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Nonlinearity is one of the important factors affecting the positioning accuracy of the macro—micro
composite actuator. To improve the positioning accuracy of the driving model of the macro—micro composite
actuator, this paper combines the research phenomenon of the nonlinear characteristics of the voice coil motor
to model the nonlinear factors that affect the macro-moving part of the macro—micro composite actuator. Firstly,
based on analyzing its structure and working principle, the variation law of the magnetic field intensity at the
working air gap of the macro-motion part is analyzed by the finite element method, and the driving force model
of the macro-motion part is established. Secondly, through the magnetic field simulation analysis, there is a mag-
netization phenomenon in the mover part, and the static friction model is established. Then, the experimental data
are acquired and processed by building the experimental test platform of the actuator, and the variation model of
the electromechanical time constant with the macro-motion displacement is established. Then, combined with
the Stribeck model and the static friction model, the kinetic model of the macro-motion part is established. Fi-
nally, using the least square method identify the parameter model, the results are compared with the experiment.
The results show that the magnetic field distribution at the working air gap of the macro-motion part of the
macro—micro composite actuator is relatively uniform, but it is related to the macro-motion displacement and
the macro-motion coil current. When the macro-motion part of the macro-micro composite actuator starts, the
friction model can approximately reflect the change of friction force, the kinetic model of the macro-motion
part can reflect the dynamic characteristics of the macro-motion part, and the matching degree is 92.97 %. The
research results lay a theoretical and technical foundation for the development of a high-speed and large-stroke
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positioning controller of the macro-motion micro composite actuator.

The semiconductor is a basic strategic industry supporting
economic and social development and ensuring national se-
curity, and a high-speed precision positioning workbench is
the core component in key processes such as wafer manu-
facturing, chip processing, and chip packaging in the semi-
conductor manufacturing process. The research and devel-
opment of precision positioning workbench with high-speed,
large-stroke, and high-precision characteristics has become a
major demand in the current semiconductor industry (Zhu et
al., 2017; Vansompel et al., 2019; Yu et al., 2021).

However, there is a contradiction between high-speed,
large-stroke, and high-precision. To solve this contradiction,
the team combines the voice coil motor with high-speed

and large-stroke characteristics with the GMA (giant mag-
netostrictive actuator) with high-speed and high-precision
characteristics, and proposes a design scheme of high-speed,
large-stroke, and high-precision coaxial integrated macro—
micro composite actuator and applies it to the driving and
positioning workbench. Yu et al. (2022) proposed a macro—
micro composite actuator that adopts the coaxial integrated
design scheme, which has the advantages of small Abbe er-
ror and high integration so that the driving and positioning
workbench has the potential of large-stroke, high-speed, and
high-precision in structure. However, the performance of the
positioning workbench is not only related to the structure but
also related to its accurate kinetic model. Therefore, it is of



great significance to study the nonlinear characteristics of the
kinetic model of the macro-motion part in this paper.

The kinetic model of the voice coil motor is established
based on the basic equation of electric—-magnetic—machine.
There are many nonlinear factors in the model. In order to
simplify the calculation, it is usually regarded as linear pro-
cessing. For example, the magnetic field intensity is regarded
as a constant, and the electric-magnetic change caused by
the magnetic field intensity is ignored. However, in order to
establish a more accurate kinetic model, the nonlinear fac-
tors are usually modeled, and the system parameters are ob-
tained by system model identification (Chen et al., 2012a, b;
Q. Zhang et al., 2022). In the process of model identifica-
tion and controller design of a high-precision servo system,
nonlinear factors are the main reason for the decline of sys-
tem dynamic performance, which affects the design, simu-
lation, and debugging of the controller (Merit et al., 2009;
Liu et al., 2018; Consolatina et al., 2019; Zhu et al., 2019;
Nie et al., 2022). Wavre et al. (1995) proposed that the self-
inductance of the coil of the closed voice coil motor is not af-
fected by the position, and the linearity is better. For the open
voice coil motor, the self-inductance of the coil is affected by
the position, which will produce magnetic resistance. At the
same time, when the coil current is large enough, the nonlin-
ear phenomenon will be enhanced. Li et al. (2022) proposed
that nonlinear friction is one of the main reasons for the de-
cline of the dynamic performance of the system. The particle
swarm optimization algorithm is used to identify the parame-
ters of the rotational speed—friction torque experimental data
of the system, and the Stribeck model method of the sys-
tem is effective. Therefore, this paper analyzes the nonlinear
factors of the macro-motion part based on the nonlinear re-
search of the voice coil motor, studies the dynamic charac-
teristics of the mover motion process of the macro-motion
part of the macro—micro composite actuator, and builds the
dynamic model of the macro-motion part, and identifies the
system parameters offline.

