified parameters of dynamic magnetization model.

Symbol Unit Rod1 Rod2 Rod3

𝑎0 A m−1 5947 6850 6030
𝛼0 −− −0.0377 −0.0330 −0.0087
𝑐0 −− 0.0464 0.3962 0.1636
𝑘0 A m−1 3032 4808 6345
𝛽1 – 0.6821 0.6085 0.5235
𝛽2 – 0.3411 0.3043 0.2618
𝛽3 – 0.3411 0.3043 0.2618
𝑘f – 3.80 12.31 3.97
𝑘J – 1.07 0.37 0.15

4.5. Parameter identification and accuracy verification

In the proposed MCTD model, there is a series of parameters that
cannot be acquired through measurement, including 𝑎0, 𝛼0, 𝑐0, 𝑘0,
𝑘J and 𝑘f of Terfenol-D rod 1, rod 2 and rod 3 respectively in the
dynamic magnetization model; the damping parameters 𝑐1, 𝑐M1, 𝑐t1, 𝑐M2,
𝑐 , 𝑐 , 𝑐 , 𝑐 , 𝑐 , 𝑐 and 𝑐 in the multi-degree-of-freedom mechanical
9

2 M3 t2 M4 3 s dh
Table 5
The parameters of dynamic model obtained by identification.

Symbol Unit Value Symbol Unit Value

𝑐1 N s m−1 275 𝑐t2 N s m−1 15546
𝑐M1 N s m−1 1304 𝑐M4 N s m−1 3773
𝑐t1 N s m−1 12989 𝑐3 N s m−1 477
𝑐M2 N s m−1 6580 𝑐s N s m−1 1047
𝑐2 N s m−1 121 𝑐dh N s m−1 261
𝑐M3 N s m−1 8687 𝑥 – 0.001
𝛽 – −1.1×10−5 𝜒m – 19.84

dynamic model; the parameters 𝑥, 𝜒m, 𝛽, 𝛽1, 𝛽2 and 𝛽3 which effect
the temperature dependence of the MCTD model, all of them must be
identified according to experimental data. To ensure the accuracy of
parameter identification and prevent it from falling into the local opti-
mal solution, a multi-island genetic algorithm is employed to perform
the identification process. The results of parameter identification are
shown in Tables 4 and 5. The other parameters in the MCTD model are
shown in Table 6.
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Table 6
The parameters in the MCTD model.

Symbol Unit Value Symbol Unit Value

𝑚1 g 38 𝑘1 N μm−1 137
𝑚M1 g 1.1 𝑘M1 N μm−1 3161
𝑚t1 g 7.1 𝑘t1 N μm−1 156
𝑚M2 g 2.1 𝑘M2 N μm−1 939
𝑚2 g 25.1 𝑘2 N μm−1 90
𝑚M3 g 0.72 𝑘M3 N μm−1 2077
𝑚t2 g 4.2 𝑘t2 N μm−1 92
𝑚M4 g 0.62 𝑘M4 N μm−1 506
𝑚3 g 13.9 𝑘3 N μm−1 50
𝑚s g 7.1 𝑘s N μm−1 642
– – – 𝑘dh N μm−1 0.29

Fig. 18. Simulation results of output displacement and hysteresis of the MDMA at
20–150 ◦C.

To verify the accuracy of the proposed MCTD model, the com-
parison between its simulation results and experimental results of the
output characteristics of MDMA under different working conditions
is shown in Fig. 17, which indicates that the proposed MCTD model
can accurately describe the effect of temperature on the input–output
characteristics of the MDMA at different working frequencies. The root
mean square (RMS) errors of which are less than 3% under low working
frequencies and kept around 7% at 400 Hz. The large modeling error
at 400 Hz is caused by the lower half distortion of the experimental
hysteresis loop. This is mainly due to the displacement sensor itself
having certain vibrations under the high frequency excitation of the
actuator, which is installed on the actuator’s outer shell. We will seek to
take the vibration characteristics of the sensor into account in the estab-
lished model in future work because the actual vibration environment
of an aero-engine should be considered in the actuator displacement
monitoring and closed-loop control. The Fig. 17(b)–(d) demonstrated
that the accuracy of the proposed MCTD model is high and independent
of the amplitude of the excitation current. Furthermore, as shown in
Fig. 17(e), the hysteresis is extracted as the criterion for the MCTD
model’s ability on the description of temperature dependence of the
MDMA, and the simulation results have a high coincidence with the
experiment results under variable temperatures, the maximum error is
0.429 μm (4.5%), 1.424 μm (6.0%) and 1.939 μm (5.3%) under 6 A
10 Hz, 8 A 100 Hz and 8 A 200 Hz respectively.

