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Research on Long Stroke Moving Secondary
Permanent Magnet Linear Eddy Current Brake
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Abstract—In this paper, a long stroke moving secondary
permanent magnet linear eddy current brake is proposed.
Without exciting coils, the permanent magnet eddy current brake
possesses the advantage of saving copper and better reliability.
The topology and operating principle are presented. The
mathematical model was derived with the layer theory. The
braking force characteristic was analyzed using the finite element
method. The structural parameters of the long stroke moving
secondary permanent magnet linear eddy current brake were
studied by referring the design progress of the other types of eddy
current brakes. Finally, a prototype of long stroke moving
secondary permanent magnet linear eddy current brake was built
and tested, and the experimental result verifies the correctness of
the above analysis.

Index Terms—Braking force analysis, eddy current brake,
experimental study, mathematical model, permanent magnet.

I. INTRODUCTION

HEN a conductor moves relative to the magnetic field or

is in a changing magnetic field, the induced current will
generate in the conductor. The induced current is also called the
eddy current. The eddy current often brings harmful results in
many different applications, such as the eddy current in the iron
core of motors and transformers which wastes a lot of energy,
and the produced heat seriously affects the performance of
equipment and even damages the equipment. On the other hand,
the eddy current can also be used in some occasions and has
excellent characteristics. For example, the eddy current brake
(ECB) is an electromagnetic device based on the eddy current
[1-5]. It can generate braking force by the interaction between
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the eddy currents and the magnetic field, and can be used to
realize contactless braking.

An important application of the eddy current brake is the test
of linear motion devices such linear motors and trains. With the
rapid development of modern engineering technology, the
research on various linear motion devices is increasing. At the
same time, braking technology is a key technology in the
research of these motion devices. At present, there are many
braking methods for linear motion devices, but most of them
are limited to the traditional sticky braking mode, which mainly
uses contact friction between devices to produce braking force.
The shortcomings of this braking mode are obvious, which is
greatly restricted by the contact surface conditions and the
surrounding environment, and it also produces more serious
noise and dust pollution, and the reliability is not high. On the
other hand, the contact braking makes the braking components
worn or damaged easily, and the repeated test cost is high;
moreover, it produces greater impact and vibration in the
braking process, which is sensitive to measuring instruments.
Accuracy will affect, even damage the measuring instrument,
leading to the failure of the test. Correspondingly, eddy current
braking is an effective non-adhesive braking mode, which has
been widely used in recreational facilities, rail transit elevators
and so on.

According to the field source, the eddy current brakes can be
divided into electromagnetic eddy current braking, permanent
magnet eddy current braking and hybrid eddy current braking.
The electromagnetic eddy current braking has the
disadvantages of large volume, large loss, high temperature of
excitation winding and the danger of power failure. The
permanent magnet eddy current braking overcomes the above
shortcomings. It does not need additional excitation winding
and power supply, and it has the advantages of compact
structure, saving energy, high efficiency, low maintenance cost,
long life, and high reliability [6-16]. Hybrid eddy current brake
combines the advantages of both the electromagnetic eddy
current braking and permanent magnet eddy current braking,
but its structure is more complex, and there is also the risk of
power failure [17-19].

This paper presents a long stroke moving secondary
permanent magnet linear eddy current brake. In Section II, the
topology and operating principle are presented. In Section III,
the formulas of the magnetic field and braking force are
provided by using the layer theory. Then, the relationship
between braking force and structural parameters such as the
dimensions of the permanent magnets and yoke are studied.
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Finally, a prototype is designed and built. The braking force
characteristic is tested to verity the analysis above.
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Fig. 1. Topology of the long stroke moving secondary permanent magnet linear
eddy current brake.

II. STRUCTURE AND WORKING PRINCIPLE OF PERMANENT
MAGNET LINEAR EDDY CURRENT BRAKE

A. Structure of The Linear Eddy Current Brake

The long stroke moving secondary permanent magnet linear
eddy current brake consists of a primary and a secondary. Fig. 1
and Fig. 2 shows its three dimensional (3-D) view and side
view, respectively. The primary consists of two fixed primary
structures, each is consisted of a flat primary core made of
Steel 1010, and permanent magnets made of NdFeB35. The
permanent magnets are magnetized perpendicular to the
direction of movement and they are placed in notches with
alternate polarity. The secondary is made of aluminum with
high conductivity or composite materials with high
conductivity and high permeability.

