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Description
CROSS-REFERENCE OF RELATED APPLICATIONS

[0001] This application is a continuation of international application no. PCT/CN2024/082548 filed March 20, 2024,
which claims priority to Chinese patent application NO. 2023108324 30.9, filed July 07, 2023, and the entire disclosures of
the above-identified applications is incorporated herein by reference.

TECHNICAL FIELD

[0002] This application relates to the technical field of vibrators, specifically to a moving-magnet vibrator with nonlinear
term cancellation.

BACKGROUND

[0003] For the designed vibrators in bone conduction headphones and/or haptic feedback actuators, the moving-
magnet design has many advantages. For example, the coil has good heat dissipation, and the movable assembly acting
asaloadis not heated; the coil adopts a hollow shaft with the magnet provided inside, enabling a compact overall structure.
In addition, since the coil is stationary, it avoids the vulnerability of coil connection wires to damage. Moreover, the moving-
magnet design enables a high peak force and a high ratio of peak force to moving mass, thereby achieving a high
acceleration G-value.

[0004] The existing designed moving-magnet vibrator often suffer from relatively high nonlinear terms, due to certain
deficiencies inthe combination of magnets and coils. Thatis, the force or acceleration value of the movable assembly have
relatively high distortion in a low-frequency band or a high-frequency band, which is also referred to as the total harmonic
distortion (THD). FIG. 22 is a THD test chart of the existing moving-magnet vibrator. It can be seen that the distortion
reaches 99% around 25 Hz, and the distortion reaches 46% around 100 Hz. Such a large distortion indicates that, near low
frequencies, the distortion of the audio signal or haptic feedback signal causes the perceived sound quality or haptic
feedback to deviate significantly from the actual case. Generally, when the distortion is greater than 10%, itis unacceptable
according to audio standards.

SUMMARY

[0005] One objective of the disclosure is to provide a moving-magnet vibrator with nonlinear term cancellation.
[0006] The moving-magnet vibrator with nonlinear term cancellation includes moving-magnet vibrator body. The
moving-magnet vibrator body includes an outer cylinder, a vibration transmission plate, a stator assembly and a movable
assembly. The stator assembly includes a coil combination structure, and the movable assembly includes a magnet
combination structure. The stator assembly is fixed inside the outer cylinder, the vibration transmission plate is fixed on the
outer cylinder, and the movable assembly is fixedly connected to the vibration transmission plate through at least one
contact point. The movable assembly moves while the stator assembly remains stationary, and the movable assembly is
referred to as a moving component.

[0007] The movable assembly is configured to be simultaneously subjected to paired electromagnetic forces of push
and pull, thereby presenting push-pull structural characterizes.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] The disclosure is further explained with reference to the accompanying drawings and embodiments.

FIG. 1 is a diagram illustrating a cross-sectional view of Embodiments 1 and 2 of the disclosure.

FIG. 2is a diagram illustrating closed magnetic flux curves of a coil and a permanent magnet in Embodiments 1 and 2
of the disclosure.

FIG. 3 is a magnetic domain analysis diagram of Embodiments 1 and 2 of the disclosure.

FIG. 4 is adiagramillustrating a relationship between magnetic domains and a stator assembly in Embodiments 1 and
2 of the disclosure.

FIG. 5 is a force analysis diagram of magnetic domains and a movable assembly in Embodiments 1 and 2 of the
disclosure.

FIG. 6 is a force analysis diagram of the movable assembly in Embodiments 1 and 2 of the disclosure.

FIG. 7 is a diagram illustrating a cross-sectional view of Embodiments 3 and 4 of the disclosure.

FIG. 8 is a diagram illustrating closed magnetic flux curves of a coil and a permanent magnet in Embodiments 3 and 4
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of the disclosure.

FIG. 9 is a magnetic domain analysis diagram of Embodiments 3 and 4 of the disclosure.

FIG. 10is aforce analysis diagram of magnetic domains, a movable assembly, and a stator assembly in Embodiments
3 and 4 of the disclosure.

FIG. 11is aforce analysis diagram of the magnetic domains and the movable assembly in Embodiments 3 and 4 of the
disclosure.

FIG. 12 is a diagram illustrating a cross-sectional view of Embodiments 5 and 6 of the disclosure.

FIG. 13is adiagramillustrating closed magnetic flux curves of a coil and a permanent magnetin Embodiments 5 and 6
of the disclosure.

FIG. 14 is a magnetic domain analysis diagram of Embodiments 5 and 6 of the disclosure.

FIG. 15is aforce analysis diagram of magnetic domains, a stator assembly, and a movable assembly in Embodiments
5 and 6 of the disclosure.

FIG. 16 is a force analysis diagram of the magnetic domains and the movable assembly in Embodiments 5 and 6 of the
disclosure.

FIG. 17 is a diagram illustrating a cross-sectional view of Embodiments 7 and 8 of the disclosure.

FIG. 18 is a diagram illustrating closed magnetic flux curves of a coil and a permanent magnetin Embodiments 7 and 8
of the disclosure.

FIG. 19 is a magnetic domain analysis diagram of Embodiments 7 and 8 of the disclosure.

FIG. 20is a force analysis diagram of magnetic domains, a stator assembly, and a movable assembly in Embodiments
7 and 8 of the disclosure.

FIG. 21 is a force analysis diagram of the movable assembly in Embodiments 7 and 8 of the disclosure.

FIG. 22 is a diagram illustrating THD test of a moving-magnet vibrator in the related art.

FIG. 23 is a diagram illustrating THD test of the moving-magnet vibrator in Embodiments 1 and 2 of the disclosure.
FIGS. 24 to 40a are schematic diagrams of the magnet component in the disclosure.

FIGS. 41 to 53 are schematic diagrams of the coil component in the disclosure.

FIGS. 54 to 59 are schematic diagrams of the magnetic domains in the disclosure.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0009] The disclosure will be described in detail below, and the technical solutions in the embodiments of the disclosure
will be clearly and completely described. Apparently, the described embodiments are only a part of the embodiments of the
disclosure, not all of them. Based on the embodiments of the disclosure, all other embodiments obtained by those of
ordinary skill in the art without creative efforts shall fall within the protection scope of the disclosure.

[0010] For the design of nonlinear term cancellation, there are 2N magnetic domains within a vibrator, in which the
magnetic domains are in pairs, defined as magnetic domains D4 jand D, ;, where i=1,2, 3, ..., N. Closed main magnetic flux
lines of a coil and closed main magnetic flux lines of a permanent magnet each pass through the magnetic action domains
D4;and D, ;. In the magnetic domain D, ;, a direction of the magnetic flux lines of the coil is the same as a direction of the
magnetic flux lines of the permanent magnet, and in the magnetic domain D, ;, a direction of the magnetic flux lines of the
coil is opposite to a direction of the magnetic flux lines of the permanent magnet. Alternatively, in the magneticdomain Dy ;,
the direction of the magnetic flux lines of the coil is opposite to the direction of the magnetic flux lines of the permanent
magnet; and in the magnetic domain D, ;, the direction of the magnetic flux line of the coil is the same as the direction of the
magnetic flux lines of the permanent magnet.

[0011] When the direction of the magnetic flux lines of the coil passing through a certain magnetic domain is the same as
the direction of the magnetic flux lines of the permanent magnet passing through the magnetic domain, a total magnetic
flux is equal to a sum of a magnetic flux generated by the coil and a magnetic flux generated by the permanent magnet.
When the direction of the magnetic flux lines of the coil passing through a certain magnetic domain is opposite to the
direction of the magnetic flux lines of the permanent magnet passing through the magnetic domain, the total magnetic flux
is equal to a difference between the magnetic flux generated by the coil and the magnetic flux generated by the permanent
magnet.

[0012] Thereisatleastone magnetic action domaininthe vibrator. The magnetic action domain refers to a spatial region
where there is a certain electromagnetic field or multiple electromagnetic fields, which causes mutual forces between
various components surrounding the magnetic action domain. Such region is defined as the magnetic action domain, or
the magnetic field for short.

[0013] The magnetic domain is a spatial region filled with electromagnetic energy, is generally composed of air or a
medium with a low magnetic permeability (e.g., a relative magnetic permeability < 1000), and includes a region where a
magnet material is located. The moving-coil vibrator with nonlinear term cancellation of the disclosure includes atleastone
magnetic action domain. The magnetic action domain refers to a spatial region where a certain electromagnetic field or
multiple electromagnetic fields exist, which causes mutual forces between various components surrounding the magnetic
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action domain. Such region is defined as the magnetic action domain, referred to as the magnetic domain for short. The
magnetic domain is a spatial region where magnetic forces interact with each other, such as a spatial region between
permanent magnets (generating attractive or repulsive interactions), or a spatial region enclosed by a permanent magnet
and a magnetic conductor (generating attractive interactions), or a spatial region enclosed by magnetic conductors (yoke
iron) magnetized by a permanent magnet, or a spatial region where magnetic force interactions occurs in a permanent
magnet (a magnetic permeability of a hard magnetic material forming the permanent magnet is close to the magnetic
permeability of air).

[0014] The magnetic domains have various types as follows.

1) Aspace between permanent magnets is filled with medium (air, with a relative magnetic permeability slightly greater
than 1).

[0015] The above medium may be replaced with paramagnetic materials (paramagnetic substances), diamagnetic
materials (diamagnetic substances), or ferromagnetic materials (ferromagnetic substances) with the relative magnetic
permeability less than 1000. Examples are given as follows.

a. Paramagnetic substances: The relative magnetic permeability of the paramagnetic substances is slightly greater
than 1. Examples include air, oxygen, tin, aluminum, and lead. When the paramagnetic substances are placed in a
magnetic field, the magnetic flux density B increases slightly.

b. Diamagnetic substances: The relative magnetic permeability of the diamagnetic substances is slightly less than 1.
Examples include hydrogen, copper, graphite, silver, and zinc. Diamagnetic substances are also known as anti-
magnetic substances. When the diamagnetic substances are placed in a magnetic field, the magnetic induction
intensity B decreases slightly.

c. Ferromagnetic substances: The relative magnetic permeability of the ferromagnetic substances is much greater
than 1 but less than 1000. Examples include iron, steel, cast iron, nickel, cobalt and other substances are
ferromagnetic substances. The ferromagnetic substances with the relative magnetic permeability less than 1000
include, forexample, cobalt, unannealed castiron, annealed castiron, etc. For example, magnetorheological fluid has
a relative magnetic permeability below 10.

[0016] As illustrated in FIG. 54, there are permanent magnet 1 and permanent magnet 2 surrounded by air. The
permanent magnets attract each other.

[0017] Magnetic domain D1: The spatial region enclosed by the air medium between permanent magnet 1 and
permanent magnet 2.

[0018] Magneticdomain D2: The spatial region enclosed by part of permanent magnet 2 and the air medium around part
of permanent magnet 2.

[0019] Magnetic domain D3: The spatial region enclosed by the entire permanent magnet 1 and the air medium near
permanent magnet 1.

[0020] Magnetic domain D4: The spatial region enclosed by the entire permanent magnet 1, the entire permanent
magnet 2, and the air medium near permanent magnet 1 and permanent magnet 2.

[0021] Magnetic domain D5: The spatial region enclosed by the air medium on the side of permanent magnet 2 away
from permanent magnet 1.

[0022] Magneticdomain D6: The spatial region enclosed by the permanent magnet material medium surrounding part of
permanent magnet 1.

[0023] As illustrated in FIG. 55, there are permanent magnet 1 and permanent magnet 2 surrounded by air. The
permanent magnets attract each other. D1-D6 may be defined in a similar way.

[0024] 2) A space between a permanent magnet and a magnetic conductor is filled with a medium (air, with a relative
magnetic permeability close to 1).

[0025] 3) A space between magnetic conductors is filled with a medium (air, with a relative magnetic permeability close
to 1), as illustrated in FIGS. 56-57.

[0026] Magnetic domain D1: The spatial region enclosed by the air medium between magnetic conductor 1 and
magnetic conductor 2.

[0027] Magneticdomain D2: The spatial region enclosed by part of the permanent magnet, part of magnetic conductor 2,
and the surrounding air medium.

[0028] Magnetic domain D3: The spatial region enclosed by the entire magnetic conductor 1, part of the permanent
magnet, and the air medium near magnetic conductor 1.

[0029] Magnetic domain D4: The spatial region enclosed by the entire magnetic conductor 1, the entire magnetic
conductor 2, the entire permanent magnet, and the air medium near them.

[0030] Magnetic domain D5: The spatial region enclosed by the air medium on the side of magnetic conductor 2 away
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from magnetic conductor 1.

[0031] Magneticdomain D6: The spatial region enclosed by the permanent magnet material medium surrounding part of
the permanent magnet.

[0032] 4) A space between magnetic conductors is filled with a medium (magnetorheological fluid, with a relative
magnetic permeability between 5 and 9), as illustrated in FIG. 58.

[0033] 5) The spatial region inside a permanent magnet is filled with a medium (permanent magnet material, with a
relative magnetic permeability<1000).

[0034] Asillustratedin FIG. 59, magnetic domain D6 in the previous examples contains a permanent magnet material as
the medium. For example, the magnetic permeability of sintered ferrite, samarium-cobalt and neodymium-iron-boron is
approximately 1.05, the magnetic permeability of bonded ferrite is approximately 1.05, and the magnetic permeability of
bonded neodymium magnets approximately ranges from 1.1 to 1.7.

[0035] There are two types of magnetic action domains: the first type is the magnetic action domain enclosed inside the
movable assembly or the stator assembly, and the second type is the magnetic action domain enclosed between the
movable assembly and the stator assembly. We are more interested in the second type of magnetic action domain.
Therefore, through the analysis of the second type of magnetic action domain, a force analysis of the movable assembly
may be obtained, thereby obtaining a resultant force of the movable assembly of the vibrator system, and further obtaining
the vibration equation.

Embodiment 1

[0036] ReferringtoFIGS. 1to 5, adesign method of a moving-magnet vibrator with nonlinear term cancellation includes
conditions as follows.

(1) Amoving-magnet vibrator body 11 is provided. The moving-magnet vibrator body 11 includes an outer cylinder 1, a
vibration transmission plate 7, a stator assembly and a movable assembly. The stator assembly includes a coil
combination structure, the movable assembly includes a magnet combination structure, the coil combination structure
includes a coil 3 and a first magnetic conductor 4, and the magnet combination structure includes a permanent magnet
6 and a second magnetic conductor 5. The stator assembly is fixed inside the outer cylinder 1, the vibration
transmission plate 7 is fixed on the outer cylinder 1, and the movable assembly is fixedly connected to the vibration
transmission plate 7 through at least one contact point. The movable assembly moves while the stator assembly
remains stationary, and the movable assembly is referred to as a moving component.

(2) The movable assembly is simultaneously subjected to paired electromagnetic forces of push and pull, presenting
push-pull structural characteristics.

[0037] 2N magnetic domains D4 ; and D, ; which are designed as N symmetrical pairs, are provided in the moving-
magnet vibrator body 11, where N is 1, 2, 3, ..., 100, and i=1, 2, 3, ....

[0038] The number of a permanent magnet in the magnet combination structure and the number of a coil in the coil
combination structure are limited, in such a manner that Ny, 516> Ncoil O Niyagnet < Neoil » Where N gnet represents the
number of the permanent magnet, and N represents the number of the coil, Nagnet=1,2, 3, .., 100, and Ny;=1, 2,3, ...,
100.

[0039] In the push-pull structural characteristics, linear terms of the electromagnetic force acting on the movable
assembly are superimposed so as to be increased, and nonlinear terms of the electromagnetic force acting on the movable
assembly are partially or completely canceled so as to be decreased.

[0040] The closed main magnetic flux lines of the coil in the coil combination structure and the closed main magnetic flux
lines of the permanent magnet in the magnet combination structure each pass through the magneticdomains D4 ;and Dy ;.
The magnetic domain is a spatial region filled with electromagnetic energy, is generally composed of air or a medium with
low magnetic permeability (e.g., a relative magnetic permeability<1000), and includes a region where the magnet material
islocated. Inthe magnetic domain D4 ;, a direction of magnetic flux lines of the coil is the same as a direction of magnetic flux
lines of the permanent magnet, while in the magnetic domain D, ;, the direction of the magnetic flux lines of the coil is
opposite to the direction of the magnetic flux lines of the permanent magnet. Alternatively, in the magnetic domain D ;, the
direction of the magnetic flux lines of the coil is opposite to the direction of the magnetic flux lines of the permanent magnet,
while in the magnetic domain D, ; the direction of the magnetic flux lines of the coil is the same as the direction of the
magnetic flux lines of the permanent magnet.

[0041] Specifically, the vibration transmission plate 7 may be a rectangular, circular, racetrack-shaped or three-
dimensional structures according to different application scenarios, and may be used in various combinations according
to different application scenarios. The vibration transmission plate 7 is usually fixed on a top surface, bottom surface or
middle of the outer cylinder 1.

[0042] The statorassembly is fixed inside the outer cylinder 1, and may be arranged on an inner side wall, top surface or
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bottom surface of the outer cylinder 1.

[0043] The movable assembily is fixedly connected to the vibration transmission plate 7 through at least one contact
point, in which the contact point includes point contact and surface contact. There may be one contact point, two contact
points or multiple contact points.

[0044] The number ofthe permanent magnet6 and the number of the coil 3 are limited, in which there are one permanent
magnet, and two coils.

[0045] Two symmetrically paired magnetic domains D4 4 and D, 4 are provided in the moving-magnet vibrator body 11.
The closed main magnetic flux lines of the coil 3 and the closed main magnetic flux lines of the permanent magnet 6 each
pass through the magnetic domains D4 4 and D, 4. In the magnetic domain D, 4, the direction of the magnetic flux lines of
the coil 3 is the same as the direction of the magnetic flux lines of the permanent magnet 6, while in the magnetic domain
D, 4, the direction of the magnetic flux lines of the coil 3 is opposite to the direction of the magnetic flux lines of the
permanent magnet 6.

[0046] The moving component is subjected to 2 forces. Each component force includes two parts: one part is a linear
term of an excitation current i, and the other part is a nonlinear term of the excitation current i:

Fmoving—magnet,n(i) = Fmoving—magnet,n,linear(i) + Fmoving—magnet,n,nonlinear(i)a
wheren=1,2,3,...,2N -1, 2N.

[0047] Accordingly, a resultant force on the moving component also includes two parts: one part is a linear term of the
current i, and the other part is a nonlinear term of the current i, which is expressed as:

Fmoving—magnet,resultant force (1)

= Fmoving—magnet,resultant force,linear(l) + Fmoving—magnt—:‘t,resultant force,nonlinear(l)

where:

l:"moving—magrlet,resultant force (1)

2N N
= Z Fmoving—magnet,n(i) = Z(Fmoving—magnet,n,l(i) + Fmoving—magnet,n,z (1))
n=1 n=1
2N

l:"moving—magnet,resultantforce,linear(l) = § Fmoving—magnet,n,linear(1)
n=1

N

= Z (Fmoving—magnet,linear,l (1) + Fmoving—magnet,linear,z (1))
n=1

2N

l:‘moving—magnet,resultantforce,nonlinear(l) = § l:‘moving—magnet,n,nonlinear(1)
n=1
N

= Z (Fmoving—magnet,nonlinear,l(i) + Fmoving—magnet,nonlinear,z (1))
n=1

[0048] That is, the nonlinear terms in each component force are partially or completely canceled. In the final total
resultantforce X(F 4 ; + F5 ), the nonlinear terms of the total resultant force relative to the currentare partially or completely
canceled, and the linear terms are superimposed so as to be increased, thereby obtaining the moving-magnet vibrator with
nonlinear term cancellation.