System model identification usually has two modes: on-
line and offline. Online identification is to measure the data
of the system in real-time and solve the system model param-
eters by the online identification algorithm. Its disadvantage
is that the algorithm for simultaneously identifying multi-
ple parameters is complex (Tao et al., 2022). On the other
hand, offline identification is based on the dynamic equa-
tion to establish its transfer function and identify the sys-
tem parameters, which is easy to implement (X. H. Zhang et
al., 2022). Therefore, this paper adopts offline identification
of the system parameters of the macro-motion part. Zhang
and Li (2022) proposed that an offline identification method
based on a high-order model is proposed, which takes the
current iterative prediction tracking error as a priori knowl-
edge and applies it to the design of the control law of the
system input, so as to reduce the tracking error of the system
and improve the accuracy of the nonlinear control system.
Cui et al. (2018) proposed an extended parametric model,

which eliminates the influence of nonlinear friction such as
friction overshoot in the start—stop stage of high accelera-
tion on the trajectory tracking accuracy through the nonlinear
friction feed-forward compensation data under limited tra-
jectory obtained by high-precision iterative learning control.
The above method is only applicable to the known nonlinear
discrete system, does not analyze the nonlinear factors of the
system and the source of disturbance force, and does not con-
sider the influence of electromagnetic changes on the control
accuracy. The working principle of the macro-motion part of
the macro—micro composite actuator is the same as that of
the voice coil motor, but the structure is different. The mover
of the voice coil motor is composed of a coil and a coil bob-
bin, and the mover of the macro-motion part is composed of
a coil, a coil bobbin, a giant magnetostrictive actuator, and a
macro—micro combination frame. Compared with the mover
of the voice coil motor, the mover of the macro-motion part
has increased mass and enhanced nonlinearity.

Therefore, this paper studies the nonlinear characteristics
of the kinetic model of the coaxial integrated macro—micro
composite actuator. Firstly, the finite element method is used
to simulate and analyze the variation law of the magnetic
field intensity at the working air gap of the macro-motion
coil, so as to establish the driving force model of the macro-
motion coil, further analyze the disturbing force of the mover
when starting in the magnetic field environment, and estab-
lish the mathematical model of static friction. Secondly, the
measured experimental data are analyzed, and the friction
model and the variation model of electromechanical time
constant with macro-motion displacement are established.
Finally, using the least square method to identify the param-
eter model, the parameter identification model is built for
parameter identification, and compared with the experimen-
tal results to verify the accuracy of the established kinetic
model and parameter identification, which lays a theoretical
and technical foundation for the development of high-speed
and large-stroke positioning controller of the macro—micro
composite actuator.

As shown in Fig. 1, the coaxial integrated macro—micro
composite actuator proposed by our team is composed of
macro-motion and micro-motion. The micro-motion part is
connected with the macro-motion coil through the macro—
micro combination frame, forming the mover, as shown in
Fig. 2. The macro-motion part is obtained from the struc-
tural improvement of the moving coil voice coil motor (Shan
et al., 2016), mainly including the external magnetic yoke,
internal magnetic yoke, permanent magnet, macro-motion
coil, skeleton, and macro—-micro combination frame. Among
them, the permanent magnet of the ring array provides a con-
stant magnetic field for the macro-motion coil and forms a



magnetic conduction circuit through the internal and external
magnetic yokes. The working air gap of the macro-motion
coil is the gap between the internal and external magnetic
yokes. The macro-motion coil is electrified to generate am-
pere force, which promotes or attracts the mover to move
outward or inward. Its main function is to realize the high-
speed and large-stroke motion of the actuator. The micro-
motion part is a giant magnetostrictive actuator, which is
made based on the magnetostrictive effect of GMM (giant
magnetostrictive material) (Yu et al., 2019), mainly includ-
ing a magnetic isolator, micro-motion yoke sleeve, micro-
motion coil, GMM rod, magnetizer block, and output rod.
When its micro-motion coil inputs current, the excitation
magnetic field acts on the GMM rod, which makes the GMM
rod deform due to the magnetostrictive effect, promotes the
output rod, and produces the micro-motion displacement. Its
main function is to compensate for the positioning error of
the macro-motion process with high precision.