B. Working Principle of The Linear Eddy Current Brake

The magnetic field generated by primary permanent magnets
will form a magnetic circuit in the primary iron core, air gap
and secondary conductor. According to the law of
electromagnetic induction, the relative movement of the
primary permanent magnets and the secondary conductor plate
causes eddy currents in the secondary conductor plate. Due to
the circulation of eddy currents, an induced magnetic field is
generated that interacts with the magnetic field generated by the
primary permanent magnets, which results in a braking force
between the primary and the secondary conductor.

III. ANALYTICAL MODEL

The analytical model of long stroke moving secondary
permanent magnet linear eddy current brake is obtained based
on the layer theory. The air gap magnetic field distribution and
force characteristic equations are deduced, which provides a
theoretical basis for the subsequent brake design.

A. Air Gap Magnetic Field Analysis

Fig. 2 shows the long stroke moving secondary permanent
magnet linear eddy current brake model. When calculating the
eddy current braking force of the conductor plate by layer
method, the eddy current in the secondary conductor plate
should be calculated first, and then the eddy current braking
force can be obtained by the eddy current loss or Maxwell
tensor method. Ignoring the edge effect, the model can be
considered to be two dimensional, as shown in Fig. 2, the model
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Fig. 2. The long stroke moving secondary permanent magnet linear eddy
current brake model.

can be divided into four solving regions, each of which is
distinguished by the following corner labels:

1) Region I : conductor plate layer, in which the eddy current
is induced by the relative motion of the conductor plate and the
primary layer.

2) Region II : air gap layer.

3) Region III : permanent magnet layer.

4) Region IV : primary magnet layer.

Where # is the height of primary iron core, /i is the height of
permanent magnets, g and c¢ are the air gap length and
conductor plate thickness, respectively.

In order to simplify the analysis, the following assumptions
are made.

1) Assume that the primary and secondary are infinitely long
in the x direction.

2) There is only eddy current in z direction in the conductor
plate.

3) The air gap magnetic induction intensity is constant in z
direction, regardless of the transverse end effect.

4) The relative permeability of the conductor plate and the
permanent magnet is 1, and the conductivity of the conductor
plate is constant.

5) The permeability of primary back iron is infinite and its
conductivity is neglected, i.e. the eddy current effect is not
considered.

Area I is a conductor plate layer. When the brake is working,
eddy current will be induced in this layer. The eddy current
density induced by the brake can be as high as that induced by
the brake. From Ohm's Law:

J, =G,E, (1
where J,, o,, E, are the current, the conductivity and the

electric field intensity of layer 1.
According to Ferrari's law of electromagnetic induction,
Vg, - 9B __dB ds__dB
dt dx dt dx

where v is the speed of the conductor plate, B, is the magnetic

(@)

flux density of layer 1.
(2) cam be written as:
dA
E = ——lv 3
=T A3)
where 4, is the vector magnetic potential of layer 1.

In region I,
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Fig. 3. The distribution of the permanent magnet remanence.
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where p, is the vacuum permeability.

In region II, the conductivity is zero. There is no current in
this layer. Therefore, the vector potential equation of this layer
is

V2d4,=0 (6)
0’4, 0’4
6x22 " 6y22 =0 7

In region III, which consists of the permanent magnets and
air gap, and the permanent magnet is magnetized vertically, the
distribution of magnetic flux density in this layer is as follows:

BSx 0 HSx
By =|B,, |=| B, |-u;| H, )
B 0 0

3z
Brs waveform is shown in Fig 3. Thus, the half-wave mirror
rectangular wave can be expanded into Fourier series:

B(x)=) B " ,n=135,.. 9)