[0049] The movable assembly and the stator assembly are in concave-convex shapes and arranged in an interleaved
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engagement manner, and the closed main magnetic flux lines of the coil 3 and the closed main magnetic flux lines of the
permanent magnet 6 alternately pass through the movable assembly and the stator assembly.

[0050] The design method further includes conditions as follows.

[0051] (3.1) Looking outward from a center, the permanent magnet 6 is located inside and the coil 3 is located outside.
[0052] (3.2) N,;=2, n=1.

[0053] (3.3)WhenN_y;>1, the directions of the currents in the adjacent coils 3 are opposite; and for two adjacent coils 3,
the polarities of the electromagnetic fields at the adjacent end faces are the same.

[0054] The magnetic conductor is arranged at a position of the outer cylinder 1 close to the coil 3, so as to minimize the
magnetic resistance of the magnetic circuit of an electromagnet generated by the coil 3. The permanent magnet 6 in the
magnet assembly is isolated by the magnetic conductor. A yoke iron is arranged around the coils 3 and the permanent
magnet 6, or alternatively, for the coil combination structure, a part of the outer cylinder 1 close to the coil 3 is magnetically
conductive.

Embodiment 2

[0055] Referring to FIGS. 1 to 5, a moving-magnet vibrator device with nonlinear term cancellation designed by the
method of Embodiment 1 includes a moving-magnet vibrator body 11. The moving-magnet vibrator body 11 includes an
outercylinder 1, avibration transmission plate 7, a stator assembly and a movable assembly. The stator assembly includes
a coil combination structure. The movable assembly includes a magnet combination structure. The coil combination
structure includes a coil 3 and a first magnetic conductor 4. The magnet combination structure includes a permanent
magnet 6 and a second magnetic conductor 5. The outer cylinder 1 may be magnetic or non-magnetic. Preferably, the
outer cylinder is a magnetic conductive to reduce magnetic resistance. A cross-section of the outer cylinder may be
circular, square, special-shaped, etc., and may be continuous or discontinuous, such as columnar connection or grid-like
discontinuity.

[0056] The coil combination structure furtherincludes a first magnetic conductive ring 2. Viewed from a center outward,
the coil 3 is located outside and the permanent magnet 6 is located inside. There is one permanent magnet 6, and two coils
3. Directions of the currents in the adjacent coils 3 are opposite, and polarities of electromagnetic fields at adjacent end
faces of the two adjacent coils 3 are the same. Two vibration transmission plates 7 are provided, and the two vibration
transmission plates 7 are respectively fixed on a top surface and a bottom surface of the outer cylinder 1. The permanent
magnet 6 is fixed in the second magnetic conductor 5. Two ends of the second magnetic conductor 5 are respectively fixed
on the vibration transmission plates 7. The first magnetic conductor 4 is fixed in the middle of an inner side wall of the outer
cylinder 1. The two coils 3 are respectively fixed on two sides of the first magnetic conductor 4. A first magnetic conductive
ring 2 is fixedly arranged on an outer side of the coils 3. The coils 3 and the first magnetic conductive ring 2 are fixed on the
inner side wall of the outer cylinder 1. The movable assembly and the stator assembly are in concave-convex shapes and
arranged in an interleaved engagement manner (i.e., in a concave-convex interleaved engagement shape). Closed main
magnetic flux lines of the coil 3 and closed main magnetic flux lines of the permanent magnet 6 alternately pass through the
movable assembly and the stator assembly. Two magnetic domains D4 1 and D, 4 designed as a symmetrical pair are
provided in the moving-magnet vibrator body. The closed main magnetic flux lines of the coil 3 and the closed main
magnetic flux lines of the permanent magnet 6 each pass through the magnetic domains D4 1 and Dy, 4. In the magnetic
domain D 4, the direction of the magnetic flux lines of the coil 3 is the same as the direction of the magnetic flux lines of the
permanent magnet 6, and in the magnetic domain D, 4, the direction of the magnetic flux lines of the coil 3is opposite to the
direction of the magnetic flux lines of the permanent magnet 6.

[0057] Tofurtherdescribe the design method of the moving-magnet vibrator with nonlinear term cancellation, referring to
FIGS. 2 and 3, an air gap 1 constitutes a magnetic action domain D, 4, and an air gap 2 constitutes a magnetic action
domain D, ;. In the magnetic action domain, a total magnetic flux/magnetic induction intensity generated by the super-
position of the magneticfield generated by the permanent magnet 6 and the magnetic field generated by the electromagnet
of the coil 3 causes mutual forces between the components around the magnetic domain.

[0058] The current passing through the coil C4 and the current passing through the coil C, are represented as i, but the
direction of the current in the coil C is opposite to the direction of the currentin the coil C,. Assuming that the magnetic flux
corresponding to the coil C is @, the magnetic flux corresponding to the coil C, is ®;,, and the magnetic flux
corresponding to the permanent magnet is @,,. In the magnetic domain D, (magnetic action domain D,), the direction
of the magnetic flux lines corresponding to the coil C, is the same as the direction of the magnetic flux lines corresponding
to the permanent magnet, so the total magnetic flux in the magnetic domain D, is a sum of ®;; and @,. In the magnetic
domain D, (magnetic action domain D,), the direction of the magnetic flux lines corresponding to the coil C, is opposite to
the direction of the magnetic flux lines corresponding to the permanent magnet, so the total magnetic flux in the magnetic
domain D, is a difference between ®,, and @,,,. Assuming that the direction of the magnetic flux lines of the permanent
magnet 6 is a positive direction in each magnetic domain, we have:
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Op; = Oy, + Oy
and

Op, = O, — Dpy.

[0059] Assuming thatthe magnetic resistances of the magnetic circuits formed by the electromagnetic fields generated
by the currents in the coil 1 and the coil 2 are Z;; and Z;, respectively, where N is the number of turns of the coil, and i is the
current intensity, we have:

@i; * Zj; = N * i;
and
Dip * Ziz = N = 1.

[0060] Since the magnetic circuit structures of the coils C, and C, are symmetrically designed, Z;; =Z,, =Z;, s0 @1 =G,
=, ; in addition, assuming that the magnetic conductance of the magnetic circuit formed by the electromagnetic field
generated by the current is G4, we have:

Q)i:Gi*N*i.

[0061] The magnetic flux corresponding to the permanent magnet 6 may also be represented by the equation of
magnetic induction intensity. Assuming that the magnetic induction intensity at the magnetic pole end face of the
permanent magnet is B, and the area of the magnetic pole end is S, we may obtain @, =B, * S,

[0062] Thus, we have:

{Q)Dl:®m+®i=®m+®i=BmSm+Gi*N*i
Ppy = Om — i = O — 05 = By S — G * N+ 1

[0063] Referringto FIG. 2, FIG. 2 illustrates the closed magnetic flux lines of the coil C1, the coil C2 and the permanent
magnet. In FIG. 2, the closed magnetic flux lines generated by the coil C1 passes through the magnetic gap D1, the closed
magnetic flux lines generated by the coil C2 passes through the magnetic gap D2, and the closed magnetic flux generated
by the permanent magnet sequentially passes through the magnetic gap D1 and the magnetic gap D2.

[0064] ReferringtoFIG. 3, FIG. 3is adiagramiillustrating the relationship between the movable assembly, the magnetic
domains D 4, D, , and the stator assembly. In the magnetic domain D4 4, the movable assembly is subjected to arightward
attractive force F, from the stator assembly, and in the magnetic domain D, 4, the movable assembly is subjected to a
leftward attractive force F, from the stator assembly. Taking the rightward direction as the positive direction, the resultant
force of the stator assembly on the movable assembly is F, - F».

[0065] ReferringtoFIG.5, FIG.5is aforce analysis diagram of the isolated movable assembly. The movable assembly is
subjected to forces from the stator assembly, that is, a rightward attractive force F, and a leftward attractive force F,, and
the resultant force is F4 - F,, expressed as:

l:‘moving—magnet = F,—F,.

[0066] Furtherderive the equation for the electromagnetic force generated by each magnetic domain. The magnitude of
the electromagnetic attractive force acting on a magnetized ferromagnetic object is proportional to the total area of the
magnetic poles through which the magnetic flux lines passes and the square of the magnetic induction intensity. If the
magnetic induction intensity B is uniformly distributed along the surface of the magnetic pole and the calculated air gap
length is small, the equation for calculating the electromagnetic attractive force is calculated by the Maxwell formula,
expressed as:
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where:

F: Electromagnetic attractive force

B: Magnetic flux density or magnetic induction intensity

@: Magnetic flux passing through the medium

S: Area of the magnetic pole through which the magnetic flux passes

wo: Air permeability

C: Coefficient related to the combination type and shape of the magnetic pole end face, with different values for
different scenarios. When the force is generated between permanent magnets, itis denoted as C,,,,, usually taking a
value of 1, and the accurate value is obtained through actual measurement in the actual design process. When the
force is generated between a permanent magnet and a magnetic conductor (yoke iron), itis denoted as C,,, usually
taking a value of 1/2, and the accurate value is obtained through actual measurement in the actual design process.
When the force is generated between magnetic conductors (yoke iron), itis denoted as Cyzy, usually taking a value of
1/4, and the accurate value is obtained through actual measurement in the actual design process.

[0067] Applying the above equation to calculate the electromagnetic attractive forces in the above magnetic domain 1
and magnetic domain 2:

F = (Qm + ®i)2
v 2019 * Sp1
— 0.2

F,=C )

e 2Ug " Spa

where Sp; and Sp, represent the areas of the annular end faces corresponding to magnetic domain 1 and magnetic
domain 2 respectively, and Sp; = Sp, = Sp, thus:

F. =C (Qm + Q)i)z _ CyZy
LY 210+ Spr 210+ Sp

F =C (Qm - Q)i)z — CyZy
22U Sps 2097 Sp

(Qm + (Di)z

(D — B0)?

{Fl = Fl,linear + Fl,nonlinear
F, = FZ,linear + Fz,nonlinear

where:
C
y2y
Fl,linear = 2.“0—SD ((D%n + Z(Dm(z)i)
<
C
y2y 2
Fl,nonlinear = Z.U()—SD Q)i
( C
y2y
FZ,linear = 2/10—5D ((erzn - ZQ)in)
4
Cy
F . =YY 5?2
\ 2,nonlinear 2.“0 . SD {
Since:

Fmoving—ma_gnet =F—F
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We obtain

Fmowng magnetlinear = Fmoving—magnet,linear + Fmoving magnet,nonlinear

5
{ Fmoving—magnet,linear = Fl,linear - Fz,linear
Fmoving—magnet,nonlinear = Fl,nonlinear - FZ,nonlinear
10 Substitute F1 linear » F2 linear » I:1,nonlinear ’ I:1,nonlinear into I:moving—magnet,linear and I:moving magnet,nonlinear respectively, we
obtain:
Fmoving—magnet,linear = Fl,linear - Fz,linear
C C
15 _y2y vy
——— (07 + 20, ®;) — ———— (97, — 20, D)
2#0 Sp 2p0 - Sp
= o s (O + 20,,90; — (05 — 20.,0;)
Mo D
20
Cyz (40.m9;)
m
2#0 SD
_ 2Cy2y0m
25 = —
Mo " Sp
Since:
30 Pm = BnSp
(Z)i - GlNl
35 It follows that:
moving—-magnet,linear — i i = i i i
Ho SD Ko " Sp Ko * Sp
40
Calculate F6ying-magnet,nonlinear IN @ similar way as follows:
Fmoving—magnet,nonlinear = Fl,nonlinear - FZ,nonlinear
45

_ Gy 2 Gy

2 _p2=0
240 Sp 219+ Sp

Thus, the resultant force acting on the moving magnet, which serves as the moving member, is

50
Fmowng magnet — Fmoving—magnet,linear + Fmoving—magnet nonlinear
2C,5y B SmGiN
=X * 40
Mo " Sp
55
2Cy2meSmGl-N .
Ho *Sp
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[0068] From the above derivation process, the following characteristics may be seen:

1) In the linear term of the resultant force Fy,qying-magnet inear: the linear terms of the component forces F o4 and
F1 linear @re superimposed, so that the linear term of the resultant force F,,ing-magnet inear @nd the coil currentis larger.
2) In the nonlinear term of the resultant force F .,y ing-magnet noniinear the nonlinear terms of the component forces
F 1 nontinear @1 F2 noniinear €@Ncel each other out, so that the nonlinear term of the resultant force F . ing-magnet nonlinear
is zero.

[0069] The above design method is called the design method of the moving-magnet vibrator with nonlinear term
cancellation. This method can not only be used to design vibrators, but also be applied to design actuators. The moving-
magnet vibrators or actuators obtained by the above method are called moving-magnet vibrator devices or actuators with
nonlinear term cancellation.

[0070] ReferringtoFIG. 22, itcan be seenfrom the FIG. 22 that the total harmonic distortion in the low-frequency band is
greatly reduced, decreasing from the original peak value of 99% to below 15%, realizing a significant improvement.
[0071] The reduction of the distortion curve is equivalently interpreted as the reduction of the resonant frequency of the
vibrator system, thereby achieving better sound quality. In addition, the reduction of the distortion curve may be further
equivalently interpreted as the improvement of the sensitivity of the vibrator system and the reduction of power
consumption.

Embodiment 3

[0072] Referringto FIGS. 7-11, a design method of a moving-magnet vibrator with nonlinear term cancellation includes
conditions as follows.

(1) Amoving-magnet vibrator body 11 is provided. The moving-magnet vibrator body 11 includes an outer cylinder 1, a
vibration transmission plate 8, a stator assembly and a movable assembly. The stator assembly includes a coil
combination structure, the movable assembly includes a magnet combination structure. The coil combination
structure includes a coil 3 and a first magnetic conductor 7, and the magnet combination structure includes a
permanent magnet 6 and a second magnetic conductor 4. The stator assembly is fixed inside the outer cylinder 1, the
vibration transmission plate 8 is fixed on the outer cylinder 1, and the movable assembly is fixedly connected to the
vibration transmission plate 8 through at least one contact point. The movable assembly moves while the stator
assembly remains stationary, and the movable assembly is referred to as a moving component.

(2) The movable assembly is simultaneously subjected to paired electromagnetic forces of push and pull, presenting
push-pull structural characteristics.

[0073] 2N magneticdomains D, ;and D, ;which are designed as N symmetrical pairs are provided in the moving-magnet
vibrator body 11, where Nis 1, 2, 3, ..., 100, and i=1, 2, 3, .

[0074] The number of a permanent magnet in the magnet combination structure and the number of a coil in the coil
combination structure are limited, in such a manner that Ny, gne>Ncoil O Nagnet < Neoil » Where N, qnet represents the
number of the permanent magnet, and N represents the number of the coil, Nmagnet=1 ,2,3,...,100,and N;=1,2,3, ...,
100.

[0075] In the push-pull structural characteristics, linear terms of an electromagnetic force acting on the movable
assembly are superimposed so as to be increased, while nonlinear terms of the electromagnetic force acting on the
movable assembly are partially or completely canceled so as to be decreased.

[0076] The closed main magnetic flux lines of the coil in the coil combination structure and the closed main magnetic flux
lines of the permanent magnetin the magnet combination structure each pass through the magnetic domains D jand D, ;.
The magnetic domain is a spatial region filled with electromagnetic energy, is generally composed of air or a medium with
low magnetic permeability (e.g., a relative magnetic permeability<1000), and includes a region where the magnet material
islocated. Inthe magnetic domain D ;, a direction of magnetic flux lines of the coil is the same as a direction of magnetic flux
lines of the permanent magnet, while in the magnetic domain D, ;, the direction of the magnetic flux lines of the coil is
opposite to the direction of the magnetic flux lines of the permanent magnet. Alternatively, in the magnetic domain D ;, the
direction of the magnetic flux lines of the coil is opposite to the direction of the magnetic flux lines of the permanent magnet,
while in the magnetic domain D, ; the direction of the magnetic flux lines of the coil is the same as the direction of the
magnetic flux lines of the permanent magnet.

[0077] The numberof the permanent magnet 6 and the number of the coil 3 are limited, in which there are two permanent
magnets, and one coil.

[0078] Two symmetrically paired magnetic domains D4 4 and D, 4 are provided in the moving-magnet vibrator body 11.
The closed main magnetic flux lines of the coil 3 and the closed main magnetic flux lines of the permanent magnet 6 each
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pass through the magnetic domains D4 ; and D, 4. In the magnetic domain D, 4, the direction of the magnetic flux lines of
the coil 3 is opposite to the direction of the magnetic flux lines of the permanent magnet 6, while in the magnetic domain
D, 4, the direction of the magnetic flux lines of the coil 3 is the same as the direction of the magnetic flux lines of the
permanent magnet 6.

[0079] The moving component is subjected to 2 forces. Each component force includes two parts: one part is a linear
term of an excitation current i, and the other part is a nonlinear term of the excitation current i:

Fmoving—magnet.n(i) = Fmoving—magnet,n,linear(i) + Fmoving—magnet,n,nonlinear(i)a

wheren=1,23, ..., 2N -1,2N.
[0080] Accordingly, a resultant force on the moving component also includes two parts: one part is a linear term of the
current i, and the other part is a nonlinear term of the current i, which is expressed as:

Fmoving—magnet,resultant force (l)

= Fmoving—magnet,resultant force,linear (l) + Fmoving—magnet,resultant force,nonlinear(l)

where:

Fmoving—magnet,resultant force (1)

2N N
= Z Fmoving—magnet,n(i) = Z(Fmoving—magnet,n,l(i) + Fmoving—magnet,n,z (1))
n=1 n=1
2N

l:"moving—magnet, resultant force, linear (1) = Z Fmoving—magnet, n, linear (1)
n=1

N
= z (Fmoving—magnet, linear; 1 (1)+Fmoving—magnet, linear, 2 (1))

n=1

2N

Fmoving-magnet, resultant force, nonlinear(l): § Fmoving-magnet, n, nonlinear (1)
n=1

N
= Z (Fmoving—magnet, nonlinear; 1 (i)+Fmoving—magnet, nonlinear, 2 (1))
n=1

[0081] That is, the nonlinear terms in each component force are partially or completely canceled. In the final total
resultantforce X(F 4 ; + F5 ;), the nonlinear terms of the total resultant force relative to the current are partially or completely
canceled, and the linear terms are superimposed to be increased, thereby obtaining the moving-magnet vibrator with
nonlinear term cancellation.

[0082] Furthermore, the movable assembly and the stator assembly are in concave-convex shapes and arranged in an
interleaved engagement manner, and the closed main magnetic flux lines of the coil 3 and the closed main magnetic flux
lines of the permanent magnet 6 alternately pass through the movable assembly and the stator assembly.

[0083] The design method further includes conditions as follows.

[0084] (3.1)Looking outward from a center, the coil 3 is located inside and the permanent magnet 6 is located outside.
[0085] (3.2) Npagnet=2, Where n is a natural number, and n=1.

[0086] (3.3) When Nmagnet>1 , the polarities of the two opposite end faces of the adjacent permanent magnets are the
same.

[0087] The magnetic conductor is arranged at a position of the outer cylinder 1 close to the coil 3, so as to minimize the
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magnetic resistance of the magnetic circuit of an electromagnet 6 generated by the coil 3. The permanent magnet 6 in the
magnet assembly is isolated by the magnetic conductor. A yoke iron is arranged around the coil 3 and the permanent
magnet 6, or alternatively, for the coil combination structure, a part of the outer cylinder 1 close to the coil is magnetically
conductive.