The micro-motion part of the macro—micro composite ac-
tuator mainly realizes high-precision error compensation,
and the large-stroke characteristics of the actuator are mainly
realized by the macro-motion part. Here, we only study
the driving force model, static friction model, and dynamic
model for the model of its macro-motion part. A schematic
diagram of the study workflow is shown below.

The working principle of the macro-motion part of the actua-
tor is the same as that of the voice coil motor. At the working
air gap, the permanent magnet provides a constant magnetic
field source. The energized macro-motion coil is acted by the
ampere force F to promote the mover movement, in which
the ampere force F is the driving force of the macro-motion
part, and its calculation expression is

F=BNLI,, (1)

where B is the magnetic field intensity generated by
the macro-motion permanent magnet at the air gap, unit:
Wbm~2; L is the effective length of each coil in a magnetic
field, unit: mm; I, is the working current of coil winding,
unit: A; and N is the number of turns of the coil.

Since the uniformity of the magnetic field intensity B at
the working air gap determines the stability of the driving
force when the macro-motion part works, the magnetic field
intensity distribution of the macro—micro composite actuator
when the macro-motion coil is electrified is obtained through
finite element simulation, as shown in Fig. 4.

It can be seen from the color distribution in Fig. 4 that
when the macro-motion coil is energized, the magnetic flux
density of the internal and external yokes of the macro-
motion part is the highest, but the magnetic flux density of
the middle section of the internal and external yokes is sim-
ilar to that at the working air gap of the macro-motion coil,
and the magnetic flux density value is low. The magnetic flux

density of the micro-motion yoke is higher, but the magnetic
flux density at the position of the GMM rod is the same as
that in the air domain. It can be seen from the arrow direc-
tion in Fig. 4 that the internal and external yokes constitute
the magnetic conduction circuit of the macro-motion part
and provide the working magnetic field for the macro-motion
part.

In order to further explore the magnetic field direction and
uniformity of the magnetic field intensity at the working air
gap of the macro-motion part, the moving axis system shown
in Fig. 5 is established. When the working current of the
macro-motion coil is 2 A, the magnetic field distribution map
and isopleth map at the working air gap of the macro-motion
part are shown in Figs. 6 and 7, respectively.

It can be seen from Fig. 6 that the direction of the magnetic
field intensity at the working air gap of the macro-motion
part is radial, so the energized macro-motion coil generates
an axial ampere force, thereby pushing the mover to move in
a straight line along the axial direction.

From Fig. 7, it can be seen that the contour of radial mag-
netic flux density in the working air gap of the macro-motion
part is gradually inclined. Therefore, the average value of the
magnetic flux at the inner circle and outer circle generatrix of
the macro-motion coil is taken as the magnetic flux density
value at the working air gap. The simulation results show
that when the working current of the macro-motion coil is
(0—4) A, the magnetic flux density at the working air gap is
shown in Fig. 8.

Figure 8 shows that the curve of the macro-motion coil
when the working current of 0 A is flat, indicating that the
uniformity of the magnetic flux density at the working air gap
is the best at this time, but with the increase of the working
current, the greater the change of the magnetic flux density
at the working air gap, indicating that the macro-motion part
is suitable for working in the small current driving state.

In order to obtain a more accurate driving force model,
it is necessary to obtain the relationship between the mag-
netic field intensity at the working air gap and the position
of the mover, and the working current of the macro-motion
coil. By simulating the mover within the travel range of (0-
50) mm, passing (0—4) A current to the macro-motion coil
every 10 mm, the three-dimensional surface of the magnetic
field intensity on the outer circular bus of the macro-motion
coil is obtained as shown in Fig. 9.

It can be seen from Fig. 9 that under different working cur-
rents, when the position of the mover changes, the magnetic
field intensity at the working air gap of the macro-motion
part is almost unchanged. With the increase of the coordi-
nate value of the macro-motion coil bus, the magnetic field
intensity at the working air gap first decreases and then in-
creases. When the working current is (0—1) A, the magnetic
field intensity changes gently, and when the working current
is (3—4) A, the magnetic field intensity changes greatly. It can
be seen that the magnetic field intensity at the working air
gap is almost independent of the position of the mover and is
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greatly affected by the working current of the macro-motion
coil.