B, = 45,4 sin| 22m | gy = 1T
’ nmw 2 T

where t, w, , w, are the pole distance, the length of

(10)

permanent magnets in the moving direction, and the gap of
adjacent permanent magnets along the moving direction.
The vector magnetic potential equation of this layer can be
obtained as follows:
0 4, . 0° 4,
o> o
Region IV is the primary back iron layer. If the conductivity
is neglected, there is no eddy current in the layer. The vector
magnetic potential equation is:
2 2
g 134 + a—A;“ =0 (12)
ox oy
Appling the connection condition of two adjacent contact

surfaces and the boundary conditions, the solution of the vector
magnetic potential of each layer is as follows:

Al,n (x’ y) — Cl)ne?uy#-jmx +Dl’”e—ky+jmx (13)
AZM (x’ y) — Czynem)wjmx + D (14)

=-VxB, (11)

—my+ jmx
2.n e

A},n (x’ y) = C},nemerjmx + D3’”e’”‘y+./'”’~" - jBr,nejmx /m (15)
A4,n (x’ y) = D4’I1e”’l"+f”1" (16)

4

; 1
where &= \fm" + (”omclv)2 e, &= Earctan[uoclv] :

m

Because the secondary conductor plate is made of
non-magnetic materials, the study of magnetic field is
equivalent to air gap. In fact, the study of air gap magnetic field
is mainly about the magnetic field in the conductor plate. From
the last section, we can know the distribution of vector
magnetic potential in the conductor layer, and the distribution
of magnetic induction intensity in the conductor layer is as
follows:

AD, "™ —AD,e ™

_ . Ay+ jmx . —hy+ jmx
B, =| —jmD,e — jmD,e

0

(a7

The center line of the air gap, i. e. the middle plane of the
conductor plate, is taken as a study in the plane. The magnetic
induction intensity has only component in the y direction and
periodically distributes along the x direction.

B,(x) =
) inh(mh (18
z B],n ('x) = Z _jzanBl,ne/mx = Z - = Sln}\,(Gm m) Bi’,neﬂmC ( )

The fundamental air gap magnetic field is
_ 4B, sinh(nh,, /1) sin (%j il (19)
G 2
where a is the pole arc coefficient.
The amplitude of fundamental air gap magnetic density is:
_ 4B, sinh(nh, / 1) i

an
in| —
MG ( 2 j

B. Braking Force Analysis

Jmx/T

B, (x)= Bme

By, (20)

As when the brake operates, the eddy current is only induced
in the conductor plate, and the eddy current losses are all in
theory. The brake provides the braking force, so the eddy
current loss method is used to solve the braking force.

The eddy currents generated in region I is,
J=Yvo,B, =) j2mvc,0,e"™ coshry

n

21

It should be noticed that the eddy current induced in the
conductor plate will gather in the conductor when the brake
operates at a higher speed. The surface area of the body plate is
affected by the skin effect of current. In engineering, the
penetration depth is often used to represent field quantity of
skin collection in conductors.

2

WK, G,

d,=

21

Therefore, the actual distribution depth of eddy current on
one side of the conductor plate is as follows:
d, = min(d,,c/2) 2
It is proved that the skin effect of eddy current has little effect
on the secondary structure eddy current brake in the middle and
low speed section, because it can be considered as a simplified
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analysis. The eddy current loss power is,

_L ”J Jdxdy (21)

100

c51 Regionl
where / and / are the width of primary and the length of
secondary conductor plate.

Considering the power loss of eddy current caused by the
harmonic is as follows,

P =1lcv'm 2 ( sinh(k,c) N sinh(k,c) 22)
kl k2
where k, =gcos€, k, =gsin&, g=3m’ +(ngmoy)’ .
The braking force is:
P . .
F = ” o VB, |K | sinh(k,c) . sinh(k,c) (23)
v k, k,

From the expression of the braking force, it can be seen that
the braking force is closely related to the size parameters, static
air gap magnetic field and running speed of the brake, and is
approximately proportional to the primary width and the length
of the secondary conductor plate.

Longitudinal static end effect, also known as the first kind of
longitudinal end effect, refers to the magnetic field distortion
caused by the breaking of the primary two ends of linear motor.
For linear induction motors, it results in the unequal mutual
inductance of primary three-phase windings and asymmetric
current, which leads to the distortion of magnetic field. This
end effect is often neglected when the number of electrodes is
large. The brake in this paper is a long primary and short
secondary structure, so the effect of longitudinal static end
effect is very small.
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Fig. 4. The model of longitudinal dynamic end effect.