Embodiment 4

[0088] Referring to FIGS. 7 to 11, a moving-magnet vibrator device with nonlinear term cancellation designed by the
method of Embodiment 3 includes a moving-magnet vibrator body 11. The moving-magnet vibrator body includes an outer
cylinder 1, a vibration transmission plate 8, a stator assembly and a movable assembly. The stator assembly includes a coil
combination structure. The movable assembly includes a magnet combination structure. The coil combination structure
includes a coil 3 and a first magnetic conductor 7. The magnet combination structure includes a permanentmagnet6 and a
second magnetic conductor 4. The coil combination structure further includes a first magnetic conductive ring 5, and the
magnet combination structure further includes a second magnetic conductive ring 2. Viewed from a center outward, the
coil 3isinside and the permanent magnet 6 is outside. There are two permanent magnets 6, and one coil. The two opposite
end faces of adjacent permanent magnet 6 have the same polarity. There is one vibration transmission plate 8 which is
fixed on a top surface of the outer cylinder 1. Preferably, the outer cylinder is a magnetic conductive to reduce magnetic
resistance.

[0089] An end of the first magnetic conductor 7 is fixed on a bottom surface of the outer cylinder 1. The coil 3 is wound
around and fixed on the first magnetic conductor 7, and the first magnetic conductive ring 5 is fixed at an end of the first
magnetic conductor 7. An L-shaped vibration transmission bracket 9 is provided. A horizontal part of the vibration
transmission bracket 9 is parallel to a vibration direction. The second magnetic conductor 4 is fixed on the horizontal part of
the vibration transmission bracket 9. The two permanent magnets 6 are fixedly arranged on two sides of the second
magnetic conductor 4, and the two permanent magnets 6 are fixed on the horizontal part of the vibration transmission
bracket 9. The movable assembly and the stator assembly are in concave-convex shapes and arranged in an interleaved
engagement manner. Closed magnetic flux lines of the coil 3 and closed magnetic flux lines of the permanent magnet 6
alternately pass through the movable assembly and the stator assembly. Two magnetic domains D4 ; and D, 4 which are
designed as a symmetrical pair are provided in the moving-magnet vibrator body, the closed magnetic flux lines of the coil
and the closed magnetic fluxlines ofthe permanent magnets each pass through the magnetic domains D, yand D5 4. Inthe
magnetic domain Dy 4, a direction of magnetic flux lines of the coil is opposite to a direction of magnetic flux lines of the
permanent magnet. In the magnetic domain D, 4, the direction of the magnetic flux lines of the coil is the same as the
direction of the magnetic flux lines of the permanent magnet.

[0090] Tofurtherdescribe the design method of the moving-magnet vibrator with nonlinear term cancellation, referring to
FIG 8, an air gap 1 constitutes a magnetic action domain D, 4, and an air gap 2 constitutes a magnetic action domain D, 4,
thereby forming a magnetic domain pair D = (D4 4, D, 4). In the magnetic action domain, a total magnetic flux/magnetic
induction intensity generated by the superposition of the magnetic field generated by the permanent magnet 6 and the
magnetic field generated by the electromagnet of the coil 3 causes mutual forces between the components around the
magnetic domain.

[0091] With regard to the magnetic domain pair D = (D4 4, D, 1), assuming that the current passing through the coil is i,
the magnetic flux corresponding to the coil is @;. The magnetic flux corresponding to the permanent magnetM, is ®,,,4, and
the magnetic flux corresponding to the permanent magnet M, is @,,. In the magnetic domain D, 4 (magnetic action
domain D4 4), the direction of the magnetic flux lines corresponding to the coil C is opposite to that corresponding to the
permanent magnet M4, so the total magnetic flux in the magnetic domain D 4 is the difference between ®;and ®4. Inthe
magnetic domain D, 4 (magnetic action domain D, 1), the direction of the magnetic flux lines corresponding to the coil is to
the same as that corresponding to the permanent magnet M,, so the total magnetic flux in the magnetic domain D, 4 is the
sum of ®;and @,,,. Since the magnetic field formed by the permanent magnet is static, assuming that the direction of the
magnetic flux lines of the permanent magnet is positive, the magnetic flux is also positive, then:

Opp1 = Py — ;55
and
Oppg = Dy + Oy,

[0092] Assuming that the magnetic resistance of the magnetic circuit formed by the electromagnetic field generated by
the coil current i is Z;, N is the number of turns of the coil, and i is the current intensity, we have:
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@i*Z1=N*i.

[0093] Assuming that the magnetic conductance of the magnetic circuit formed by the electromagnetic field generated
by the current is G;, we have:

@i:Gi*N*i.

[0094] The magnetic flux corresponding to the permanent magnet may also be expressed by the equation of magnetic
induction intensity. Assuming that the magnetic induction intensities at the magnetic pole end faces of the permanent
magnet M, and the permanent magnet M, are B,,,; and B,,,, respectively, and B,,,; = B,,» = B,,,. In addition, assuming that
the areas of the magnetic pole end faces of the permanent magnet 1 and the permanent magnet 2 are S,,; and S,
respectively, and S, = S, = S,,,, it follows that @1 = @,,,0 = Dy, = B, S,

[0095] Thus, we have:

Opr = —0; + O = —G; * N i + B, Sy

Ops = @i + By = Gi * N % i + By Sy

[0096] ReferringtoFIG. 8, FIG. 8illustrates only the closed magnetic flux lines of the coil, the permanent magnet M, and
the permanent magnet M,. In FIG. 8, the closed magnetic flux lines generated by the permanent magnet M, passes
through the magnetic gap D 4, the closed magnetic flux lines generated by the permanent magnet M, passes through the
magnetic gap D, 4, and the closed magnetic flux generated by the coil sequentially passes through the magnetic gap D,
and the magnetic gap D,.

[0097] ReferringtoFIG.9, FIG. 9is adiagramiillustrating the relationship between the movable assembly, the magnetic
domains D, 4, D, , and the stator assembly. In the magnetic domain D, 4, the movable assembly is subjected to a leftward
attractive force F4 from the stator assembly, and in the magnetic domain D, 4, the movable assembly is subjected to a
rightward attractive force F, from the stator assembly. Taking the rightward direction as the positive direction, the resultant
force of the stator assembly on the movable assembly is -F4 + F,.

[0098] Referring to FIG. 10, FIG. 10 is a force analysis diagram of the isolated movable assembly. The movable
assembly is subjected to forces from the stator assembly, that is, a leftward attractive force F, and a rightward attractive
force F,, and the resultant force is -F; + F,, expressed as:

Fmoving—magnet =—F; +F,.

[0099] Furtherderive the equation for the electromagnetic force generated by each magnetic domain. The magnitude of
the electromagnetic attractive force acting on a magnetized ferromagnetic object is proportional to the total area of the
magnetic poles through which the magnetic flux lines passes and the square of the magnetic induction intensity. If the
magnetic induction intensity B is uniformly distributed along the surface of the magnetic pole and the calculated air gap
length is small, the equation for calculating the electromagnetic attractive force is calculated by the Maxwell formula,
expressed as:

where:

F: Electromagnetic attractive force

B: Magnetic flux density or magnetic induction intensity

@: Magnetic flux passing through the medium

S: Area of the magnetic pole through which the magnetic flux passes

uo: Air permeability

C: Coefficient related to the combination type and shape of the magnetic pole end faces, with different values for
different scenarios. When the force is generated between permanent magnets, itis denoted as C,,,,,, usually taking a
value of 1, and the accurate value is obtained through actual measurement in the actual design process. When the

14



10

15

20

25

30

35

40

45

50

55

EP 4 742 698 A1

force is generated between a permanent magnet and a magnetic conductor (yoke iron), itis denoted as szy, usually
taking a value of 1/2, and the accurate value is obtained through actual measurement in the actual design process.
When the force is generated between magnetic conductors (yoke iron), itis denoted as C,,,, usually taking a value of
1/4, and the accurate value is obtained through actual measurement in the actual design process.

[0100] Applying the above equation to calculate the electromagnetic attractive forces in the above magnetic domain D4
and magnetic domain D,:

(=0i + Bm)?
=Gy 2[o " Sp1
, 2
p g, @it 0

i 20g " Sp2

where Sp; and Sp, represent the areas of the annular end faces corresponding to magnetic domain D 4 and magnetic
domain D, 4 respectively, and Sp; = Sp, = Sp, thus:

(Qm - Qi)z _ Cy2y
ey 2040 " Sp1 219 = Sp

(Q)m + Q)i)z _ CyZy
ey 201y * Spa 210 * Sp

F,=C (@; — Bm)?

{Fl = Fl,linear + Fl,nonlinear
F, = FZ,linear + Fz,nonlinear

where:
( C
y2y
Fl,linear = 2/10—5D ((Drzn - 2(Dm(bi)
4
C
y2y 2
Fl,nonlinear = ZHO—SD (Di
( CyZy 2
FZ,linear = Z.UO—SD ((bm + 2®m¢i)
<
C
y2y 2
Fz,nonlinear = zllo—SD (Di
Since:
Fmoving—magnet = —F+F,
We obtain:

Fmoving—magnet,linear Fmoving—magnet,linear + Fmoving—magnet,nonlinear

{ Fmoving—magnet,linear = Fl,linear - Fz,linear

Fmoving—magnet,nonlinear = Fl,nonlinear - FZ,nonlinear

Substitute F1,Iinear ’ I:2,Iinear ’ I:1,nonlinear ’ I:2,nonlinear into I:moving—magnet,linear and I:moving—magnet,nonlinear reSpeCtlvelyv we
obtain:
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Fmoving—magnet,linear = _Fl,linear + Fz,linear

C C
Y (92 —20.0,) + —2 (@2, + 20,.0;)

2#0 Sp 2019 " Sp
C 2 2
=~ 5 (O~ 2000 — (0}, +20m0)
(401, 9;)
2.Uo SD
_ 2Cy2yOm
fo-Sp
Since:
Dm = BmSm
Q)l' == GlNl
It follows that:
moving—-magnet,linear Lo 'SD i Lo 'SD i Lo 'SD
Calculate Foying-magnet,nonlinear IN @ similar way as follows:
Fmoving—magnet,nonlinear = _Fl,nonlinear + FZ,nonlinear

_ Cyay 3.2 — Cyay 0.2 =0
20 Sp 2040+ Sp

Thus, the resultant force acting on the moving magnet, which serves as the moving component, is:

Fmoving—magnet = Fmoving—magnet,linear + Fmoving—magnet,nonlinear
2Cy2yBnSmGiN
- Ko " Sp
2Cy2yBrnSmGiN
- Ho " Sp

* [+ 0

* [

[0101] From the above derivation process, the following characteristics may be seen:

1) In the linear term of the resultant force Fy,qying-magnet inear: the linear terms of the component forces F jje4r and
F1 linear @re superimposed, so that the linear term of the resultant force F,,ing-magnet inear @nd the coil currentis larger.
2) In the nonlinear term of the resultant force F,,ing-magnet noniinear the nonlinear terms of the component forces
F 1 nontinear @1d F2 oniinear €@NCel each other out, so that the nonlinear term of the resultant force F . ing-magnet nonlinear
is zero.

[0102] The above design method is called the design method of the moving-magnet vibrator with nonlinear term

cancellation. This method can not only be used to design vibrators, but also be applied to design actuators. The moving-
magnet vibrators or actuators obtained by the above method are called moving-magnet vibrator devices or actuators with
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nonlinear term cancellation.
Embodiment 5

[0103] Referring to FIGS. 12 to 16, a design method of a moving-magnet vibrator with nonlinear term cancellation
includes conditions as follows.

(1) Amoving-magnet vibrator body 11 is provided. The moving-magnet vibrator body 11 includes an outer cylinder 1, a
vibration transmission plate 10, a stator assembly and a movable assembly. The stator assembly includes a coil
combination structure, the movable assembly includes a magnet combination structure. The coil combination
structure includes a coil 7 and a first magnetic conductor 5, and the magnet combination structure includes a
permanent magnet 3 and a second magnetic conductor 2. The coil combination structure is fixed inside the outer
cylinder 1, the vibration transmission plate 10 is fixed on the outer cylinder 1, and the movable assembly is fixedly
connected to the vibration transmission plate 10 through at least one contact point. The movable assembly moves
while the stator assembly remains stationary, and the movable assembly is referred to as a moving component.
(2) The movable assembly is simultaneously subjected to paired electromagnetic forces of push and pull, presenting
push-pull structural characteristics.

[0104] 2N magneticdomains D4 ;and D, ;which are designed as N symmetrical pairs are provided in the moving-magnet
vibrator body 11, where Nis 1, 2, 3, ..., 100, and i=1, 2, 3, ....

[0105] The number of a permanent magnet in the magnet combination structure and the number of a coil in the coil
combination structure are limited, in such a manner that Ny, 356> Ncoil OF Nagnet < Neoil » Where N gnet represents the
number of the permanent magnet, and N represents the number of the coil, Nyagnet=1,2, 3, .., 100, and Ny;=1, 2,3, ...,
100.

[0106] In the push-pull structural characteristics, linear terms of an electromagnetic force acting on the movable
assembly are superimposed so as to be increased, while nonlinear terms of the electromagnetic force acting on the
movable assembly are partially or completely canceled so as to be decreased.

[0107] The closed main magnetic flux lines of the coil in the coil combination structure and the closed main magnetic flux
lines of the permanent magnetin the magnet combination structure each pass through the magnetic domains D ;and D, ;.
The magnetic domain is a spatial region filled with electromagnetic energy, is generally composed of air or a medium with
low magnetic permeability (e.g., a relative magnetic permeability<1000), and includes a region where the magnet material
islocated. Inthe magnetic domain D ;, a direction of magnetic flux lines of the coil is the same as a direction of magnetic flux
lines of the permanent magnet, while in the magnetic domain D, ;, the direction of the magnetic flux lines of the coil is
opposite to the direction of the magnetic flux lines of the permanent magnet. Alternatively, in the magnetic domain D ;, the
direction of the magnetic flux lines of the coil is opposite to the direction of the magnetic flux lines of the permanent magnet,
while in the magnetic domain D, ;, the direction of the magnetic flux lines of the coil is the same as the direction of the
magnetic flux lines of the permanent magnet.

[0108] The numberofthe permanent magnet 3 and the number of the coil 7 are limited, in which there are one permanent
magnet 3, and two caoils.

[0109] Four symmetrically paired magnetic domains Dy, Dy 4, Dy, and D, , are provided in the moving-magnet
vibrator body 11. The closed main magnetic flux lines of the coil 7 and the closed main magnetic flux lines of the permanent
magnet 3 each pass through the magnetic domains D4 4, D, 1, D4 ,and Dy, ,. In the magnetic domain D, 4, the direction of
the magneticflux lines of the coil 7 is the opposite to the direction of the magnetic flux lines of the permanent magnet 3, while
in the magnetic domain D, 4, the direction of the magnetic flux lines of the coil 7 is the same as the direction of the magnetic
flux lines of the permanent magnet 3.

[0110] The moving componentis subjected to four forces. Each component force includes two parts: one partis alinear
term of an excitation current i, and the other part is a nonlinear term of the excitation current i:

Fmoving—magnet,n(i) = Fmoving—magnet,n,linear(i) + Fmoving—magnet,n,nonlinear(i)7
wheren=1,2,3,...,2N -1, 2N.

[0111] Accordingly, a resultant force on the moving component also includes two parts: one part is a linear term of the
current i, and the other part is a nonlinear term of the current i, which is expressed as:

Fmoving—magnet,resultant force (l)

= Fmoving—magnet,resultant force,linear(l) + Fmoving—magnet,resultant force,nonlinear(l)
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where:

Fmoving—magnet,resultant force (l)

2N N
= z Fmoving—magnet,n(i) = Z(Fmoving—magnet,n,l(i) + Fmoving—magnet,n,z (l))
n=1 n=1
2N

Fmoving—magnet,resultant force,linear (1) = § Fmoving—magnet,n,linear(l)
n=1
N

= z (Fmoving—magnet,linear,l(i) + Fmoving—magnet,linear,z (l))
n=1

2N

Fmoving—magnet,resultant forcenonlinear (L) = § Fmoving—magnet,n,nonlinear(l)
n=1
N

= z (Fmoving—magnet,nonlinear,l(i) + Fmoving—magnet,nonlinear,z(i))
n=1

[0112] That is, the nonlinear terms in each component force are partially or completely canceled. In the final total
resultantforce X(F 4 ; + F5 ), the nonlinear terms of the total resultant force relative to the currentare partially or completely
canceled, and the linear terms are superimposed to be increased, thereby obtaining the moving-magnet vibrator with
nonlinear term cancellation.

[0113] The movable assembly and the stator assembly are in concave-convex shapes and arranged in an interleaved
engagement manner, and the closed main magnetic flux lines of the coil 7 and the closed main magnetic flux lines of the
permanent magnet 3 alternately pass through the movable assembly and the stator assembily.

[0114] The design method further includes conditions as follows.

[0115] (3.1) Looking outward from a center, the coil 7 is located inside and the permanent magnet 3 is located outside.
[0116] (3.2) N.,=2, where n is a natural number, and n=1.

[0117] (3.3) When N.;>1, the currents in adjacent coils have opposite directions, and the polarities of the electro-
magnetic fields on the two end faces of two adjacent coils are the same.

[0118] The magnetic conductor is arranged at a position of the outer cylinder 1 close to the coil 7, so as to minimize the
magnetic resistance of the magnetic circuit of an electromagnet 3 generated by the coil 7. The permanent magnet 3 in the
magnet assembly is isolated by the magnetic conductor. A yoke iron is arranged around the coil 7 and the permanent
magnet 3, or alternatively, for the coil combination structure, a part of the outer cylinder 1 close to the coil is magnetically
conductive.

Embodiment 6

[0119] Referring to FIGS. 12 to 16, a moving-magnet vibrator device with nonlinear term cancellation designed by the
method of Embodiment 5 includes a moving-magnet vibrator body 11. The moving-magnet vibrator body 11 includes an
outer cylinder 1, a vibration transmission plate 10, a stator assembly and a movable assembly. The stator assembly
includes a coil combination structure. The movable assembly includes a magnet combination structure. The coil
combination structure includes a coil 7 and a first magnetic conductor 9. The magnet combination structure includes
apermanent magnet 3 and a second magnetic conductor 2. The coil combination structure further includes afirst magnetic
conductive ring 4 and a second magnetic conductive ring 5. Viewed from a center outward, the coil 7 is inside and the
permanent magnet 3 is outside. There are one permanent magnet 3, and two coils 7. The currents in adjacent coils have
opposite directions. For two adjacent coils, the polarities of the electromagnetic fields on the adjacent faces are the same.
There is one vibration transmission plate 10 fixed on a top surface of the outer cylinder 1. An end of the first magnetic
conductor 9 is fixed on a bottom surface of the outer cylinder 1, and the two coils 7 are wound around and fixed on the first
magnetic conductor 9. The second magnetic conductive ring 5 is fixed at an end of the first magnetic conductor 9, and the

18



10

15

20

25

30

35

40

45

50

55

EP 4 742 698 A1

first magnetic conductive ring 4 is wound around and fixed on a middle part of the first magnetic conductor 9 and located
between the two coils 7. An L-shaped vibration transmission bracket 8 is provided, a horizontal part of the vibration
transmission bracket 8 is parallel to a vibration direction. The permanent magnet 3 is fixed in middle of the horizontal part of
the vibration transmission bracket 8, and two second magnetic conductors 2 are located on two sides of the permanent
magnet 3 and fixed on the horizontal part of the vibration transmission bracket 8. The movable assembly and the stator
assembly are in concave-convex shapes and arranged in an interleaved engagement manner. Closed magnetic flux lines
ofthe coils 7 and closed magnetic flux lines of the permanent magnet 3 alternately pass through the movable assembly and
the stator assembly. Four magnetic domains D, 4, D, 4, D4 and D, , which are designed as two symmetrical pairs are
provided in the moving-magnet vibrator body, where D, 4 is symmetric to D, 4, and Dy , is symmetric to D, ,. The closed
magnetic flux lines of the coils 7 and the closed magnetic flux lines of the permanent magnet 3 each pass through the
magnetic domains D4 4, D, 4, D4 ; and D, , respectively. In the magnetic domain D, 4, a direction of magnetic flux lines of
the coil 7 is opposite to a direction of magnetic flux lines of the permanent magnet 3. In the magnetic domain D, 4, the
direction of the magnetic flux lines of the coil 7 is the same as the direction of the magnetic flux lines of the permanent
magnet 3.