5. Discussion

According to the active combustion control (ACC) actuator de-
sign specifications which were drafted by NASA Glenn Research Cen-
ter [47], the maximum operating temperature of the ACC actuator is
300◦F, i.e., 148.9 ◦C. But the heat chamber designed in this paper can
only allow the actuator to reach a maximum temperature of 70 ◦C.
Moreover, the temperature dependence of each parameter cannot be
monitored experimentally. To verify the necessity of considering the
temperature dependence of each part of the model and evaluate the
10

performance of MDMA under a wider temperature range, a series of
Fig. 19. Temperature dependence of the parameters at 20–150 ◦C. (a) the magne-
tostrictive rod’s magnetic permeability 𝜇G, (b) the magnetostrictive rod’s resistivity
𝜌G, (c) the magnetostrictive rod’s magnetization 𝑀G, (d) the magnetostrictive rod’s
elastic modulus 𝐸G, (e) the sleeve’s elastic modulus 𝐸t , (f) variation amplitude of each
parameter.

simulation analyses based on the proposed MCTD model were carried
out.

As shown in Fig. 18, the output displacement of the MDMA at
150 ◦C is about 70% of that at room temperature, which can meet the
requirements of ACC on the actuator.

As shown in Fig. 19, the temperature dependence of the magne-
tostrictive rod’s magnetic permeability 𝜇G, resistivity 𝜌G, magnetization
𝑀G, and elastic modulus 𝐸G, as well as the temperature dependence of
the sleeve’s elastic modulus 𝐸t are analyzed quantitatively. In which
𝐸G has the strongest temperature dependence, it increases by 200% at
150 ◦C compared to room temperature.

As shown in Fig. 20, the temperature dependence of parameters
are ignored respectively to evaluate their contributions to the MCTD
model’s accuracy independently. And the results under 6 A 10 Hz 70 ◦C
indicated that, at low frequency, if the temperature dependence of the
magnetization process is ignored, the error of the MCTD model will
increase by 258% from 0.84 μm to 2.17 μm. That is, the temperature de-
pendence of 𝑀G contributes the most to the accuracy of MCTD model,
and it has the greatest impact on the high temperature performance of
MDMA. In addition, the temperature dependence of 𝐸G and 𝜇G also
nonnegligible, the increase of model error due to the ignorance of
which is 226% and 159% respectively.

The results under 6 A 200 Hz 70 ◦C indicated that, at high fre-
quency, the temperature dependence of resistivity 𝜌G and magnetic
permeability 𝜇G contribute the most to the accuracy of the MCTD
model, because the eddy current effect increases as the frequency
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Fig. 20. The error variation of the MCTD model when ignore the temperature
ependence of each parameters.

ncreases, and 𝜌G directly determines the intensity of eddy current, 𝜇G
irectly affects the strength of the reverse magnetic field generated
y the eddy current effect. In addition, the temperature dependence
f the elastic modulus 𝐸t has little effect on the high-temperature
erformance of MDMA. The simulation results under 8 A are consistent
ith those in 6 A.

. Conclusion

In this article, for the further application of the multidimensional
iscrete magnetostrictive actuator in the active combustion control of
ero engines, a multi-physics coupled temperature-dependent analyti-
al model is proposed and a series of experiments and simulations are
onducted to investigate the influence mechanism of temperature on
he actuator’s performance. The conclusions are as follows:

(1) The temperature has a negative effect on the output displacement
of the multidimensional discrete magnetostrictive actuator, the
decrement of which is up to 12% at 70 ◦C compared with that
at 20 ◦C.

(2) The temperature has a positive effect on the reduction of output
hysteresis of the actuator, the degree of which is up to 27% with
the temperature increment from 20 ◦C to 70 ◦C.

(3) The temperature has little effect on the frequency response of
the actuator, the first resonant frequency is kept at 1270 Hz,
the change of which is less than 0.17% within 70 ◦C, and the
bandwidth can all exceed 2000 Hz.

(4) The proposed analytical model can accurately describe the
temperature-dependent characteristics of the multidimensional
discrete magnetostrictive actuator, the root mean square error of
which is less than 3% within 200 Hz and less than 7.4% at 400 Hz.
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Appendix A

The temperature-dependent magnetic equivalent circuit model of
the MDMA can be calculated as [24]:
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⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎩

𝜙7 + 𝜙10 − 𝜙4 = 0, 𝜙1 + 𝜙5 + 𝜙6 − 𝜙10 = 0

𝜙2 + 𝜙8 + 𝜙9 − 𝜙5 − 𝜙6 = 0, 𝜙3 − 𝜙8 − 𝜙9 = 0

𝜙11 + 𝜙15 − 𝜙1 = 0, 𝜙13 − 𝜙3 − 𝜙12 = 0

𝜙12 + 𝜙14 − 𝜙2 − 𝜙11 = 0

𝜙4(𝑅shell + 𝑅m + 𝑅pm) + 𝜙7𝑅𝐿 −𝑁𝐼 − 𝐹 𝑇
pm = 0

𝜙10𝑅base + 𝜙1𝑅
𝑀,𝑇 ,𝜎
rod1 + 𝜙15(𝑅s12 + 𝑅AG3) − 𝜙7𝑅𝐿 = 0

𝜙5𝑅1 + 𝜙2𝑅
𝑀,𝑇 ,𝜎
rod2 − 𝜙1𝑅

𝑀,𝑇 ,𝜎
rod1 − 𝜙11𝑅3 = 0

𝜙3𝑅
𝑀,𝑇 ,𝜎
rod3 + 𝜙9𝑅2 − 𝜙2𝑅

𝑀,𝑇 ,𝜎
rod2 − 𝜙12𝑅4 = 0

𝜙11𝑅3 + 𝜙14(𝑅s22 + 𝑅AG4) − 𝜙15(𝑅s12 + 𝑅AG3) = 0

𝜙12𝑅4 + 𝜙13𝑅or − 𝜙14(𝑅s22 + 𝑅AG4) = 0

𝜙8(𝑅s21 + 𝑅AG2) − 𝜙9𝑅2 = 0

𝜙6(𝑅s11 + 𝑅AG1) − 𝜙5𝑅1 = 0

(23)

where 𝑁𝐼 is the excitation magnetomotive force; 𝑅shell, 𝑅or , 𝑅base, 𝑅m
and 𝑅pm are the magnetic reluctance of the inner shell, output rod,
base, iron rings and permanent magnets respectively; 𝑅s11, 𝑅s12, 𝑅s21
and 𝑅s22 are the magnetic reluctance of magnetizer 2, magnetizer 1,
magnetizer 4 and magnetizer 3 respectively; 𝑅L is the leakage magnetic
reluctance; 𝑅AG1 to 𝑅AG4 are the air gaps magnetic reluctance; 𝑅1 to 𝑅4
are the radial transfer magnetic reluctance; 𝜙1 to 𝜙15 are the magnetic
flux of each branch in the TDMEC model.

Appendix B

The mass matrix 𝑴 , the damping matrix 𝑪, the displacement matrix
X and the input force matrix F in the multi-body mechanical dynamic
model can be expressed as [40]:

𝑴 =

⎡

⎢

⎢

⎢

⎣

𝑚1
3 + 𝑚lr1 0 0

0 𝑚2
3 + 𝑚lr2 0

0 0 𝑚3
3 + 𝑚lr3

⎤

⎥

⎥

⎥

⎦

(24)

=
⎡

⎢

⎢

⎣

𝑐1 + 𝑐lr1 0 0
0 𝑐2 + 𝑐lr2 0
0 0 𝑐3 + 𝑐lr3

⎤

⎥

⎥

⎦

(25)

=
⎡

⎢

⎢

⎣

𝑥1
𝑥2
𝑥3

⎤

⎥

⎥

⎦

,𝑭 =
⎡

⎢

⎢

⎣

𝐹1
𝐹2
𝐹3

⎤

⎥

⎥

⎦

(26)

here 𝑚1, 𝑚2 and 𝑚3 are the masses of rod 1, rod 2 and rod 3
espectively; 𝑐1, 𝑐2 and 𝑐3 are the damping of rod 1, rod 2 and rod 3
espectively; 𝑥1, 𝑥2 and 𝑥3 are the output displacement of rod 1, rod
and rod 3 respectively; 𝐹1, 𝐹2 and 𝐹3 are the output force of rod 1,

od 2 and rod 3 respectively; 𝑚lr1, 𝑚lr2 and 𝑚lr3 are the equivalent load
ass of rod 1, rod 2 and rod 3 respectively; 𝑐lr1, 𝑐lr2 and 𝑐lr3 are the

quivalent load damping of rod 1, rod 2 and rod 3 respectively. This
an be described as:

𝑚lr1 = 𝑚M1 + 𝑚t1 + 𝑚M2 + 𝑚2 + 𝑚M3

+𝑚t2 + 𝑚M4 + 𝑚3 + 𝑚s
𝑚lr2 = 𝑚M3 + 𝑚t2 + 𝑚M4 + 𝑚3 + 𝑚s
𝑚lr3 = 𝑚s

(27)

𝑐lr1 = ( 1
𝑐M1

+ 1
𝑐t1

+ 1
𝑐M2

+ 1
𝑐2

+ 1
𝑐M3

+ 1
𝑐t2

+ 1
𝑐M4

+ 1
𝑐3

+ 1
𝑐s
+ 1

𝑐dh
)−1

𝑐lr2 = ( 1
𝑐M3

+ 1
𝑐t2

+ 1
𝑐M4

+ 1
𝑐3

+ 1
𝑐s
+ 1

𝑐dh
)−1

𝑐lr3 = ( 1 + 1 )−1

(28)
𝑐s 𝑐dh
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where 𝑚M1, 𝑚t1, 𝑚M2, 𝑚M3, 𝑚t2, 𝑚M4 and 𝑚s are the mass of magnetizer
, sleeve 1, magnetizer 2, magnetizer 3, sleeve 2, magnetizer 4, and
utput rod respectively; 𝑐M1, 𝑐t1, 𝑐M2, 𝑐M3, 𝑐t2, 𝑐M4, 𝑐s and 𝑐dh are the

damping of magnetizer 1, sleeve 1, magnetizer 2, magnetizer 3, sleeve
2, magnetizer 4, output rod and disk spring respectively.
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