Based on the above analysis, the magnetic field intensity at
the working air gap of the macro-motion part is almost inde-
pendent of the position of the mover. It is greatly affected by
the working current of the macro-motion coil. The greater the
working current, the greater the change of the magnetic field
at the working air gap. Since the residual magnetic flux den-
sity of the permanent magnet used in the experiment cannot
be accurately measured, and the residual magnetic flux den-
sity of the permanent magnet is set to 1.21 Wbm™2 in the
simulation. The magnetic field intensity at the working air
gap of the macro-motion part obtained by simulation is set
as B¢, while the actual magnetic field intensity at the work-
ing air gap of the macro-motion part is set as K - B..

It can be seen from Fig. 9 that B, is related to the current
I and axial size of the macro-motion coil, so it is expressed
as B¢(mp, I). Therefore, the calculation formula of ampere
force generated by the macro-motion coil is rewritten as fol-
lows:

Macro
coil

Macro-coil \jagnetic Macro-micro
frame ring  connection

frame Linear bearing
standard

Outer support
Magnetic  DIsc

Malgnektic isolation Spring
bloc cylinder

where Ky = KNL, K is a constant, unit: mm, K, is the pa-
rameter to be identified, and m, is the position of the mover.

The difference between the mover of the macro-motion part
and the mover of the moving coil voice coil motor is that
a micro giant magnetostrictive actuator is embedded in it,
which increases the mass of the mover. Since the materials
of the micro-motion yoke of the mover part and the internal
and external yokes of the stator part are pure iron with high
magnetic permeability, it is easy to be magnetized by the per-
manent magnet, resulting in magnetic force between the in-
ternal yoke and the micro-motion yoke, resulting in greater
resistance of the mover part during startup. The magnetiza-
tion curve of the internal yoke is obtained through simula-
tion, as shown in Fig. 10.

It can be seen from Fig. 10 that the magnetization of the
yoke in the macro-motion stator decreases with the increase
of its axial distance, and the magnetization is directly propor-
tional to the force on the micro-motion yoke, indicating that
the force on the micro-motion yoke will decrease with the in-
crease of the positive displacement of the mover. According
to the principle of magnetic flux conservation, the simula-
tion results show that when the mover is at the displacement
of O mm, the axial force on the micro-motion yoke is about
1.89 N, and its force direction is opposite to the direction of
macro-motion positive displacement.

By testing the experimental prototype, it is obtained that
the static friction of the mover is about 10 N at the displace-
ment of 0mm and about 7N at the displacement of 5 mm,
indicating that the force received by the micro-motion yoke
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due to magnetization is related to the macro-motion displace-
ment. By curve fitting the experimental measurement data,
the expression of static friction is approximately obtained,

3

where f is the static friction and my, is the position of the
mover.

fs =10co0s(0.157mp),

In order to obtain the self-inductance change model of the
macro-motion coil (Manh and Chen, 2020; Luo et al., 2019),
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the equivalent circuit of the macro-motion coil is established,
as shown in Fig. 11.

It is assumed that the control current of the macro-motion
part is I, the equivalent resistance of the loop is R, the equiv-
alent inductance is L p, and the working current in the loop
is 14. When the macro-motion part works, the macro-motion
coil moves to cut the magnetic induction line in the magnetic
field to produce the induced current /. opposite to the driving
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current, which is expressed as
BLpv
I=—"2=
R

= Kev, “)
where v is the speed of mover, unit: m s~!. B is the average
magnetic field intensity at the working air gap of the macro-
motion part, unit: Wbom™2; Lp is the equivalent inductance
of macro-coil; and K, is the back electromotive force co-
efficient. Since the variation of magnetic field intensity B
is small, the equivalent length and resistance of the macro-
motion coil are constants, and the relative variation of the K.
value is very small, so it can be defined as a constant.

Then the loop equation of the macro-motion part is

Lo=1—-1I.=1—Kev. 5)
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Figure 11. Equivalent circuit diagram of macro-motion coil.

In the series circuit, the inductance L g and the resistance

R are equivalent to the first-order inertia link, the expression
is as follows, Eq. (6):

L=z ©

where T is the time constant related to the self-induction of
the macro-motion part.