[0120] Tofurtherillustrate the design method of the moving-magnet vibrator with nonlinear term cancellation, referring to
FIGS. 12to 14, there are 4 air gaps forming magnetic action domains D, 4, D, 4, D4 , and D, , respectively. Inthe magnetic
action domain, the total magnetic flux/magnetic induction intensity generated by the superposition of the magnetic field
generated by the permanent magnet 3 and the magnetic field generated by the electromagnet of the coils 7 causes mutual
forces between the components around the magnetic domain. The above magnetic domains D4 4, D, 4, D4 , and D, , are
enclosed by the stator assembly and the movable assembly. Therefore, in these magnetic domains, mutual component
forces are generated between the stator assembly and the movable assembly.

[0121] The current passing through the coil C is iy, the current passing through the coil C, is i, , and the corresponding
magnetic fluxes of the coils are ®;; and ®,, respectively. The magnetic flux corresponding to the permanent magnet M, is
Dy

[0122] The magnetic domains Dy 4, D, 1, D4 5 and D, , may be paired into magnetic domain pairs D; = (D4, D))
according to symmetry, where j=1, 2. The domain pairs include Dy = (D4 4, D, 1) and Dy = (D 5, Dy 5).

1) For the magnetic flux of the magnetic domain pair D; = (D4 j, D, ) when =1, thatis, the magnetic flux of the magnetic
domain pair Dy = (D4 4, Dy 4)-

In the magnetic domain D, 4, the direction of the magnetic flux lines corresponding to the coil C, is opposite to that
corresponding to the permanent magnet M,. Therefore, the total magnetic flux in the magnetic domain D, 4 is the
difference between ®;; and ®p4 = ®p.. In the magnetic domain D, 4, the direction of the magnetic flux lines
corresponding to the coil C, is the same as that corresponding to the permanent magnet M,. Therefore, the total
magnetic flux in the magnetic domain D, 4 is the sum of @}, and dyq = .

Assuming iy =i, =i, ®j; = ®;, = O;, and the direction of the magnetic flux lines of the magnet M is positive (the magnetic
flux is also positive), then:

Op11 = Py — Pip = Oy, —

Opy1 = Oy + Ojp = Oy, + D

2) Forthe magnetic flux of the magnetic domain pair D; = (D4 J D2_J-) whenj=2, thatis, the magnetic flux of the magnetic
domain pair D, = (D4 5, D, 9)

[0123] Inthe magnetic domain D, ,, only the magnetic flux lines corresponding to the coil C4 pass through, so the total
magnetic flux is only @;; = @;. In the magnetic domain D, ,, only the magnetic flux lines corresponding to the coil C, pass
through, so the total magnetic flux is only @, = ®@;.

[0124] Assumingthe magneticresistances of the magnetic circuits formed by the electromagnetic field generated by the
current i in the coils C4 and C, are both Z;, N represents the number of turns of the coils C; and C,, and i is the current
intensity, we have:

Qi xZ; = N =1

[0125] Assuming that the magnetic conductance of the magnetic circuit formed by the electromagnetic field generated
by the current is G;, we have:
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@izGi*N*i.

[0126] The magnetic flux corresponding to the permanent magnet 3 may also be expressed by the equation of magnetic
induction intensity. Assuming that the magnetic induction intensities at the magnetic pole end faces of the permanent
magnet M, is B,,,, the area of the magnetic pole end face is Sy, it follows that @, = B,,,S,,..

[0127] Thus, we have:

{Q)Dl,l:@m_ Qi =By S — Gy * N+
¢D2.1=¢m+ Q)i:Gi*N*i‘l'BmSm

{@DLQZ_@l’ :—Gi*N*i
Q)DZ,Z: @; =Gy« N =i

[0128] Referringto FIGS. 13 and 14, FIGS. 13 and 14 show the closed magnetic flux lines of the coils C4 and C,, as well
as the closed magnetic flux lines of the magnet M,. In FIGS. 13 and 14, the closed magnetic flux lines generated by the coil
C, pass through the magnetic gaps D 4, and D, 4, the closed magnetic flux lines generated by the coil C, pass through the
magnetic gaps D, 4, and D, , , and the closed magnetic flux lines generated by the magnet M, sequentially pass through
the magnetic gaps D4 4 and D 4.

[0129] Referring to FIG. 15, FIG. 15 is a diagram of the relationship between the movable assembly, the magnetic
domains Dy 4, D5 4, D4 ,and D, , and the stator assembly. Inthe magneticdomain D, ¢, the movable assembly is subjected
to a rightward attractive force F4 4 from the stator assembly. In the magnetic domain D, 4, the movable assembly is
subjected to aleftward attractive force F, 1 fromthe statorassembly. In the magnetic domain D 5, the movable assembly is
subjected to a leftward attractive force F 4 , from the stator assembly; in the magnetic domain D, ,, the movable assembly is
subjected to a rightward attractive force F, , from the stator assembly.

[0130] Assuming the resultant force corresponding to the magnetic domain pair DJ- = (DH* Dz,j) is FJ- (its positive or
negative indicates different directions of the force), and taking the rightward direction as positive, the resultant force
exerted on the movable assembly by the stator assembly is:

Fmoving—magnet =F+F= l:‘1,1 - l:‘2,1 - F1,2 + F2,2

Fmoving—magnet =F+F= (Fl,l - Fz,l) + (_Fl,z + FZ,Z)

where FJ- is the resultant force of the component forces corresponding to the magnetic domain pair DJ- = (D”-, D2,j)-
[0131] Referring to FIG. 15, FIG. 15 is a force analysis diagram of the isolated movable assembly. The movable
assembly is subjected to component forces F4 4, F5 4, F{ 5 and F, , from the stator assembly, and its resultant force is:

Fmoving—magnet =F +F = (Fl,l - Fz,l) + (_Fl,z + Fz,z)

[0132] The above equation may also be expressed by including the direction of the force through the sign of the
component force as:

2
Fmoving—magnet = Z F} = Z(Fl,j + FZ,j)

j=1 j=1

[0133] The various component forces are grouped into two-by-two paired magnetic domain pairs. Each magnetic
domain pair corresponds to the resultant force of a different magnetic domain pair D;, suchas F1=F, ;-F, jand F2=-F, ,
+ F5 5, then the total resultant force is calculated.

[0134] Furtherderive the equation for the electromagnetic force generated by each magnetic domain. The magnitude of
the electromagnetic attractive force acting on a magnetized ferromagnetic object is proportional to the total area of the
magnetic poles through which the magnetic flux lines passes and the square of the magnetic induction intensity. If the
magnetic induction intensity B is uniformly distributed along the surface of the magnetic pole and the calculated air gap
length is small, the equation for calculating the electromagnetic attractive force is calculated by the Maxwell formula,
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expressed as:

BZ_S_C @2
AT 2l - S

where:

F: Electromagnetic attractive force

B: Magnetic flux density or magnetic induction intensity

J: Magnetic flux passing through the medium

S: Area of the magnetic pole through which the magnetic flux passes

uo: Air permeability

C: Coefficient related to the combination type and shape of the magnetic pole end faces, with different values for
different scenarios. When the force is generated between permanent magnets, itis denoted as C,,,,,, usually taking a
value of 1, and the accurate value is obtained through actual measurement in the actual design process. When the
force is generated between a permanent magnet and a magnetic conductor (yoke iron), itis denoted as szy, usually
taking a value of 1/2, and the accurate value is obtained through actual measurement in the actual design process.
When the force is generated between magnetic conductors (yoke iron), itis denoted as Cy2y, usually taking a value of
1/4, and the accurate value is obtained through actual measurement in the actual design process.

1) Calculate F;when j = 1, corresponding to the magnetic domain pair D; = (D4, D, ;) when j = 1.

The resultant force of the component forces corresponding to the magnetic domain pair Dy = (D4 4, D, 4)is Fy=F¢ ¢ -
F, 1. Applying the above formula to calculate the electromagnetic attractive forces in the magnetic domains D4 4 and
D, 4, we have:

o @) (=Bi+0)?

v yzy 2o~ Sp1a yzy 2o " Sp1a
Bpz1)? B; + Bm)?

FZ L= C ( D2,1) _ ( { m)

' yzy 2Uo " Sp2a oY 2o " Spz1

where Sp4 4 and Sp, ¢ represent the areas of the annular end faces corresponding to magnetic domain D4 4 and
magnetic domain D, ; respectively, and Spq 4 = Sp, 1 = Sp, thus:

(=0 + Om)?

Fip = Cyyy O — 007 = el
' 20y Sp11 2Ho Sp
Fp = Cyay O * 0 - Sy
' 20y " Spa1 240 Sp

(i + Om)?

{Fl,l = Fl,l,linear + F1,1,nonlinear
F2,1 = FZ,l,linear + F2,1,nonlinear

where:

Cy2
Fl,l,linear = 2//‘()},—}~;D (Qrzn - ZQin)
C

__y2y 2
Fl,l,nonlinear - 200" S (Di
0 D
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FZ,l,linear = 2/10 SD (Q)Z + 20,9;)

F. li = CyZy Q)
2,1,nonlinear — i
209 - Sp
Since:
10 F, = 1:“1,1_1'_“2,1
We obtain
15 Fiinear = Fitinear + Finontinear
{ Fl,linear = Fl,l,linear - Fz,l,linear
Fl,nonlinear = Fl,l,nonlinear — "2 1,nonlinear
20
Substitute F1 1,linear » F2 1,linear » I:1,1,nonlinear ’ I:2,1,nonlinear into I:1,Iinear and I:1 nonlinear rGSpeCtlve|y| we obtain
Fl,linear = Fl,l,linear - Fz,l,linear
C C
25 2 2
_ vy ((2)2—2(2) @) _yay (¢2+2¢ @)
 2Uy - Sp 200~ Sp
C 2
(Q)m 2Q)m(Z)i - (Q)m + 2Q)m(Z)i)
2#0 SD
30
(—40m9y)
2.“0 SD
2Cy2yBm
35 - —_—_— i
Uo " Sp
Since:
40 Q)m = BmSm
(Dl' == GlNl
45 It follows that:
; _ 2O 2C5yBnSm o 2CyeBuSmGN
Llinear = S i = S (VL= S t
Uo " op Ho "op Ho "op
50
Calculate Fq onjinear in @ similar way as follows:
Fl,nonlinear Fl,l,nonlinear - FZ,l,nonlinear
55 _ Cy2y 2 CYZY ) 2_0
=0, ——— 0, =
29~ Sp 210 " Sp

Thus, the resultant force Dy = (D4 4, D, ¢) of component forces is:
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F = Fl,linear + Fl,nonlinear
2Cy>vB...S..G;N

- _ y2y“mYm™i i 40
Uo " Sp

_ ZCyzmeSmGiN s

B Ko " Sp

[

2) Calculate F;when j = 2, corresponding to the magnetic domain pair D, = (D”, Dzjj) when j = 2.

[0135] The resultant force of the component forces corresponding to the magnetic domain pair D, = (D4 5, Dy 5) is F, =

-F4 2 + F, 5. Calculate the electromagnetic attractive forces in the magnetic domains D4 , and D, ,, we have:

p oo @oi2)? 8’

L2 yzy 2Ug *Sp12 yzy 2Ug *Sp1z2
Dp22)? 0

P l

' yzy 2Up * Spa ooy 2o - Spap

where Sp4 , and Sp, , represent the areas of the annular end faces corresponding to magnetic domain D4 , and magnetic

domain D, , respectively, and Spq , = Sp, , = Sp, thus:

P (P 0"
L2 yey 20 " Sp1,2 ey 2p0 * Sp
2
(@p2,2)* 9;
Fop = Cyoys—c— = Cyyy
' 210 * Spa,2 219 - Sp
Consequently,
0;” 0;°
i i
F, = Fz,linear + FZ,nonlinear = _F1,2 + FZ,Z = _CyZy 210 - Sp + Cy2y 210 - Sp =0
We obtain:

{ Fy tinear = 0

FZ,nonlinear =0

Since the resultant force on the movable assembly:
Fmoving—magnet =F +F

Fmoving—magnet = Fmoving—magnet,linear + Fmoving—magnet,nonlinear

Thus:

2C BmSmGiN 2C B SmGiN
y2ymm1*i+0:_ y2ymml*

moving—magnet,linear 1,linear 2,linear to-Sp Uo'SD

Fmoving—magnet,nonlinear = Fl,nonlinear + Fz,nonlinear =0+0=0
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[0136] From the above derivation process, the following characteristics may be seen:

1) In the linear term of the resultant force Fy,qying-magnet inear: the linear terms of the component forces F o4 and
F3 linear @re superimposed, so that the linear term of the resultant force F still has a linear relationship
with the coil current.

2) In the nonlinear term of the resultant force F

moving-magnet,linear

moving-magnet,noniinears th€ nNonlinear terms of the component forces
F1 nontinear 8Nd F2 honiinear C@NCel each other out, so that the nonlinear term of the resultant force F

is zero.

moving-magnet,nonlinear

[0137] The above design method is called the design method of the moving-magnet vibrator with nonlinear term
cancellation. This method can not only be used to design vibrators, but also be applied to design actuators. The moving-
magnet vibrators or actuators obtained by the above method are called moving-magnet vibrator devices or actuators with
nonlinear term cancellation.

Embodiment 7

[0138] Referring to FIGS. 17 to 21, a design method of a moving-magnet vibrator with nonlinear term cancellation
includes conditions as follows.

(1) Amoving-magnet vibrator body 11 is provided. The moving-magnet vibrator body 11 includes an outer cylinder 1, a
vibration transmission plate 9, a stator assembly and a movable assembly. The stator assembly includes a coil
combination structure, the movable assembly includes a magnet combination structure. The coil combination
structure includes a coil 3 and a first magnetic conductor 4, and the magnet combination structure includes a
permanent magnet 6 and a second magnetic conductor 5. The stator assembly is fixed inside the outer cylinder 1, the
vibration transmission plate 9 is fixed on the outer cylinder 1, and the movable assembly is fixedly connected to the
vibration transmission plate 9 through at least one contact point. The movable assembly moves while the stator
assembly remains stationary, and the movable assembly is referred to as a moving component.

(2) The movable assembly is simultaneously subjected to paired electromagnetic forces of push and pull, presenting
push-pull structural characteristics.

[0139] 2N magneticdomains D4 ;and D, ;which are designed as N symmetrical pairs are provided in the moving-magnet
vibrator body 11, where Nis 1, 2, 3, ..., 100, and i=1, 2, 3, ....

[0140] The number of a permanent magnet in the magnet combination structure and the number of a coil in the caoil
combination structure are limited, in such a manner that Ny, 556> Ncoil O Niyagnet < Neoil » Where N 06t represents the
number of the permanent magnet, and N represents the number of the coil, Nyagnet=1,2, 3, .., 100, and Ny;=1, 2,3, ...,
100.

[0141] In the push-pull structural characteristics, linear terms of an electromagnetic force acting on the movable
assembly are superimposed so as to be increased, while nonlinear terms of the electromagnetic force acting on the
movable assembly are partially or completely canceled so as to be decreased.

[0142] The closed main magnetic flux lines of the coil in the coil combination structure and the closed main magnetic flux
lines of the permanent magnetin the magnet combination structure each pass through the magnetic domains D ;and D, ;.
The magnetic domain is a spatial region filled with electromagnetic energy, is generally composed of air or a medium with
low magnetic permeability (e.g., a relative magnetic permeability<1000), and includes a region where the magnet material
islocated. Inthe magnetic domain D ;, a direction of magnetic flux lines of the coil is the same as a direction of magnetic flux
lines of the permanent magnet, while in the magnetic domain D, ;, the direction of the magnetic flux lines of the coil is
opposite to the direction of the magnetic flux lines of the permanent magnet. Alternatively, in the magnetic domain D ;, the
direction of the magnetic flux lines of the coil is opposite to the direction of the magnetic flux lines of the permanent magnet,
while in the magnetic domain D, ; the direction of the magnetic flux lines of the coil is the same as the direction of the
magnetic flux lines of the permanent magnet.

[0143] The number ofthe permanent magnet6 and the number of the coil 3 are limited, in which there are two permanent
magnets, and three coils.

[0144] Six magnetic domains Dy 4, Dy 4, D4 5, D5 5, Dy 3, and D, 5 which are designed as three symmetrical pairs are
provided in the moving-magnet vibrator body, where D, ; is symmetric to D, 4, D4 , is symmetric to D, 5, and D4 5 is
symmetric to D, 3 . The closed magnetic flux lines of the coils 3 and the closed magnetic flux lines of the permanent
magnets 6 each pass through the magnetic domains D ¢, Dy 4, D4 5, D3 5, D4 3, @and D5 5. In the magnetic domain D 4, a
direction of magnetic flux lines of the coil 3 is opposite to a direction of magnetic flux lines of the permanent magnet 6. In the
magnetic domain D, 4, the direction of the magnetic flux lines of the coil 3 is the same as the direction of the magnetic flux
lines of the permanent magnet 6. In the magnetic domain D, ,, the direction of the magnetic flux lines of the coil 3 is the
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same as the direction ofthe magnetic flux lines of the permanent magnet 6. In the magnetic domain D, ,, the direction of the
magnetic flux lines of the coil 3 is opposite to the direction of the magnetic flux lines of the permanent magnet 6.
[0145] The moving component is subjected to six forces. Each component force includes two parts: one partis a linear
term of an excitation current i, and the other part is a nonlinear term of the excitation current i:

Fmoving—magnet,n(i) = Fmoving—magnet,n,linear(i) + Fmoving—magnet,n,nonlinear(i)a
wheren=1,2,3,..,2N-1, 2N.

[0146] Accordingly, a resultant force on the moving component also includes two parts: one part is a linear term of the
current i, and the other part is a nonlinear term of the current i, which is expressed as:

Fmoving—magnet,resultant force (1)
= Fmoving—magnet,resultant force,linear(l) + Fmoving—magnet,resultant force,nonlinear (1)

where:

Frmoving-magnet resultant force (1)

2N N
= Z Fmoving—magnet,n(i) = Z(Fmoving—magnet,n,l(i) + Fmoving—magnet,n,z (1))
n=1 n=1
2N

Fmoving—magnet,resultantforce,linear(l) = § Fmoving—magnet,n,linear(1)
n=1
N

= Z (Fmoving—magnet,linear,l (1) + I:“moving—magnet,linear,z (1))
n=1

2N

Fmoving—magnet,resultantforce,nonlinear(l) = § l:‘moving—magnet,n,nonlinear(1)
n=1
N

= Z (Fmoving—magnet,nonlinear,l(i) + l:‘moving—magnet,nonlinear,z (1))
n=1

[0147] That is, the nonlinear terms in each component force are partially or completely canceled. In the final total
resultantforce X(F 4 ; + F5 ;), the nonlinear terms of the total resultant force relative to the currentare partially or completely
canceled, and the linear terms are superimposed to be increased, thereby obtaining the moving-magnet vibrator with
nonlinear term cancellation.

[0148] The movable assembly and the stator assembly are in concave-convex shapes and arranged in an interleaved
engagement manner. The closed main magnetic flux lines of the coils 3 and the closed main magnetic flux lines of the
permanent magnet 6 alternately pass through the movable assembly and the stator assembly.

[0149] The design method further includes conditions as follows.

[0150] (3.1)Looking outward from a center, the coil 3 is located outside and the permanent magnet is located inside.
[0151] (3.2) Ngoj=3, and Nyagnei=2-

[0152] (3.3)When Nmagnet > 1, the polarities of the two opposite end faces of the adjacent permanent magnets 6 are the
same. When N.;>1, the currents in adjacent coils 3 have opposite directions, and the polarities of the electromagnetic
fields on the two end faces of two adjacent coils 3 are the same.

[0153] The magnetic conductor is arranged at a position of the outer cylinder 1 close to the coil 3, so as to minimize the
magnetic resistance of the magnetic circuit of an electromagnet generated by the coil 3. A yoke iron is arranged around the
coil 3 and the permanent magnet 6, or alternatively, for the coil combination structure, a part of outer cylinder a close to the
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coil is magnetically conductive.
Embodiment 8

[0154] Referring to FIGS. 17 to 21, a moving-magnet vibrator device with nonlinear term cancellation designed by the
method of Embodiment 7 includes a moving-magnet vibrator body 11. The moving-magnet vibrator body 11 includes an
outercylinder 1, avibration transmission plate 9, a stator assembly and a movable assembly. The statorassembly includes
a coil combination structure, and the movable assembly includes a magnet combination structure. The coil combination
structure includes a coil 3 and a first magnetic conductor 4, the magnet combination structure includes a permanent
magnet 6 and a second magnetic conductor 8. The coil combination structure further includes a first magnetic conductor
ring 2. When looking from a center outward, the coil 3 is located outside and the permanent magnet 6 is located inside. Two
permanent magnets 6 are provided, and polarities of two opposite end faces of adjacent permanent magnets 6 are the
same. Three coils 3 are provided, directions of currents in adjacent coils 3 are opposite, and polarities of electromagnetic
fields at adjacent end faces of two adjacent coils 3 are the same. Two vibration transmission plates 9 are provided and are
respectively fixed on a top surface and a bottom surface of the outer cylinder 1. Two permanent magnets 6 are fixed on two
sides of the second magnetic conductor 8. The two permanent magnets are respectively fixed on magnetic conductive
sleeves 5, and the magnetic conductive sleeves 5 are respectively fixed on the two vibration transmission plates 9. The
three coils are sequentially fixed on an inner side wall of the outer cylinder 1. The first magnetic conductor 4 is fixedly
arranged between adjacent coils 3. The first magnetic conductive ring 2 is fixedly arranged on an outer side of the
outermost coils 3, and both the first magnetic conductor 4 and the first magnetic conductive ring 2 are fixed on the inner side
wall of the outer cylinder 1. The movable assembly and the stator assembly are in concave-convex shapes and arranged in
an interleaved engagement manner. Closed magnetic flux lines of the coils 3 and closed magnetic flux lines of the
permanent magnets 6 alternately pass through the movable assembly and the stator assembly. Six magnetic domains
D11, Dy 1, Dq 2, Dy 5, Dy 3, @and D, 5 which are designed as three symmetrical pairs are provided in the moving-magnet
vibrator body 1, where D, 4 is symmetric to D, 4, D4 , is symmetric to D, ,, and D, 3 is symmetric to D, 5. The closed
magnetic flux lines of the coils 3 and the closed magnetic flux lines of the permanent magnets 6 each pass through the
magnetic domains D 4, D5 1, D4 5, D, 9, Dy 3,and D, 5. Inthe magnetic domain D, 4, a direction of magnetic flux lines of the
coil 3is opposite to a direction of magnetic flux lines of the permanent magnet 6. In the magnetic domain D, 4, the direction
ofthe magnetic flux lines of the coil 3 is the same as the direction of the magnetic flux lines of the permanent magnet6. Inthe
magnetic domain D ,, the direction of the magnetic flux lines of the coil 3 is the same as the direction of the magnetic flux
lines of the permanent magnet 6. In the magnetic domain D, ,, the direction of the magnetic flux lines of the coil 3is opposite
to the direction of the magnetic flux lines of the permanent magnet 6.

[0155] Referring to FIG. 18, the magnetic action domains D4 4, D, 41, D4 5, D, 5, D4 3, and D, 5 are formed by 6 air gaps
respectively. In the magnetic action domain, the total magnetic flux/magnetic induction intensity generated by the
superposition of the magnetic field generated by the permanent magnets and the magnetic field generated by the
electromagnet of the coils causes mutual forces between the components around the magnetic domain. The above
magnetic domains D4 4, D, 1, D¢ 5, D55, Dq 3, @and D, 5 are enclosed by the stator assembly and the movable assembly.
Therefore, in these magnetic domains, mutual forces are generated between the stator assembly and the movable
assembly.

[0156] FIG. 19 illustrates the closed magnetic flux lines of the coils C4, C,, and Cj, as well as the closed magnetic flux
lines of the magnets M, and M,. The closed magnetic flux lines generated by the coil C, pass through the magnetic gaps
D1 ,and D, 3, the closed magnetic fluxlines generated by the coil C,, pass through the magneticgaps D4 yand D, 4, and the
closed magneticfluxlines generated by the coil C4 pass through the magneticgaps D, , and D, 5. The closed magnetic flux
lines generated by the magnet M, sequentially pass through the magnetic gaps D4 1 and D ,, and the closed magnetic flux
lines generated by the magnet M, sequentially pass through the magnetic gaps D, 4 and Dy ,.

[0157] Assumingthatthe currents passing through the coils C,, C,,and Cyareiy, iy, andis respectively, and iy =i, =iz =1.
The corresponding magnetic fluxes of the coils are ®,;, ®;, and ®;5 respectively. For the simplicity of derivation, assuming
that ®,; = ®,, = ®;3 = ®; (another case is Ny = N3 = N,, where N4, N,, N5 are the number of turns of the coins C, C,, and Cs,
respectively; orthe magnetic resistance of C, is different from that of C; and C5 due to the magnetic circuit structures of C,
C,, and C3, thus @;; = O;3 = @;,. For this case, because of the overall symmetrical design, the conclusion that the nonlinear
terms in the resultant force of the paired forces cancel each other still holds). The magnetic fluxes corresponding to the
permanent magnets My and M, are @4 = Opp = D,

[0158] The magnetic domains D4 4, D, 4, D 5, D; 5, D4 3,@and D, 3 may be grouped in pairs based on the symmetry. D 4
and D, ; are the first pair of symmetrically arranged magnetic domains, D, , and D, , are the second pair of symmetrically
arranged magnetic domains, and D4 5 and D, 5 are the third pair of symmetrically arranged magnetic domains.

1) Magnetic domain pair D; = (D4, D, ;) when j=1.
In the magnetic domain D, 4, the direction of the magnetic flux lines corresponding to the coil C, is opposite to that
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corresponding to the permanent magnet M,. Therefore, the total magnetic flux in the magnetic domain D, 4 is the
difference between ®;; and ®y4 = ®p. In the magnetic domain D, 4, the direction of the magnetic flux lines
corresponding to the coil C, is the same as that corresponding to the permanent magnet M,. Therefore, the total
magnetic flux in the magnetic domain D, 4 is the sum of @}, and ®y, = Dy,

Assumingthatiy =i, =iz =i, ;4 = ®;3 % D;,, and in the multiple magnetic domains, the direction of the magnetic fluxlines
of the permanent magnet is positive, and the magnetic flux is also positive, then:

(DDl,l = Oy — Oy = O, — Oj

Dpy1 = Oy + Oy = Oy, + D)

2) Magnetic domain pair D; = (D4 j, D, j) when j=2.

In the magnetic domain D, ,, the direction of the magnetic flux lines corresponding to the coil C, is the same as that
corresponding to the permanent magnet M. Therefore, the total magnetic flux in the magnetic domain D , is the sum
of dy = Oj3 and dpy4 = Oy, In the magnetic domain D, ,, the direction of the magnetic flux lines corresponding to the
coil C5 is opposite to that corresponding to the permanent magnet M,. Therefore, the total magnetic flux in the
magnetic domain D, , is the difference of ®;3 = @4 and dy, = Oy,

Assumingthatiy =i, =iz =i, ®;4 = D;3 % D;y, and in the multiple magnetic domains, the direction of the magnetic fluxlines
of the permanent magnet is positive, and the magnetic flux is also positive, then:

Dpyp = Oy + O = O + D)y

Opy1 = Ppy — iz = Oy, — Oy
3) Magnetic domain pair D; = (D4 j, D, ;) when j=3.

[0159] Inthe magnetic domain D, 5, only the magnetic flux lines corresponding to the coil C4 pass through, so the total
magnetic flux is only @;;. In the magnetic domain D, 5, only the magnetic flux lines corresponding to the coil C5 pass
through, so the total magnetic flux is only @3 = @4.

[0160] Assumingthe magneticresistances ofthe magnetic circuits formed by the electromagnetic field generated by the
currentiin the coils C4, C, and C; are Z;, N represents the number of turns of the coils C4, C, and Cs, and i is the current
intensity, we have:

Qi *Z; =N 1

[0161] Assuming that the magnetic conductance of the magnetic circuit formed by the electromagnetic field generated
by the current is G;, we have:

@izGi*N*i.

[0162] Anothercaseis:N;=N3#N,, where N4, N,, N3 are the number of turns ofthe coins C4, C,, and Cj, respectively, or
the magnetic resistance of C, is different from the magnetic resistance of C; and C5 due to the magnetic circuit structures of
C,,Cy,and Cs,ie., Gy = Gj3 = G, thus ®;; = D;3 = Oy». For this case, due to the overall symmetrical design, it still holds the
conclusion that the nonlinear terms in the resultant force of the paired forces cancel each other. Thus:

Bin =iz =Gi1 *Nyq *i

Bip = Gip*xNip i
[0163] The magnetic flux corresponding to the permanent magnet may also be expressed by the equation of magnetic
induction intensity. Assuming that the magnetic induction intensities at the magnetic pole end faces of the permanent

magnets M, and M, are both B,,;, the area of the magnetic pole end face is S,,, it follows that @, = B,,S,,,.
[0164] Thus, we have:
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{Q)Dl,l:Q)m_ Q)l' =Bm5m_Gl*N*l
Ppz1 =Om + O; = By S + Gy * N * i

{®D1,2:®m+ (Z)i =B Smt+ G xNxi
)

Dpaa = — @i =By S — Gy x N i

{¢D1,3=¢i =Gy« Nx*i
¢D2,3= B; =Gy *xN=i

[0165] Foranother case: the number of turns N4, N,, N5 of the coils C,, C,, and C4 satisfy N, = N5 = N,, or the magnetic
resistance of C, is different from the magnetic resistance of C; and C5 due to the magnetic circuit structures of C4, C,, and
Cs, Gjy = Gi3 # Gjp, thus @}y = ®;3 # Ojp. The above formulas become:

{(Z)Dl,l =@m— B; =By Sy — Gjp *Njp*i
Bpo1 =D+ 0; =By S+ Gig * Ny xi

{QDLZ =0m+ O =By Sm + Gy # Njg x1
Pp2z=0m— @i =By S — Gz * Ny *1i

{®D1,3 =0@; =GjqxN;q*i
¢Dz,3 = 0; = Gi,3 *Njg*i

[0166] It can be seen from the above formulas that when N4 = N3 and G;; = G;3, the magnetic fluxes in the magnetic
domain pair D, = (D4 ,, D5 ,), as well as the magnetic domain pairs D = (D4 4, D, 4) and D3 = (D4 3, D, 3) still have the
property that the nonlinear terms relative to the current in the corresponding component forces can be canceled.
[0167] Referring to FIG. 20, FIG. 20 is a diagram of the relationship between the movable assembly, the magnetic
domains Dy 4, Dy ¢, D4 5, D5 5, D1 3,and D, 3 and the stator assembly. In the magnetic domain D ¢, the movable assembly
is subjected to aleftward attractive force F 4 from the stator assembly. Inthe magnetic domain D, 4, the movable assembly
is subjected to a rightward attractive force F, 4 from the stator assembly. In the magnetic domain D, ,, the movable
assembly is subjected to a rightward attractive force F , from the stator assembly; in the magnetic domain D, ,, the
movable assembly is subjected to a leftward attractive force F, , from the stator assembly. In the magneticdomain D, 5, the
movable assembly is subjected to a leftward attractive force F4 5 from the stator assembly; and in the magnetic domain
D, 3, the movable assembly is subjected to a rightward attractive force F, 5 from the stator assembly. The resultant force
corresponding to the magnetic domain pair D (D”, D2_J) is defined as the resultant force F (F1_J, F2,J) corresponding to
the magnetic domain pair D;. Assuming the rightward direction is positive, the sign of F1’j and F,; is positive when the
direction of F yand F, ; is rightward, and the sign of F; ;and F, ; is negative when the direction of F, ; and F; is leftward.
Then, the resultant force exerted on the movable assembly by the stator assembly is:

Fmoving—magnet =F +F,+F; = _F1,1 + F2,1 + F1,2 - Fz,z - F1,3 + F2,3

Fmovmg —magnet — F1+F2+F3_( F11+F21)+(F12_F22)+( F13+F23)

where FJ- is the resultant force of the component forces generated on the movable assembly in the magnetic domain pair D;
=(Dy, Dgy)-

[0168] The above is a force analysis diagram of the isolated movable assembly. The movable assembly is subjected to
componentforces F4 1,F5 4, Fq o, Fy 5, F4 3, F5 3 from the stator assembly. When calculating, first calculate F 1 according to
the magnetic domain pair Dj = (D1’j, D2’j), then calculate the resultant force of the movable assembly as:

Fmoving—magnet =F+FK+F= (_F1,1 + F2,1) + (Fl,Z - Fz,z) + (_F1,3 + Fz,3)

28



10

15

20

25

30

35

40

45

50

55

EP 4 742 698 A1

[0169] The above can also be expressed by including the direction of the force through the sign of the component force:

Fmoving—magnet = z Fi = Z(Fl,i + Fz,i)

3 3
=1 i=1

[0170] First calculate the resultant force of the component forces generated in the two-by-two paired magnetic domain
pairs, i.e., calculate the resultant force 4 =-F; ; + F, 1 inthe magnetic domain pairD4 = (D 4, D, 1), the resultant force f, =
F1 2-F5 2 inthe magnetic domain pair D, = (D ,, D, ,), and the resultant force F, = -F4 5 + F, 5 in the magnetic domain pair
D3 = (D4 3, Dy 3), then calculate the total resultant force.

[0171] Furtherderive the equation for the electromagnetic force generated by each magnetic domain. The magnitude of
the electromagnetic attractive force acting on a magnetized ferromagnetic object is proportional to the total area of the
magnetic poles through which the magnetic flux lines passes and the square of the magnetic induction intensity. If the
magnetic induction intensity B is uniformly distributed along the surface of the magnetic pole and the calculated air gap
length is small, the equation for calculating the electromagnetic attractive force is calculated by the Maxwell formula,
expressed as:

where:

F: Electromagnetic attractive force

B: Magnetic flux density or magnetic induction intensity

J: Magnetic flux passing through the medium

S: Area of the magnetic pole through which the magnetic flux passes

wo: Air permeability

C: Coefficient related to the combination type and shape of the magnetic pole end faces, with different values for
different scenarios. When the force is generated between permanent magnets, itis denoted as C,,,,,, usually taking a
value of 1, and the accurate value is obtained through actual measurement in the actual design process. When the
force is generated between a permanent magnet and a magnetic conductor (yoke iron), itis denoted as szy, usually
taking a value of 1/2, and the accurate value is obtained through actual measurement in the actual design process.
When the force is generated between magnetic conductors (yoke iron), itis denoted as Cyzy, usually taking a value of
1/4, and the accurate value is obtained through actual measurement in the actual design process.

1) Calculate the resultant force £y = -F; 4 +F, 4, corresponding to the magnetic domain pair D; = (D j, D, j) whenj=1,
i.e., D1 = (D1,1’ D2'1)

Applying the above formula to calculate the electromagnetic attractive forces in the magnetic domains D4 y and Dy 4,
we have:

R I e PR S
v yzy 2Up * Sp1 2y 2up * Sp1a
b e (957 (040w

21 yay 2Ug " Sp2a 2y 2Ug " Sp2a

where Sp4 4 and Sp, 4 represent the areas of the annular end faces corresponding to magnetic domain D4 4 and
magnetic domain D, 4 respectively, and Sp 4 = Sp, 4 = Spy, thus:

(@ — ®i,2)2 _ CYZY
ey 20 " Sp1a B 211g " Sp1
Fp = CyZY O Qi‘Z)Z = Cy2y

' 209" Sp21 2U9 " Sp1

F1,1 =C (_Q)i,z + Q)m)z

(Qi,Z + Qm)z
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{Fl,l = Fl,l,linear + Fl,l,nonlinear

F2,1 = Fz,l,linear + Fz,l,nonlinear

where:
p
— 2
Fl,l,linear - 2 S ((D 2®m¢i,2)
Mo D1
) C
F _ y2y 2
1,1,nonlinear — [
\ 2up - Spr
(
— 2
FZ,l,linear - 2 S (Q) + Z(Z)m@LZ)
#o D1
< C
F _ y2y ) 2
2,1,nonlinear — YRS i,2
\ Ho "9Op1
Since:
Fp=—-F1+F;;
We obtain:
Fl,linear = Fl,linear + Fl,nonlinear
{ Fl,linear = _Fl,l,linear + FZ,l,linear
Fl,nonlinear = _Fl,l,nonlinear + Fz,l,nonlinear

Substitute I:‘1,1,Iinear ’ F2,1,Iinear ’ F1,1,non|inear ’ F2,1,non|inear into F1,Iinear and I:1,nonlinear reSpeCtively' we obtain:

Fl,linear = _F1,1,linear + FZ,l,linear

C
= ((2)2
2#0 501

2.“0 SDl

2.Uo SDl

Given that:

Hence:

(— (@ -

Cy2
— 20 ®12)+u—(¢2 +201,9;5)
0

= 20m®i2) + (D5, + 20mD; ;)

(40m®;2)

_ZCyZme '
Ho'Spr

Q)m = BmSm

(Z)i,z = Gi,z Ni,zl
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_ 2CypyBm . 2Cy5yBmSm N 2Cy2yBmSmGiaNia i
1,linear — i,2 — i,2Ni,2¢ —
Ho " Sp1 Mo " Sp1 Ho " Sp1
Calculate Fq onjinear in @ similar way as follows:
Fl,nonlinear = _bi,l,nonlinear + Fz,l,nonlinear
C C
y2y 2 y2y 2
= T2y 5p: 0 Yoy sp, 2 =0
Ho "9Op1 0 °Dp1

Thus, the resultant force corresponding to the corresponding to the magnetic domain pair D4 4 and D, 4 is:

F = Fl,linear + Fl,nonlinear
2C BmSmGi,ZNi,z
= E S
Ko " Sp1
BmSmGi,zNi,Z .
* 1
Ho " Sp1

Y2y i+0

_ 20y

2) Calculate the resultant force F, = F 5 - F, 5, corresponding to the magnetic domain pair Dj = (D1’j, D2’j) whenj=2,
i.e., D2 = (D1’2, D2’2).

Applying the above formula to calculate the electromagnetic attractive forces in the magnetic domains D4 , and D, 5,
we have:

(Pp12)® (81 + Pm)?
yzy 200" Sp1a oo 20 " Sp1a
o, 002 (0t 0w

' 210 " Spa2,2 Y 240+ Spaa

Fi2=C

where Sp, , and Sp, , represent the areas of the annular end faces corresponding to magnetic domain D, , and
magnetic domain D, , respectively, and Sp4 , = Sp, 5 = Spy, thus:

Fi; =Cyyy O = 01,)" = vz

' 2Up " Sp1,2 2o * Sp2
Fpp = Cyay O + 8,5 ) - o

' 21y " Spa,2 211o * Sp>

(Di1 + Om)?

(=03 + Om)?