When the current controller drives the macro-motion coil,
it will cause the self-inductance of the macro-motion coil,
and the self-inductance can affect the electromechanical time
constant 7 of the macro-motion part. By analyzing the exper-
imental data and combining the definition of the electrome-
chanical time constant, it is obtained that the electrome-
chanical time constant T is not a fixed value but related to
the macro-motion displacement. Therefore, Eq. (6) is further
equivalent to the following Eq. (7):

1

O s+ 7

where AT (my) =T, A is the parameter to be identified, and

Tr(mp) is a function of electromechanical time and mover
position.

https://doi.org/10.5194/ms-13-843-2022



According to the working mode of the macro-motion part,
the driving force F generated by the macro-motion coil not
only overcomes the friction Fy generated during the move-
ment of the mover but also needs to provide the driver with
the inertial force Fj; and sliding friction F, for acceleration
and deceleration. Therefore, the kinetic model of the macro-
motion part is

F=F+Fy+fi=Kc

dsz

dr?

+M +10cos(0.157my), ®)
where M is the total mass of the macro-motion mover, unit:
kg; my is the macro-motion displacement, unit: mm; and K
is the coefficient of viscous dynamic friction.

By quoting the Stribeck friction model, the expression
of friction Fy describing the startup and movement of the
macro-motion part is obtained as follows:

Fp=Kcv+(fs— Kcv) -7V, 9)

where Fy is the friction overcome during the operation of
the macro-motion part, K. is the sliding friction force, v is
the speed of the mover, and vy is the maximum speed.

Therefore, the calculation formula of driving force F' can
be rewritten as

d2
F=M d’:;L + Kev+ (10c080.157my, — Kev) - eV/%) - (10)
F =ML 4 Ko+ (10c0s0.157my — Kcv)- e~/
In=1—1 (11)
fzﬁc(mL’ DK,
e = Kev.

According to the mechanical equation and loop equation
of the motor, the basic equations of the dynamic character-
istics of the macro-motion part are obtained as follows: the
Eq. (11) is transformed by Laplace transform and combined
with the control principle of the actuator controller, and the
kinetic model block diagram of the macro-motion part is ob-
tained as shown in Fig. 12.

It can be seen from Fig. 12 that the parameters A, K, K,
and K. in the kinetic model of the macro-motion part are
unknown. It is necessary to identify the parameters according
to the experimental data, where M is the mass of the mover
and M is 4.5 kg by measurement.

In order to obtain the parameter values of the model and ver-
ify the validity of the kinetic model, an experimental test plat-
form of a macro—micro composite actuator is built, as shown
in Fig. 13. It is mainly composed of a macro—micro compos-
ite actuator, positioning workbench, switching power supply,

Identification parameters.

Identification parameters

i K Ke Ke

4.619 33001 0.017154 0.054474

a grating displacement encoder, and current controller. The
minimum resolution of the grating displacement encoder is
20nm and the rise time of the current driver is 1 pus. Lab-
VIEW is used as the upper computer control system and dis-
placement display interface to adjust the output pulse of the
current controller, drive the mover of the actuator, and dis-
play the real-time data collected by the grating displacement
Sensor.

During the experiment, the positioning workbench is
placed at different starting positions. The variation curve of
the output displacement of the positioning workbench with
time is measured through the given current value, as shown
in Fig. 14.

It can be seen from Fig. 14 that the overall response time of
the macro-motion part of the driver is about 50 ms, and when
the positioning workbench reaches a certain speed value, its
motion displacement changes approximately linearly with
time. At the starting position of 9 and 30 mm, the starting
time of the actuator is relatively longer, which may be due to
the large change of friction and self-inductance of the macro-
motion coil, which increases the electromechanical time con-
stant of the macro-motion part.

Cubic spline interpolation is performed on the experimen-
tal data. After fitting with the least square method, the first-
order derivation is carried out to obtain the maximum speed
reached at different starting positions, as shown in Fig. 15.

As can be seen from Fig. 15, the maximum value of maxi-
mum speed vg is 234 mms~!. Combining the data in Fig. 15
with the experimental data, by solving the time correspond-
ing to the maximum speed value and combined with the def-
inition of electromechanical time constant, The function of
electromechanical time and mover position is obtained as fol-
lows:

Ty (m1) = — 0.0000038067 - m3 +0.00030573 - m?
—0.010827 - m, +0.38807. (12)

As shown in Fig. 16, the parameter identification model
block diagram of the macro-motion part is built by using the
MATLAB/Simulink module. The relevant parameter values
of the macro-motion part are obtained by using the parameter
identification toolbox, as shown in Table 1.

The identified parameters are used for simulation and com-
pared with the experimental data, and the comparison di-
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agram between the simulation curve and the experimental
curve is obtained, as shown in Fig. 17.