{Fl,z = Fl,Z,lL'near + F1,2,n0nlinear
FZ,Z = F2,2,linear + FZ,Z,nonlinear

where:
Cyzy 2
Fl,Z,linear = 210 - Spa ((Z)m + ZQ)mQ)i,l)

C
y2y o2
24y " Spa Pis

F1,2,nonlinear =
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F3z2,inear = m (02, — 20m®; 3)
F3 2 nontinear = Zliiy—'zguz 0. .2
Since:
Fo = Fi,—F;
We obtain:

FZ,linear = FZ,linear + Fz,nonlinear

{ FZ,linear = F1,2,linear - F2,2,linear

Fz,nonlinear = Fl,z,nonlinear - FZ,Z,nonlinear

Substitute F1,1,Iinear ’ F2,2,Iinear ’ I:1,2,nonlinear ’ I:2,2,nonlinear into I:2,Iinear and I:2,nonlinear reSpeCtive|y| we obtain:

FZ,linear = Fl,Z,linear - Fz,z,linear

Cy2
——— (05 + 20 (311)— ((32 20m%i3)
Ko~

2Iio 502
Cy2Y 2 2
=5 < (Q)m + 2(Z)m(ai,l) - (Qm - 2®m¢i,3)
204g * Spa
— (4
_ 2CyyBrm
Ho-Spz
Given that:
(Dm = BnSm
Qi,1 = Q)i,3=Gi,1Ni,1i
Hence:
o _2Bm 20 BuSm o 202y BrSmGiaNi
2,linear Lo - SDZ i1 Lo - SDZ 11 Lo - SDZ
Calculate F onjinear in @ similar way as follows:
Fz,nonlinear = _Fl,z,nonlinear + FZ,Z,nonlinear
Cy2 Cy2
y2y ¢'12_ yay @i,32=0

24+ Spy " 21 * Sp
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Thus, the resultant force corresponding to the corresponding to the magnetic domain pair D4 , and D, , is:

Fy = F, tinear + F2nontinear
B 2Cy2yBrSmGi1N; 4
- Ho " Sp2 )
B SmGi1N; g .
Ko * Sp2

Y2y i+0

y2y

2C
= i

3) Calculate the resultant force F3 = -F4 3+ F, 3, corresponding to the magnetic domain pair D; = (D4 ;, D, ;) when =3,

i.e., D3 = (D1,3‘ D2’3)

Applying the above formula to calculate the electromagnetic attractive forces in the magnetic domains D4 3and Dy 3,

we have:
p oo @a)? 0/
L3 yzy 20 - Sp13 yzy 2u0 * Sp13
Bp23) 0;°
Fz,g =C ( D2,3) _ {

yzy 210 " Spa3 oo 21p " Spa3

where Sp4 5 and Sp;, 5 represent the areas of the annular end faces corresponding to magnetic domain D4 5 and

magnetic domain D, 5 respectively, and Sp 3 = Sp, 3 = Spg, thus:

S G 7
L3 yzy 21y " Sp13 yzy 2o " Sp3
Bp23)> ;5
Fyy =C (Pp23)° i3

' yzy 2o~ Spa3 oo 24y~ Sps

Thus:

2 2
Biq Dis

y

l 3 1 3,linear 1 3,nonlinear 1 1,3 1 2,3 CyZy CyZy C
’ ) , , 2” . 5' Z” . S
We obtain:

{ FZ,linear =0

Fz,nonlinear =0

4) Calculate the resultant force on the movable assembly:

Fmoving—magnet =F+FK+F

Fmoving—magnet = Fmoving—magnet,linear + Fmoving—magnet,nonlinear

Thus:
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Fmoving—magnet,linear = Fl,linear + FZ,linear + F3,linea1

_ 2Cy2yBmSmGizNiz « i+ 2Cy2yBmSmGi1Nix
Ho'SD1 Ho'SD2

* 1+ 0

_ 2Cy2yBmSm (GiZNiZ N GilNil) . i
Ko Sp1 Sp2

Fmoving—magnet,nonlinear = Fl,nonlinear + FZ,nonlinear + F3,nonlinear =0+0+0=0
[0172] From the above derivation process, the following characteristics may be seen:

1) Inthe linear term of the resultant force F ., ing-magnet linear:
and Fj jinear @re superimposed, so that the linear term of the resultant force F
relationship with the coil current.

2) In the nonlinear term of the resultant force F,,ing-magnet noniinear the nonlinear terms of the component forces
cancel each other out, so that the nonlinear term of the resultant force F

the linear terms of the component forces F 4 jinear: F2 linear

moving-magnet,linear still has a linear

I:1,nonlinearv F2,non|inearand I:3,nonlinear
is zero.

moving-

magnet,nonlinear

[0173] The above design method is called the design method of the moving-magnet vibrator with nonlinear term
cancellation. This method can not only be used to design vibrators, but also be applied to design actuators. The moving-
magnet vibrators or actuators obtained by the above method are called moving-magnet vibrator devices or actuators with
nonlinear term cancellation.

Embodiment 9

[0174] Inthe moving-magnet vibrator with nonlinear term cancellation described in Embodiments 1 to 8, the permanent
magnet or magnet may be replaced with a magnet component, and the coil may be replaced with a coil component, which
shall fall within the protection scope of the disclosure.

[0175] The magnet component: the magnet component is a single magnet or an assembly of multiple magnets
(nmagnet>1 ), the assembly of multiple magnets generates an overall magnetic field equivalent to a magnetic field generated
by a certain single magnet. Directions of magnetic fields generated by the multiple magnets in the assembly are the same
as adirection of a certain dominant magnetic field/ (when magnetic field intensities generated by the multiple magnets are
significantly different from each other, the directions of the magnetic fields generated by the multiple magnets may be
opposite, but a direction of the overall magnetic field is the same as the direction of the dominant magnetic field), so that the
overall magnetic field generated by the multiple magnets is equivalently regarded as being generated by a single magnet
component. The multiple magnets are connected through a rigid structural component, or a flexible structural component
(arranged between the magnets, at edges of the magnets, or around the magnets), or a manner without a structural
component, including bonding, welding, embedding, screws, spirals, riveting, bolts, buckles, clamping jaws, brackets,
sleeves, glands, or other manners.

[0176] The coil component: the coil componentis a single coil or an assembly of multiple coils (n.,; > 1), the assembly of
multiple coils generates an overall magnetic field equivalent to a magnetic field generated by a certain single coil.
Directions of magnetic fields generated by the multiple coils in the assembly are the same as a direction of a magnetic field
generated by a certain dominant coil/(when magnetic field intensities generated by the multiple coils in the assembly are
significantly different from each other, the directions of the magnetic fields generated by the multiple coils may be opposite,
butadirection of the overall magnetic field is the same as the direction of the magnetic field generated by the dominant coil),
so that the overall magnetic field generated by the assembly is equivalently regarded as being generated by a currentin a
single coil component. The multiple coils are connected through a rigid structural component, or a flexible structural
component (arranged between the coils, at edges of the coils, or around the coils), or a manner without a structural
component, including bonding, welding, embedding, screws, spirals, riveting, bolts, buckles, clamping jaws, brackets,
sleeves, glands, or other manners.

[0177] To describe the magnet component and the coil componentin detail, the following embodiments are provided for
specific description.

[0178] The magnet components 201 during use includes the embodiments as follows.

[0179] Embodiment 1 of magnet component 201.

[0180] Referring to FIG. 24, permanent magnets are connected in series along the magnetic field direction without a
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structural component therebetween, and npagnet = 2.

[0181] Permanent magnet 1 and permanent magnet 2 are connected via bonding, welding, riveting, bolts, clamping
jaws, brackets, sleeves or other manners. The magnetic field generated by each of permanent magnet 1 and permanent
magnet 2 is directed toward the Y+ axis direction, thus the magnetic fields have the same direction. Therefore, the
combination of permanent magnet 1 and permanent magnet 2, when viewed from the direction of the overall external
magnetic field, may be regarded as substantially equivalent (indicated by the "=" signin the figure) to the single magnet on
the right. The combination of permanent magnet 1 and permanent magnet 2 may be considered as one magnet
component 201.

[0182] Embodiment 2 of magnet component 201.

[0183] Referring to FIG. 25, permanent magnets are connected in series along the magnetic field direction without a
structural component therebetween, and Ny5gq6t = 3.

[0184] Permanent magnet 1, permanent magnet 2 and permanent magnet 3 are connected via bonding, welding,
riveting, bolts, clamping jaws, brackets, sleeves or other manners. The magnetic field generated by each of permanent
magnet 1, permanent magnet 2 and permanent magnet 3 is directed toward the Y+ axis direction, thus the magnetic fields
have the same direction. Therefore, the combination of permanentmagnet 1, permanent magnet 2 and permanent magnet
3, when viewed from the direction of the overall external magnetic field, may be regarded as substantially equivalent
(indicated by the "=" sign in the figure) to the single magnet on the right. The combination of permanent magnet 1,
permanent magnet 2 and permanent magnet 3 may be considered as one magnet component 201.

[0185] Embodiment 3 of the magnet component 201.

[0186] Referring to FIG. 26, permanent magnets are connected in series along the magnetic field direction with a
structural component therebetween, and Ny gnet = 2.

[0187] A magnetic conductor is provided between permanent magnet 1 and permanent magnet 2 to provide spacing
therebetween. Permanent magnet 1 and the magnetic conductor, as well as permanent magnet 2 and the magnetic
conductor, are connected via bonding, welding, riveting, bolts, clamping jaws, brackets, sleeves or other manners. The
magnetic field generated by each of permanent magnet 1 and permanent magnet 2 is directed toward the Y+ axis direction,
thus the magnetic fields have the same direction. Therefore, the combination of permanent magnet 1, the magnetic
conductor and permanent magnet 2, when viewed from the direction of the overall external magnetic field, may be
regarded as equivalent (indicated by the "=" sign in the figure) to the single magnet on the right. The combination of
permanent magnet 1, the magnetic conductor and permanent magnet 2 may be considered as one magnet component
201.

[0188] The magnetic conductor may also be replaced with a non-magnetic material or a magnet with a significantly
weaker magnetic field oriented in the opposite direction, which does not affect the overall equivalence to a single
permanent magnet. Therefore, these configurations are also included in this case.

[0189] Embodiment 4 of the magnet component 201.

[0190] Referring to FIG. 27, permanent magnets are connected in series along the magnetic field direction without a
structural component therebetween, and npagnet = 2.

[0191] Permanentmagnet 1 and permanent magnet 2, where permanent magnet 1 is larger than permanent magnet 2,
are connected via bonding, welding, riveting, bolts, clamping jaws, brackets, sleeves or other manners. The magnetic field
generated by each of permanent magnet 1 and permanent magnet 2 is directed toward the Y+ axis direction, thus the
magnetic fields have the same direction. Therefore, the combination of permanent magnet 1 and permanent magnet 2,
when viewed from the direction of the overall external magnetic field, may be regarded as substantially equivalent
(indicated by the "=" sign in the figure) to the single magnet on the right. The combination of permanent magnet 1 and
permanent magnet 2 may be considered as one magnet component 201.

[0192] Embodiment 5 of the magnet component 201.

[0193] Referring to FIG. 28, permanent magnets are connected in series along the magnetic field direction with a
structural component therebetween, and npagnet = 2.

[0194] Permanentmagnet 1 and permanent magnet 2, where permanent magnet 1 is larger than permanent magnet 2,
are connected via bonding, welding, riveting, bolts, clamping jaws, brackets, sleeves or other manners. The magnetic field
generated by each of permanent magnet 1 and permanent magnet 2 is directed toward the Y+ axis direction, thus the
magnetic fields have the same direction. Therefore, the combination of permanent magnet 1 and permanent magnet 2,
when viewed from the direction of the overall external magnetic field, may be regarded as substantially equivalent
(indicated by the "=" sign in the figure) to the single magnet on the right. The combination of permanent magnet 1 and
permanent magnet 2 may be considered as one magnet component 201.

[0195] Embodiment 6 of the magnet component 201.

[0196] Referring to FIG. 29, permanent magnets are connected in parallel along the magnetic field direction without a
structural component therebetween, and ny,agnet = 2.

[0197] Permanent magnet 1 and permanent magnet 2 are connected via bonding, welding, riveting, bolts, clamping
jaws, brackets, sleeves or other manners. The magnetic field generated by each of permanent magnet 1 and permanent
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magnet 2 is directed toward the Y+ axis direction, thus the magnetic fields have the same direction. Therefore, the
combination of permanent magnet 1 and permanent magnet 2, when viewed from the direction of the overall external
magnetic field, may be regarded as substantially equivalent (indicated by the "=" sign in the figure) to the single magnet on
the right. The combination of permanent magnet 1 and permanent magnet 2 may be considered as one magnet
component 201.

[0198] Embodiment 7 of the magnet component 201.

[0199] Referring to FIG. 30, permanent magnets are connected in parallel along the magnetic field direction without a
structural component therebetween, and npagnet = 3

[0200] Permanent magnet 1, permanent magnet 2 and permanent magnet 3 are connected via bonding, welding,
riveting, bolts, clamping jaws, brackets, sleeves or other manners. The magnetic field generated by each of permanent
magnet 1, permanent magnet 2 and permanent magnet 3 is directed toward the Y+ axis direction, thus the magnetic fields
have the same direction. Therefore, the combination of permanent magnet 1, permanent magnet 2 and permanent magnet
3, when viewed from the direction of the overall external magnetic field, may be regarded as substantially equivalent
(indicated by the "=" sign in the figure) to the single magnet on the right. The combination of permanent magnet 1,
permanent magnet 2 and permanent magnet 3 may be considered as one magnet component 201.

[0201] Embodiment 8 of the magnet component 201.

[0202] Referring to FIG. 31, permanent magnets are connected in in a series-parallel hybrid configuration along the
magnetic field direction without a structural component therebetween, and ny,agnet = 3.

[0203] Permanent magnet 1, permanent magnet 2, permanent magnet 3, magnetic conductive plate 1 and magnetic
conductive plate 2 are connected via bonding, welding, riveting, bolts, clamping jaws, brackets, sleeves or other manners.
The magnetic field generated by each of permanent magnet 1, permanent magnet 2 and permanent magnet 3 is directed
toward the Y+ axis direction, and the magnetic fields of magnetic conductive plate 1 and magnetic conductive plate 2 after
magnetization are also directed toward the Y+ axis direction, thus all the magnetic fields have the same direction.
Therefore, the combination of permanent magnet 1, permanent magnet 2, permanent magnet 3, magnetic conductive
plate 1 and magnetic conductive plate 2, when viewed from the direction of the overall external magnetic field, may be
regarded as substantially equivalent (indicated by the "=" sign in the figure) to the single magnet on the right. The
combination of permanent magnet 1, permanent magnet 2, permanent magnet 3, magnetic conductive plate 1 and
magnetic conductive plate 2 may be considered as one magnet component 201.

[0204] The magnetic conductive plate may also be replaced with a non-magnetic plate or a magnet with a significantly
weaker magnetic field oriented in the opposite direction, which does not affect the overall equivalence to a single
permanent magnet. Therefore, these configurations are also included in this case.

[0205] Embodiment 9 of the magnet component 201.

[0206] Referring to FIG. 32, permanent magnets are connected in parallel along the magnetic field direction with a
structural component therebetween, and N gnet = 2.

[0207] A magnetic conductor is provided between permanent magnet 1 and permanent magnet 2 to provide spacing
therebetween. Permanent magnet 1 and the magnetic conductor, as well as permanent magnet 2 and the magnetic
conductor, are connected via bonding, welding, riveting, bolts, clamping jaws, brackets, sleeves or other manners. The
magnetic field generated by each of permanent magnet 1 and permanent magnet 2 is directed toward the Y+ axis direction,
thus the magnetic fields have the same direction. Therefore, the combination of permanent magnet 1, the magnetic
conductor and permanent magnet 2, when viewed from the direction of the overall external magnetic field, may be
regarded as equivalent (indicated by the "=" sign in the figure) to the single magnet on the right. The combination of
permanent magnet 1, the magnetic conductor and permanent magnet 2 may be considered as one magnet component
201.

[0208] The magnetic conductive plate may also be replaced with a non-magnetic material or a magnet with a
significantly weaker magnetic field oriented in the opposite direction, which does not affect the overall equivalence to
a single permanent magnet. Therefore, these configurations are also included in this case.

[0209] Embodiment 10 of the magnet component 201.

[0210] Referring to FIG. 33, permanent magnets are connected in parallel along the magnetic field direction without a
structural component therebetween, and Ny,g06t = 2.

[0211] Permanent magnet 1 and permanent magnet 2 are connected via bonding, welding, riveting, bolts, clamping
jaws, brackets, sleeves or other manners. The magnetic field generated by each of permanent magnet 1 and permanent
magnet 2 is directed toward the Y+ axis direction, thus the magnetic fields have the same direction. Therefore, the
combination of permanent magnet 1 and permanent magnet 2, when viewed from the direction of the overall external
magnetic field, may be regarded as substantially equivalent (indicated by the "=" signin the figure) to the single magnet on
the right. The combination of permanent magnet 1 and permanent magnet 2 may be considered as one magnet
component 201.

[0212] Embodiment 11 of the magnet component 201.

[0213] Referring to FIG. 34, permanent magnets are connected in parallel along the magnetic field direction with a
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structural component therebetween, and npagnet = 2.

[0214] A magnetic conductor is provided between permanent magnet 1 and permanent magnet 2 to provide spacing
therebetween. Permanent magnet 1 and the magnetic conductor, as well as permanent magnet 2 and the magnetic
conductor, are connected via bonding, welding, riveting, bolts, clamping jaws, brackets, sleeves or other manners. The
magnetic field generated by each of permanent magnet 1 and permanent magnet 2 is directed toward the Y+ axis direction,
thus the magnetic fields have the same direction. Therefore, the combination of permanent magnet 1, the magnetic
conductor and permanent magnet 2, when viewed from the direction of the overall external magnetic field, may be
regarded as equivalent (indicated by the "=" sign in the figure) to the single magnet on the right. The combination of
permanent magnet 1, the magnetic conductor and permanent magnet 2 may be considered as one magnet component
201.

[0215] The magnetic conductive plate may also be replaced with a non-magnetic material or a magnet with a
significantly weaker magnetic field oriented in the opposite direction, which does not affect the overall equivalence to
a single permanent magnet. Therefore, these configurations are also included in this case.

[0216] Embodiment 12 of the magnet component 201.

[0217] Referring to FIG. 35, permanent magnets are connected in parallel along the magnetic field direction without a
structural component therebetween, and npagnet = 2.

[0218] Permanentmagnet 1 (shaped asaring, circularring, square ring, rectangular ring, etc.) and permanent magnet 2
(shaped as a cylinder, circular column, square column, rectangular column, etc.) are connected via bonding, welding,
riveting, bolts, clamping jaws, brackets, sleeves or other manners. The magnetic field generated by each of permanent
magnet 1 and permanent magnet 2 is directed toward the Y+ axis direction, thus the magnetic fields have the same
direction. Therefore, the combination of permanent magnet 1 and permanent magnet 2, when viewed from the direction of
the overall external magnetic field, may be regarded as substantially equivalent (indicated by the "=" sign in the figure) to
the single magnet on the right. The combination of permanent magnet 1 and permanent magnet 2 may be considered as
one magnet component 201.

[0219] Embodiment 13 of the magnet component 201.

[0220] Referring to FIG. 36, permanent magnets are connected in parallel along the magnetic field direction with a
structural component therebetween, and Ny gnet = 2.

[0221] Magnetic conductive ring 104 is provided between permanent magnet 1 (shaped as a ring, circular ring, square
ring, rectangular ring, etc.) and permanent magnet 2 (shaped as a cylinder, circular column, square column, rectangular
column, etc.) to provide spacing therebetween. Permanent magnet 1 and the magnetic conductor, as well as permanent
magnet 2 and the magnetic conductor, are connected via bonding, welding, riveting, bolts, clamping jaws, brackets,
sleeves or other manners. The magnetic field generated by each of permanent magnet 1 and permanent magnet 2 is
directed toward the Y+ axis direction, thus the magnetic fields have the same direction. Therefore, the combination of
permanent magnet 1, the magnetic conductor and permanent magnet 2, when viewed from the direction of the overall
external magnetic field, may be regarded as equivalent (indicated by the "=" sign in the figure) to the single magnet on the
right. The combination of permanent magnet 1, the magnetic conductor and permanent magnet 2 may be considered as
one magnet component 201.

[0222] The magnetic conductive ring may also be replaced with a non-magnetic ring or a magnetic ring with a
significantly weaker magnetic field oriented in the opposite direction, which does not affect the overall equivalence to
a single permanent magnet. Therefore, these configurations are also included in this case.

[0223] Embodiment 14 of the magnet component 201.

[0224] Referring to FIG. 37, permanent magnets are connected in parallel along the magnetic field direction without a
structural component therebetween, and Ny gnet = 2.

[0225] Permanentmagnet1 (shaped as aring, circularring, square ring, rectangular ring, etc.) and permanent magnet 2
(shaped as aring, circular column, square column, rectangular column, etc.) are connected via bonding, welding, riveting,
bolts, clamping jaws, brackets, sleeves or other manners. The magnetic field generated by each of permanent magnet 1
and permanent magnet 2 is directed toward the Y+ axis direction, thus the magnetic fields have the same direction.
Therefore, the combination of permanent magnet 1 and permanent magnet 2, when viewed from the direction of the overall
external magnetic field, may be regarded as substantially equivalent (indicated by the "=" sign in the figure) to the single
magnet on the right. The combination of permanent magnet 1 and permanent magnet 2 may be considered as one magnet
component 201. The core part in the figure may be air, a non-magnetic material or a weakly magnetic material (e.g., a
weakly magnetic conductive bolt).

[0226] Embodiment 15 of the magnet component 201.

[0227] Referring to FIG. 38, permanent magnets are connected in parallel along the magnetic field direction with a
structural component therebetween, and Ny gnet = 2.

[0228] Magnetic conductive ring 104 is provided between permanent magnet 1 (shaped as a ring, circular ring, square
ring, rectangular ring, etc.) and permanent magnet 2 (shaped as a cylinder, circular column, square column, rectangular
column, etc.) to provide spacing therebetween. Permanent magnet 1 and the magnetic conductor, as well as permanent

37



10

15

20

25

30

35

40

45

50

55

EP 4 742 698 A1

magnet 2 and the magnetic conductor, are connected via bonding, welding, riveting, bolts, clamping jaws, brackets,
sleeves or other manners. The magnetic field generated by each of permanent magnet 1 and permanent magnet 2 is
directed toward the Y+ axis direction, thus the magnetic fields have the same direction. Therefore, the combination of
permanent magnet 1, the magnetic conductor and permanent magnet 2, when viewed from the direction of the overall
external magnetic field, may be regarded as equivalent (indicated by the "=" sign in the figure) to the single magnet on the
right. The combination of permanent magnet 1, the magnetic conductor and permanent magnet 2 may be considered as
one magnet component 201.

[0229] The magnetic conductive connection ring may also be replaced with a non-magneticring ora magneticringwith a
significantly weaker magnetic field oriented in the opposite direction, which does not affect the overall equivalence to a
single permanent magnet. Therefore, these configurations are also included in this case.

[0230] Embodiment 16 of the magnet component 201.

[0231] Referring to FIG. 39, permanent magnets are connected in in a series-parallel hybrid configuration along the
magnetic field direction without a structural component therebetween, and np;gnet = 5.

[0232] Permanent magnet 1, permanent magnet 2 and permanent magnet 3 are connected in parallel via bonding,
welding, riveting, bolts, clamping jaws, brackets, sleeves or other manners to obtain an equivalent magnet (magnet 1 |
magnet 2 | magnet 3). This equivalent magnet (magnet 1 | magnet 2 | magnet 3) is then connected in series with permanent
magnet 4 and permanent magnet 5 to obtain an equivalent magnet (magnet 4 - (magnet 1 | magnet 2 | magnet 3) - magnet
5). The magnetic field generated by each of the equivalent magnet (magnet 1 | magnet 2 | magnet 3), permanent magnet 4
and permanent magnet 5 is directed toward the Y+ axis direction, thus the magnetic fields have the same direction.
Therefore, the magnet combination (magnet 4 - (magnet 1 | magnet 2 | magnet 3) - magnet 5), when viewed from the
direction of the overall external magnetic field, may be regarded as substantially equivalent (indicated by the "="sign in the
figure) to the single magnet on the right. The magnet combination (magnet4 - (magnet 1 | magnet 2 | magnet 3) - magnet 5)
may be considered as one magnet component 201.

[0233] Embodiment 17 of the magnet component 201.

[0234] Referring to FIG. 40, permanent magnets are connected in in a series-parallel hybrid configuration along the
magnetic field direction without a structural component therebetween, and np gnet = 5.

[0235] Permanent magnet 1, permanent magnet 2 and permanent magnet 3 are connected in series via bonding,
welding, riveting, bolts, clamping jaws, brackets, sleeves or other manners to obtain an equivalent magnet (magnet 1 -
magnet 2 - magnet 3). This equivalent magnet (magnet 1 - magnet 2 - magnet 3) is then connected in parallel with
permanent magnet 4 and permanent magnet 5 to obtain an equivalent magnet (magnet 4 | (magnet 1 - magnet 2 - magnet
3) | magnet 5). The magnetic field generated by each of the equivalent magnet (magnet 1 - magnet 2 - magnet 3),
permanent magnet 4 and permanent magnet 5 is directed toward the Y+ axis direction, thus the magnetic fields have the
same direction. Therefore, the magnet combination (magnet4 | (magnet 1 - magnet 2 - magnet 3) | magnet5), when viewed
from the direction of the overall external magnetic field, may be regarded as substantially equivalent (indicated by the "="
signin the figure) to the single magnet on the right. The magnet combination (magnet4 | (magnet 1 - magnet2-magnet 3) |
magnet 5) may be considered as one magnet component 201.

[0236] Embodiment 18 of the magnet component 201.

[0237] Referring to FIG. 40a, permanent magnets are connected in series along the magnetic field direction without a
structural component therebetween, and N gnet = 2.

[0238] Permanentmagnet 1 and permanent magnet 2, where permanent magnet 1 is larger than permanent magnet 2,
are connected via bonding, welding, embedding, screws, spirals, riveting, bolts, buckles, clamping jaws, brackets,
sleeves, glands; or other manners. The magnetic field of permanent magnet 1 points is directed toward the Y+ axis
direction, and the magnetic field of permanent magnet 2 points is directed toward the Y- axis direction (the negative
direction of the Y-axis). However, since the magnetic field intensity of permanent magnet 2 is less than the magnetic field
intensity of permanent magnet 1, the combination of permanent magnet 1 and permanent magnet 2, when viewed from the
direction of the overall external magnetic field, may still be regarded as substantially equivalent (indicated by the "="signin
the figure) to the single magnet on the right. The combination of permanent magnet 1 and permanent magnet 2 may be
considered as one magnet component 201.

[0239] The coil component 102 during use includes embodiments as follows.

[0240] Embodiment 1 of the coil component 102.

[0241] Referring to FIG. 41, coils are connected in series along the magnetic field direction without a structural
component therebetween, and n.g; = 2.

[0242] Coil 1 and coil 2 are connected via bonding, brackets, sleeves, riveting, clamping jaws, welding or other manners.
The magnetic field generated by each of coil 1 and coil 2 is directed toward the Y+ axis direction, thus the magnetic fields
have the same direction. Therefore, the combination of coil 1 and coil 2 generates an overall magnetic field whose
direction, when viewed from the outside, may be considered equivalent (as indicated by the "=" sign in the diagram) to the
magnetic field of the single coil on the right. The combination of coil 1 and coil 2 may be considered as one coil component
102.
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[0243] Inthe aforementioned embodiment, whether there is an iron core in the middle of the coils or not has no effect on
the direction of the magnetic field generated by the coil current. Thus, it does not affect the conclusion that the two coils are
connected in series to form one coil component 102.

[0244] In the figures, according to standard coil current labeling conventions, the circle-cross icon ® indicates current
flowing perpendicular to the screen toward the inside, and the circle-dot icon © indicates current flowing perpendicular to
the screen toward the outside.

[0245] Embodiment 2 of the coil component 102.

[0246] ReferringtoFIG. 42, coils are connected in series along the magnetic field direction with a sleeve surrounding the
coils, and ng; = 2.

[0247] Coil 1 and coil 2 are connected via a sleeve (preferably made of magnetic conductive material, or weak magnetic
conductive material, non-magnetic conductive material, etc.). The magnetic field generated by each of coil 1 and coil 2 is
directed toward the Y+ axis direction, thus the magnetic fields have the same direction. Therefore, the combination of coil 1
and coil 2 generates an overall magnetic field whose direction, when viewed from the outside, may be considered
equivalent (as indicated by the "="sign in the diagram) to the magnetic field of the single coil on the right. The combination
of coil 1 and coil 2 may be considered as one coil component 102.

[0248] Embodiment 3 of the coil component 102.

[0249] Referring to FIG. 43, coils are connected in series along the magnetic field direction without a structural
component therebetween, and n.g; = 3.

[0250] Cail 1, coil 2 and coil 3 are connected via bonding, brackets, sleeves, riveting, clamping jaws, welding or other
manners. The magnetic field generated by each of coil 1, coil 2 and coil 3 is directed toward the Y+ axis direction, thus the
magnetic fields have the same direction. Therefore, the combination of coil 1, coil 2 and coil 3 generates an overall
magnetic field whose direction, when viewed from the outside, may be considered equivalent (as indicated by the "=" sign
in the diagram) to the magnetic field of the single coil on the right. The combination of coil 1, coil 2 and coil 3 may be
considered as one coil component 102.

[0251] Embodiment 4 of the coil component 102.

[0252] Referringto FIG. 44, coils are connected in series along the magnetic field direction with a structural component
therebetween, and n.g; = 2.

[0253] A magnetic conductor is provided between coil 1 and coil 2 to provide spacing therebetween. Coil 1 and magnetic
conductive ring 104, as well as coil 2 and magnetic conductive ring 104, are connected via bonding, brackets, sleeves,
riveting, clamping jaws, welding or other manners. The magnetic field generated by each of coil 1 and coil 2 is directed
toward the Y+ axis direction, thus the magnetic fields have the same direction. Therefore, the combination of coil 1,
magnetic conductive ring 104, and coil 2 generates an overall magnetic field whose direction, when viewed from the
outside, may be considered equivalent (as indicated by the "=" sign in the diagram) to the magnetic field of the single coil on
the right. The combination of coil 1, magnetic conductive ring 104, and coil 2 may be considered as one coil component
102.

[0254] The magnetic conductive ring may also be replaced with a non-magnetic ring or a coil with a significantly weaker
magnetic field oriented in the opposite direction, which does not affect the overall equivalence to a single coil. Therefore,
these configurations are also included in this case.

[0255] Embodiment 5 of the coil component 102.

[0256] Referring to FIG. 45, coils are connected in series along the magnetic field direction without a structural
component therebetween, and n.; = 2.

[0257] Coil 1and coil 2, where coil 1is largerthan coil 2, are connected via bonding, brackets, sleeves, riveting, clamping
jaws, welding or other manners. The magnetic field generated by each of coil 1 and coil 2 is directed toward the Y+ axis
direction, thus the magnetic fields have the same directions. Therefore, the combination of coil 1 and coil 2 generates an
overall magnetic field whose direction, when viewed from the outside, may be considered equivalent (as indicated by the
"=" sign in the diagram) to the magnetic field of the single coil on the right. The combination of coil 1 and coil 2 may be
considered as one coil component 102.

[0258] Embodiment 6 of the coil component 102.

[0259] Referring to FIG. 46, coils are connected in series along the magnetic field direction with a structural component
therebetween, and n.; = 2.

[0260] Coil 1and coil 2, where coil 1islargerthan coil 2, are connected via bonding, brackets, sleeves, riveting, clamping
jaws, welding or other manners. The magnetic field generated by each of coil 1 and coil 2 is directed toward the Y+ axis
direction, thus the magnetic fields have the same directions. Therefore, the combination of coil 1 and coil 2 generates an
overall magnetic field whose direction, when viewed from the outside, may be considered equivalent (as indicated by the
"=" sign in the diagram) to the magnetic field of the single coil on the right. The combination of coil 1 and coil 2 may be
considered as one coil component 102.

[0261] The magnetic conductive ring may also be replaced with a non-magnetic ring or a coil with a significantly weaker
magnetic field oriented in the opposite direction, which does not affect the overall equivalence to a single coil. Therefore,
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these configurations are also included in this case.

[0262] Embodiment 7 of the coil component 102.

[0263] Referring to FIG. 47, coils are connected in parallel along the magnetic field direction without a structural
component therebetween, and n.; = 2.

[0264] Coil 1 (outer coil) and coil 2 (inner coil) are connected via bonding, brackets, sleeves, riveting, clamping jaws,
welding or other manners. The magnetic field generated by each of coil 1 and coil 2 is directed toward the Y+ axis direction,
thus the magnetic fields have the same directions. Therefore, the combination of coil 1 and coil 2 generates an overall
magnetic field whose direction, when viewed from the outside, may be considered equivalent (as indicated by the "=" sign
in the diagram) to the magnetic field of the single coil on the right. The combination of coil 1 and coil 2 may be considered as
one coil component 102.

[0265] Embodiment 8 of the coil component 102.

[0266] Referring to FIG. 48, coils are connected in parallel along the magnetic field direction without a structural
component therebetween, and N = 2.

[0267] Coil 1 (outer coil), coil 2 (inner coil) and an iron core are connected via bonding, brackets, sleeves, riveting,
clamping jaws, welding or other manners. The magnetic field generated by each of coil 1 and coil 2 is directed toward the
Y+ axis direction, thus the magneticfields have the same directions. Therefore, the combination of coil 1, coil 2, and the iron
core generates an overall magnetic field whose direction, when viewed from the outside, may be considered equivalent (as
indicated by the "=" sign in the diagram) to the magnetic field of the single coil on the right. The combination of coil 1, coil 2,
and the iron core may be considered as one coil component 102.

[0268] Embodiment 9 of the coil component 102.

[0269] Referring to FIG. 49, coils are connected in parallel along the magnetic field direction without a structural
component therebetween, and n.; = 3.

[0270] Coil 1, coil 2 and coil 3 are connected via bonding, brackets, sleeves, riveting, clamping jaws, welding or other
manners. The magnetic field generated by each of coil 1, coil 2 and coil 3 is directed toward the Y+ axis direction, thus the
magnetic fields have the same directions. Therefore, the combination of coil 1, coil 2 and coil 3 generates an overall
magnetic field whose direction, when viewed from the outside, may be considered equivalent (as indicated by the "=" sign
in the diagram) to the magnetic field of the single coil on the right. The combination of coil 1, coil 2 and coil 3 may be
considered as one coil component 102.

[0271] Embodiment 10 of the coil component 102.

[0272] Referring to FIG. 50, coils are connected in parallel along the magnetic field direction without a structural
component therebetween, and n.; = 3.

[0273] Coil 1, coil 2, coil 3, magnetic conductive plate 1 and magnetic conductive plate 2 are connected via bonding,
brackets, sleeves, riveting, clamping jaws, welding or other manners. The magnetic field generated by each of coil 1, coil 2
and coil 3 is directed toward the Y+ axis direction, and the magnetic fields of magnetic conductive plate 1 and magnetic
conductive plate 2 after magnetization are also directed toward the Y+ axis direction, thus all having the same directions.
Therefore, the combination of coil 1, coil 2, coil 3, magnetic conductive plate 1 and magnetic conductive plate 2 generates
an overall magnetic field whose direction, when viewed from the outside, may be considered equivalent (as indicated by
the "=" sign in the diagram) to the magnetic field of the single coil on the right. The combination of coil 1, coil 2, coil 3,
magnetic conductive plate 1 and magnetic conductive plate 2 may be considered as one coil component 102.

[0274] The magnetic conductive plate may also be replaced with a non-magnetic plate or a magnet with a significantly
weaker magnetic field oriented in the opposite direction, which does not affect the overall equivalence to a single coil.
Therefore, these configurations are also included in this case.

[0275] Embodiment 11 of the coil component 102.

[0276] Referringto FIG. 51, coils are connected in parallel along the magnetic field direction with a structural component
therebetween, and n.g; = 2.

[0277] Coil 1 and coil 2 are separated by an isolating ring (preferably made of magnetic material, though it may also be
made of weakly magnetic or non-magnetic material). Coil 1 and the isolating ring, as well as coil 2 and the isolating ring, are
connected via bonding, brackets, sleeves, riveting, clamping jaws, welding, or other manners. The magnetic field
generated by each of coil 1 and coil 2 is directed toward the positive Y-axis direction, thus having the same orientation.
Therefore, the combination of coil 1, coil 2, and the isolating ring generates an overall magnetic field whose direction, when
viewed from the outside, may be considered equivalent (as indicated by the "="sign in the diagram) to the magnetic field of
the single coil on the right. The combination of coil 1, the magnetic conductor, and coil 2 may be considered as one coil
component 102.

[0278] Embodiment 12 of the coil component 102.

[0279] Referring to FIG. 52, coils are connected in a series-parallel hybrid manner along the magnetic field direction
without a structural component therebetween, and n_; = 4.

[0280] Coil 1 and coil 2 are connected in parallel via bonding, brackets, sleeves, riveting, clamping jaws, welding or other
manners to obtain one equivalent coil (coil 1| coil 2). The equivalent coil (coil 1| coil 2) is then connected in series with coil 3
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and coil 4 to obtain one equivalent coil (coil 3 - (coil 1| coil 2) - coil 4). The magnetic field generated by each of the equivalent
coil (coil 1| coil 2), coil 3 and coil 4 is directed toward the Y+ axis direction, thus the magnetic fields have the same direction.
Therefore, the coil combination (coil 3 - (coil 1 | coil 2) - coil 4) generates an overall magnetic field whose direction, when
viewed from the outside, may be considered equivalent (as indicated by the "=" sign in the diagram) to the magnetic field of
the single coil on the right. The coil combination (coil 3 - (coil 1 | coil 2) - coil 4) may be considered as one coil component
102.

[0281] Embodiment 13 of the coil component 102.

[0282] Referring to FIG. 53, coils are connected in a series-parallel hybrid manner along the magnetic field direction
without a structural component therebetween, and n.; = 4.

[0283] Cail 1, coil 2and coil 3 are connected in series via bonding, brackets, sleeves, riveting, clamping jaws, welding or
other manners to obtain one equivalent coil (coil 1 - coil 2 - coil 3). The equivalent coil (coil 1 - coil 2 - coil 3)is then connected
in parallel with coil 4 to obtain one equivalent coil ((coil 1 - coil 2 - coil 3) | coil 4). The magnetic field generated by each of the
equivalent coil (coil 1 - coil 2 - coil 3) and coil 4 is directed toward the Y+ axis direction, thus the magnetic fields have the
same direction. Therefore, the coil assembly ((coil 1 - coil 2 - coil 3) | coil 4) generates an overall magnetic field whose
direction, when viewed from the outside, may be considered equivalent (as indicated by the "=" sign in the diagram) to the
magnetic field of the single coil on the right. The coil combination ((coil 1 - coil 2 - coil 3) | coil 4) may be considered as one
coil component 102.