It can be seen from Fig. 17 that the displacement curve
obtained by simulation using the parameters obtained by pa-
rameter identification is consistent with the changing trend of
the displacement curve obtained by experimental measure-
ment. The differences are as follows: in the initial response
stage, the displacement of the actuator is almost unchanged.
Combined with the simulation analysis of the magnetic field
and current magnetic field at the working air gap of the mover
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in Fig. 8, the main reason may be due to the input current
of the macro-motion coil gradually increasing, causing the
magnetic field from the working air gap to decrease, resulting
in a decrease in the driving force. When the mover is started,
the mass of the mover part is larger than that of the general
voice coil motor, and its static friction force is larger. There-
fore, the displacement of the actuator changes little during
the start-up stage of the mover. In addition, the overall dis-
placement curve shows a non-linear trend. The reason may
be that the self-inductance of the macro-motion coil prevents
the increase of the current, which leads to the change of the
driving force, and the nonlinear change of the friction force,
which increases the nonlinearity of the macro-motion part.
Therefore, when the macro-motion part is started, the cur-
rent needs to be appropriately increased to increase the thrust
value of the macro-motion coil. At the same time, combined
with the analysis of the phenomenon that the middle value of
the magnetic field intensity of the internal and external mag-
netic yokes is low in Fig. 4, the changing trends of the two
curves are consistent, but the data do not overlap, indicating
that the kinematics model of the macro-motion part needs to
overcome friction and self-inductance. It is also necessary to
consider the nonlinear influence of the eddy current loss gen-
erated between the macro-motion coil and the internal and
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external magnetic yokes due to the strong magnetic field en-
vironment and high-frequency pulse driving.

To quantitatively compare the approximation degree between
the identification model and the actual kinetic model, the
model matching degree is calculated as follows according to
the model matching index formula:

N

> (i (1) = Y (1))

i=1

Km=1-— (13)

= :
> (@)

i=1

where Ky, is the model matching index; y;(¢) is the actual
output at the i sampling time of the actual structure; and Y;(¢)
is the calculation output of the identification model at i sam-
pling times.

The closer the model matching value is to 100 %, the
closer the identification model is to the actual structure. The
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Comparison curve of velocity simulation value and ex-
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matching degree between the identification model and the ac-
tual structure is 92.97 %. The results show that the calculated
results of the identification model are consistent with the re-
sponse of the actual structure.

In order to verify the identified transfer function model, the
velocity curve is obtained according to the experimental data
and compared with the simulation velocity curve, as shown
in Fig. 18.

It can be seen from Fig. 18 that the velocity curve obtained
by simulation is very close to the velocity curve obtained
by experiment, which indicates that the established kinetic
model of the macro-motion part can approximately charac-
terize the nonlinear influence law of the macro-motion part,
and provides a reference value for further design of the con-
trol system.

In this paper, the nonlinear characteristics of the kinetic
model of the macro—micro composite actuator are analyzed,
the driving force model and kinetic model of the macro-



motion part are established, and the model parameters are
identified by using the data measured on the experimental
platform. The following conclusions are obtained:

1. The magnetic field distribution at the working air gap
of the macro-motion part of the macro—micro compos-
ite actuator is relatively uniform, but it is related to the
macro-motion displacement and the macro-motion coil
current. The greater the current value, the lower the uni-
formity of the magnetic field, and the magnetic field in-
tensity first decreases and then increases with the in-
crease of the macro-motion displacement. At the same
time, the self-inductance of the macro-coil decreases
with the increase of the macro-motion displacement.

2. When the macro-motion part of the macro—micro com-
posite actuator starts, the friction force changes com-
plex. Although the friction model can approximately re-
flect the change of friction force, there are still some de-
viations, so it is necessary to establish a more accurate
friction model.

3. The kinetic model of the macro-motion part can reflect
the dynamic characteristics of the macro-motion part,
the matching degree is 92.97 %.

4. This paper studies the nonlinear system of the macro—
micro composite actuators and identifies the system pa-
rameters through magnetic field simulation and experi-
mental data analysis. In the case of sufficient theoretical
basis, it is also applicable to the research of other ac-
tuator systems. In the following research, the research
group will refer to the nonlinear system established in
the paper to reflect the dynamic characteristics of the
macro—micro composite actuator, select an appropriate
nonlinear control algorithm, and design the correspond-
ing controller, so that the macro—micro composite actu-
ator can achieve higher positioning accuracy.

The code in this research is available upon re-
quest by contact with the corresponding author.

The data set is derived from Fig. 14 in this pa-
per.
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