Embodiment 10

[0284] Referringto FIGS. 1to 53, the moving-magnet vibrator device with nonlinear term cancellation obtained by using
the design method of moving-magnet vibrator device with nonlinear term cancellation according to embodiment 1,
embodiment 3, embodiment 5, and embodiment 7, is applied to a device such as a bone conduction headphone, bone
conduction glasses, awired headphone, a wireless headphone, AR glasses, VR glasses, a smart watch, a smart bracelet,
ahead-mounted device, a wearable device, a smartphone, a game controller, agame headphone, a game steering wheel,
agame pedal, amouse, akeyboard, atouch screen, an electrical control panel, a touch device, a screen sound-generating
device, a vehicle-mounted haptic feedback device, a smart cockpit, a game chair, a massage chair, a massager, a haptic
feedback vest, a haptic feedback glove, a haptic feedback belt, a haptic feedback leg device, a hearing aid, a sleep-aiding
device, or a haptic feedback network interconnection device. When the moving-magnet vibrator device with nonlinear term
cancellation is used in the aforementioned products, it can convert electrical energy into mechanical energy, such as
vibration or mechanical motion.

[0285] Compared with the relating technologies, the embodiments of the disclosure provide the improved design
method, device and use of a moving-magnet vibrator with nonlinear term cancellation, which have the improvements and
advantages as follows.

[0286] The embodiments of the disclosure provide the design method that enables the nonlinear terms in the driving
force acting on the magnet combination structure, or in the acceleration of the movable assembly relative to the vibrator coil
current, to be fully or partially cancelled in the final resultant force through paired or unpaired configurations. This
significantly reduces the distortion of the vibrator and improves the fidelity of the original audio signal or haptic feedback
signal.

[0287] The embodiments of the disclosure provide the moving-magnet vibrator with nonlinear term cancellation, which
enables the total harmonic distortion in the low-frequency band to be reduced from the original peak value of 99% to below
15%. The reduction of the distortion curve is equivalently interpreted as the reduction of the resonant frequency of the
vibrator system, thereby achieving better low-frequency sound quality. In addition, the reduction of the distortion curve may
be further equivalently interpreted as the improvement of the sensitivity of the vibrator system and the reduction of power
consumption.

[0288] The design method of the moving-magnet vibrator with nonlinear term cancellation according to the embodi-
ments of the disclosure achieves uniform and balanced force on the vibrator, realizing the overall translational vibration of
the vibrator, thereby enabling a good vibration performance.

[0289] The foregoing description enables those skilled in the art to practice or use the disclosure. Various modifications
to these embodiments will be apparent to those skilled in the art, and the general principles defined herein may be
implemented in other embodiments without departing from the spirit or scope of the disclosure. Therefore, the application
shall not be limited to the embodiments disclosed herein, but is intended to conform to the broadest scope consistent with
the principles and novel features disclosed herein.

Claims

1. A moving-magnet vibrator with nonlinear term cancellation, comprising:
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a moving-magnet vibrator body; wherein the moving-magnet vibrator body comprises an outer cylinder, a
vibration transmission plate, a stator assembly and a movable assembly, the stator assembly comprises a coil
combination structure, and the movable assembly comprises a magnet combination structure; the stator
assembly is fixed inside the outer cylinder, the vibration transmission plate is fixed on the outer cylinder, and
the movable assembly is fixedly connected to the vibration transmission plate through at least one contact point;
the movable assembly moves while the stator assembly remains stationary, and the movable assembly is
referred to as a moving component; and

the movable assembly is configured to be simultaneously subjected to paired electromagnetic forces of push and
pull, thereby presenting push-pull structural characteristics.

The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 1, wherein in the moving-magnet
vibrator body, 2N magnetic domains D4 ; and D, ; are designed as N symmetrical pairs, where N=1, 2, 3, ..., 100, and
i=1,2,3, ...

The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 2, wherein the magnet combination
structure comprise a permanent magnet, the coil combination structure comprises a coil, and the number of the
permanent magnetin the magnet combination structure and the number of the coil in the coil combination structure are
limited by Nyagnet™Neoil OF Nmagnet < Neoil » Where Nyyaqn6¢ represents the number of the permanent magnet, N
represents the number of the coil, N =1, 2,3, ..,100, and N;=1, 2, 3, ..., 100.

coil

magnet coi

The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 3, wherein in the push-pull structural
characteristics, linear terms of the electromagnetic force acting on the movable assembly are superimposed to be
increased, and nonlinear terms of the electromagnetic force acting on the movable assembly are partially or
completely canceled to be decreased.

The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 2, wherein closed main magnetic flux
lines of a coil in the coil combination structure and closed main magnetic flux lines of a permanent magnet in the
magnet combination structure each pass through magnetic domains D4 ; and D, ; ; the magnetic domain is a spatial
region filled with electromagnetic energy, the magnetic domain is composed of air or a medium with a relative
magnetic permeability less than 1000, and comprises a region where a magnet material is located;

in the magnetic domain D ;, a direction of magnetic flux lines of the coil is the same as a direction of magnetic flux lines
ofthe permanent magnet, and in the magnetic domain D, ;, the direction of the magnetic flux lines of the coil is opposite
to the direction of the magnetic flux lines of the permanent magnet; alternatively, in the magnetic domain D, ;, the
direction of the magnetic flux lines of the coil is opposite to the direction of the magnetic flux lines of the permanent
magnet, and in the magnetic domain D, ;, the direction of the magnetic flux lines of the coil is the same as the direction
of the magnetic flux lines of the permanent magnet.

The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 5, wherein the moving componentis

subjected to 2N forces, where N=1, 2, 3, ..., 100; each component force comprises two parts: one partis alinear term of
an excitation current i, and another part is a nonlinear term of the excitation current i:

Fmoving—magnet,n (1) = Fmoving—magnet,n,linear(1) + Fmoving—magnet,n,nonlinear(1)a

wheren=1,2,3,..,2N-1, 2N;

aresultantforce on the moving component comprises two parts: one partis a linear term of the excitation currenti,
and another part is a nonlinear term of the excitation current i:

Fmoving—magnet,resultant force (]) = Fmoving—magnet,resultant force,linear(l) +
l:‘moving—magnet,resultant force,nonlinear(1)5

where:
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N — V2N N — VN .
Fmoving—magnet,resultant force (1) — 4n=1 Fmoving—magnet,n(l) — 4n=1 (Fmoving—magnet,n,l(l) +
l:"moving—magnet,n,z (1));
N — V2N Y —
Fmoving—magnet,resultant force,linear(l) — 4mn=1 Fmoving—magnet,n,linear(1) -

N : Y.
n=1(Fmoving—magnet,linear,l(1) + l:‘moving—magnet,linear,z (i)); and

F. . near(D = 22N Floovi inear() =
moving—magnet,resultant force,nonlinear n=1 1 moving—-magnet,n,nonlinear

N : ).
n=1 (Fmoving—magnet,nonlinear,l(1) + Fmoving—magnet,nonlinear,z (1)),

the nonlinear terms in each component force are partially or completely canceled, and in a final total resultant
force Zi(F4 ; + F, ;), the nonlinear terms of the total resultant force relative to the excitation current are partially or
completely canceled, and the linear terms are superimposed to be increased, thereby obtaining the moving-
magnet vibrator with nonlinear term cancellation.

The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 1, wherein the coil combination
structure comprises a coil and a first magnetic conductor, and the magnet combination structure comprises a
permanent magnet and a second magnetic conductor.

The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 1, wherein the magnet combination
structure comprises a magnet component and a second magnetic conductor; the magnet component is a single
magnet or an assembly of a plurality of magnets, the assembly of plurality of magnets generating an overall magnetic
field equivalentto a magnetic field generated by a certain single magnet, directions of magnetic fields generated by the
plurality of magnets of the assembly are the same as a direction of a certain dominant magnetic field; the plurality of
magnets are connected through a rigid structural component, or a flexible structural component arranged between the
magnets, at edges of the magnets, or around the magnets, or connected through a manner without a structural
component, including bonding, welding, embedding, screws, spirals, riveting, bolts, buckles, clamping jaws, brackets,
sleeves, or glands.

The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 1, wherein the coil combination
structure comprises a coil component and afirst magnetic conductor, the coil componentis a single coil or an assembly
of a plurality of coils, the assembly of plurality of coils generating an overall magnetic field equivalent to a magnetic field
generated by a certain single coil, directions of magnetic fields generated by the plurality of coils of the assembly are
the same as a direction of a magnetic field generated by a certain dominant coil; the plurality of coils are connected
through a rigid structural component, or a flexible structural component arranged between the coils, at edges of the
coils, or around the coils, or a manner without a structural component, including bonding, welding, embedding,
screws, spirals, riveting, bolts, buckles, clamping jaws, brackets, sleeves, or glands.

The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 7, wherein the movable assembly
and the stator assembly are in concave-convex shapes and arranged in an interleaved engagement manner, and
closed main magnetic flux lines of the coil and closed main magnetic flux lines of a permanent magnet alternately pass
through the movable assembly and the stator assembly.

The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 3, wherein:

looking outward from a center, the permanent magnet is located inside and the coil is located outside;
Nmagnet =(Ncoi + 1) X n,

where n is a natural number, n =1, 2, 3...; and
when Np,qnet> 1, POlarities of two opposite end faces of adjacent permanent magnets are the same; when N ;>1,
directions of currents in adjacent coils are opposite, and polarities of electromagnetic fields at adjacent end faces
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of two adjacent coils are the same.

12. The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 3, wherein:

looking outward from a center, the permanent magnet is located inside and the coil is located outside;
Nmagnet =(N¢oin — 1) X n,

where n is a natural number, n =1, 2, 3...; and

when Np,qnet> 1, POlarities of two opposite end faces of adjacent permanent magnets are the same; when N ;>1,
directions of currents in adjacent coils are opposite, and polarities of electromagnetic fields at adjacent end faces
of two adjacent coils are the same.

13. The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 3, wherein:

looking outward from a center, the coil is located inside and the permanent magnet is located outside;
Nmagnet =(Neoit + 1) X n,

where n is a natural number, n =1, 2, 3...; and

when Ny,.406¢> 1, POlarities of two opposite end faces of adjacent permanent magnets are the same; when N> 1,
directions of currents in adjacent coils are opposite, and polarities of electromagnetic fields at adjacent end faces
of two adjacent coils are the same.

14. The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 3, wherein:

looking outward from a center, the coil is located inside and the permanent magnet is located outside;
Nmagnet =(Neoit — 1) X n,

where n is a natural number, n =1, 2, 3...; and

when Np,qnet> 1, POlarities of two opposite end faces of adjacent permanent magnets are the same; when N ;>1,
directions of currents in adjacent coils are opposite, and polarities of electromagnetic fields at adjacent end faces
of two adjacent coils are the same.

15. The moving-magnet vibrator with nonlinear term cancellation as claimed in claim 10, wherein a magnetic conductor is
provided at a position of the outer cylinder close to the coil to minimize a magnetic resistance of a magnetic circuit of an
electromagnet generated by the coil; the permanent magnet in the magnet assembly is isolated by a magnetic
conductor; a yoke iron is used around the coil and the permanent magnet, or for the coil combination structure, a part of
the outer cylinder close to the coil is magnetically conductive.

16. The moving-magnet vibrator device with nonlinear term cancellation as claimed in claim 12, wherein:

the coil combination structure further comprises a first magnetic conductor and a first magnetic conductorring, the
magnet combination structure further comprises a second magnetic conductor; the permanent magnet com-
prises one permanent magnet and the coil comprises two coils; the vibration transmission plate comprises two
vibration transmission plates fixed on a top surface and a bottom surface of the outer cylinder respectively; the
permanent magnet is fixed in the second magnetic conductor, two ends of the second magnetic conductor are
respectively fixed on the two vibration transmission plates; the first magnetic conductor is fixed in middle of an
inner side wall of the outer cylinder, and the two coils are respectively fixed on two sides of the first magnetic
conductor; the first magnetic conductive ring is fixedly arranged on outer sides of the two coils, and the coils and
the first magnetic conductive ring are fixed on the inner side wall of the outer cylinder;

the movable assembly and the stator assembly are in concave-convex shapes and arranged in an interleaved
engagement manner; closed magnetic flux lines of the coils and closed magnetic flux lines of the permanent
magnetalternately pass through the movable assembly and the stator assembly; two magnetic domains D4 4 and
D, 1 which are designed as a symmetrical pair are provided in the moving-magnet vibrator body, the closed
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magnetic flux lines of the coil and the closed magnetic flux lines of the permanent magnet each pass through the
magnetic domains D, 4 and D, 4; in the magnetic domain D, 4, a direction of magnetic flux lines of one coil is the
same as a direction of magnetic flux lines of the permanent magnet, and in the magnetic domain D, 4, the direction
of the magnetic flux lines of another coil is opposite to the direction of the magnetic flux lines of the permanent
magnet.

17. The moving-magnet vibrator device with nonlinear term cancellation as claimed in claim 13, wherein:

the coil combination structure further comprises a first magnetic conductor and a first magnetic conductor ring, the
magnet combination structure further comprises a second magnetic conductor and a second magnetic con-
ductive ring, and the permanent magnet comprises two permanent magnets and the coil comprises one coil; the
vibration transmission plate comprises one vibration transmission plate fixed on a top surface of the outer
cylinder, an end of the first magnetic conductor is fixed on a bottom surface of the outer cylinder, the coil is wound
around and fixed on the first magnetic conductor, and the first magnetic conductive ring is fixed at an end of the first
magnetic conductor;

the moving-magnet vibrator device with nonlinear term cancellation further comprises an L-shaped vibration
transmission bracket, a horizontal part of the vibration transmission bracket is parallel to a vibration direction, the
second magnetic conductor is fixed on the horizontal part of the vibration transmission bracket, the two
permanent magnets are fixedly arranged on two sides of the second magnetic conductor, and the two permanent
magnets are fixed on the horizontal part of the vibration transmission bracket; and

the movable assembly and the stator assembly are in concave-convex shapes and arranged in an interleaved
engagement manner; closed magnetic flux lines of the coil and closed magnetic flux lines of the permanent
magnets alternately pass through the movable assembly and the stator assembly; two magnetic domains D 4
and D, 4 which are designed as a symmetrical pair are provided in the moving-magnet vibrator body, the closed
magnetic flux lines of the coil and the closed magnetic flux lines of the permanent magnet each pass through the
magnetic domains D4 4 and D, 4; in the magnetic domain D, 4, a direction of magnetic flux lines of the coil is
opposite to a direction of magnetic flux lines of one permanent magnet, and in the magnetic domain D, 4, the
direction of the magnetic flux lines of the coil is the same as the direction of the magnetic flux lines of another
permanent magnet.

18. The moving-magnet vibrator device with nonlinear term cancellation as claimed in claim 14, wherein:

the magnet combination structure further comprises a second magnetic conductor, the coil combination structure
further comprises a first magnetic conductor, a first magnetic conductor ring and a second magnetic conductor
ring; the permanent magnet comprises one permanent magnet and the coil comprises two coils; the vibration
transmission plate comprises one vibration transmission plate fixed on a top surface of the outer cylinder, an end
of the first magnetic conductor is fixed on a bottom surface of the outer cylinder, the two coils are wound around
and fixed on the first magnetic conductor, the second magnetic conductive ring is fixed at an end of the first
magnetic conductor, and the first magnetic conductive ring is wound around and fixed on a middle part of the first
magnetic conductor and located between the two coils;

wherein the moving-magnet vibrator device with nonlinear term cancellation further comprises an L-shaped
vibration transmission bracket, a horizontal part of the vibration transmission bracket is parallel to a vibration
direction, the permanent magnet is fixed in middle of the horizontal part of the vibration transmission bracket, and
the second magnetic conductor is located on two sides of the permanent magnet and fixed on the horizontal part
of the vibration transmission bracket; and

the movable assembly and the stator assembly are in concave-convex shapes and arranged in an interleaved
engagement manner; closed magnetic flux lines of the coils and closed magnetic flux lines of the permanent
magnet alternately pass through the movable assembly and the stator assembly; four magnetic domains D 4,
D, 1,D4 2and D, , which are designed as two symmetrical pairs are provided in the moving-magnet vibrator body,
where D, 4 is symmetric to D, 4, and D , is symmetric to D, ,; the closed magnetic flux lines of the coil and the
closed magnetic flux lines of the permanent magnet each pass through the magnetic domains D, 4, D, 4, D4 , and
D, »;inthe magnetic domain D 4, a direction of magnetic flux lines of one coil is opposite to a direction of magnetic
flux lines of the permanent magnet; and in the magnetic domain D, 4, the direction of the magnetic flux lines of
another coil is the same as the direction of the magnetic flux lines of the permanent magnet.

19. The moving-magnet vibrator device with nonlinear term cancellation as claimed in claim 12, wherein:

the magnet combination structure further comprises a second magnetic conductor, and the coil combination
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structure further comprises a first magnetic conductor and a first magnetic conductor ring; the permanent magnet
comprises two permanent magnets; the coil comprises three coils; the vibration transmission plate comprises two
vibration transmission plates respectively fixed on a top surface and a bottom surface of the outer cylinder; the two
permanent magnets are fixed on two sides of the second magnetic conductor, the two permanent magnets are
respectively fixed on magnetic conductive sleeves, and the magnetic conductive sleeves are respectively fixed
on the two vibration transmission plates; the three coils are sequentially fixed on an inner side wall of the outer
cylinder, the first magnetic conductor is fixedly arranged between adjacent coils, the first magnetic conductive ring
is fixedly arranged on an outer side of the outermost coils, and both the first magnetic conductor and the first
magnetic conductive ring are fixed on the inner side wall of the outer cylinder; and

the movable assembly and the stator assembly are in concave-convex shapes and arranged in an interleaved
engagement manner; closed magnetic flux lines of the coils and closed magnetic flux lines of the permanent
magnets alternately pass through the movable assembly and the stator assembly; six magnetic domains D 4,
D, 1, D4 2, Dy 5, D4 3, @nd D, 5 which are designed as three symmetrical pairs are provided in the moving-magnet
vibrator body, where D4 4 is symmetric to D, 4, D4 5 is symmetricto D, 5, and D4 3 is symmetric to D, 5; the closed
magnetic flux lines of the coils and the closed magnetic flux lines of the permanent magnets each pass through the
magnetic domains D 4, D 4, D4 5, D 5, D¢ 3, @nd Dy 5; in the magnetic domain D, 4, a direction of magnetic flux
lines of one coil is opposite to a direction of magnetic flux lines of one permanent magnet; in the magnetic domain
D, 4, the direction of the magnetic flux lines of the one coil is the same as the direction of the magnetic flux lines of
another permanent magnet; in the magnetic domain D, ,, the direction of the magnetic flux lines of another coil is
the same as the direction of the magnetic flux lines of the one permanent magnet; and in the magnetic domain
D, ,, the direction of the magnetic flux lines of a further coil is opposite to the direction of the magnetic flux lines of
the another permanent magnet.

20. The moving-magnet vibrator device with nonlinear term cancellation as claimed in claim 1 is configured to be applied
to a bone conduction headphone, bone conduction glasses, a wired headphone, a wireless headphone, AR glasses,
VR glasses, a smart watch, a smart bracelet, a head-mounted device, a wearable device, a smartphone, a game
controller, a game headphone, a game steering wheel, a game pedal, a mouse, a keyboard, a touch screen, an
electrical control panel, a touch device, a screen sound-generating device, a vehicle-mounted haptic feedback
device, a smart cockpit, a game chair, amassage chair, amassager, a haptic feedback vest, a hapticfeedback glove, a
haptic feedback belt, a haptic feedback leg device, a hearing aid, a sleep-aiding device, or a haptic feedback network
interconnection device.
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THD of moving-magnet vibrator with nonlinear term cancellation
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