Longitudinal dynamic end effect is also called the second
kind of longitudinal end effect. Generally speaking, for the
short primary structure, it is caused by the sudden entry or
departure of the secondary from the primary corresponding
region. For the long-stroke brake studied in this paper, due to
the breaking of the two ends of the secondary plate, the
magnetic field at the two ends of the secondary plate will be
distorted and additional braking power will be generated. In
order to simplify the analysis process, the equivalent current
layer analytical model is established, as shown in Fig. 4. The
primary permanent magnet is replaced by an infinitely thin
current layer which can generate the equivalent

magneto-dynamic potential, and its surface current density.
The distribution of static air gap magnetic density is as
follows:

By() =2 By,e™ =2 -

- s1nhm(g+h +c/2)

,sinhmh,

™ (24)

Assuming that the air gap magnetic field is uniformly
distributed along the y direction, the second air gap coefficient
is introduced here. K, compensates for the effect of the

non-uniform distribution of the actual air gap magnetic field
along the y direction:

sinh (/27
, = (—/) 25)
& n8/21
The equivalent electromagnetic air gap is
8, =K,,0 (26)

According to the principle of equivalence, the magnetic field
produced by the infinite thin current layer on the back iron
surface in the air gap should be the same as the traveling wave
magnetic field produced by the actual permanent magnet.
Therefore, the surface current density of the infinite thin current
layer can be assumed.

T Ji .
AT =Y j J,, cos(mx)dx =Y = sin(mx)  (27)
) n m
The resulting air gap magnetic field is:
2u,A4T,
B, = ZHo A4 (28)
62

Applying Ampere Loop Law to the ABCD loop in Fig. 4,
and considering J, = c,vB,, the magnetic field is solved as:

B.(x)= Lz(CCe'“"‘ + msin(mx) + o, cos(mx)) (29)
m”+o,
where,
LL,o,cv 2u,J,,
e (30)
62 82
m +o
C = B, cos(mvt)—a, (31)
1
Thus,
B, (x) = B;, cos(mvt)e ™" %e"”
m”+o,
B (32)
+—————sin(mx + arctan ﬂ)

,’mz +OL12 a,

It can be seen from the above formula that the third term at
the right end of the formula is the traveling wave magnetic field
with a period of 2_in the conductor plate, the first term is the
attenuation fluctuation of the magnetic field caused by the
longitudinal dynamic edge effect, and the second term is the
distortion of the magnetic field caused by the edge effect, which
shows the weakening effect on the original magnetic field,
thereby reducing the braking force of the brake.

The transverse static end effect, also known as the first kind
of transverse end effect, is produced when the brake is
stationary and the transverse distribution of air gap magnetic
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field is not uniform. The analysis of the end effect can be
further analyzed by conformal transformation. The third air gap
coefficient is introduced as follows:

1

K, = 33
2 14(1.594-1/66e>)8, /I, 33)
The equivalent electromagnetic air gap is
8, =K,;5, (34)

In the analytical process of the above two-dimensional
model, it is assumed that the current in the secondary conductor
plate exists only in the z-direction component, which is
equivalent to assuming that the secondary plate is infinitely
long along the z-direction. The actual length of the secondary
conductor plate in Z direction is finite, which leads to the
current component in X direction. This effect leads to the
change of eddy current distribution in the conductor plate,
which leads to the change of braking force. This kind of end
effect is called transverse dynamic end effect, which is also
called the second kind of transverse end effect. The analysis can
be solved by Russell coefficient [20]:

K, :1—tanh(mlgj/ml‘2"(l+y)

It can be considered to be equivalent to the secondary
conductor plate to compensate, that is to say:
G{ = Kncl

(35)

(36)
Accordingly, a three-dimensional modified analytical model
can be obtained on the basis of the two-dimensional analytical
model.
In order to verify the accuracy of the air gap magnetic field in
the second chapter analytical model, the force characteristic
curves are compared.
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Fig. 5. Comparison of the FEA and analytical results.

From the force characteristic curve of the brake shown above,
it can be seen that the force characteristic curve obtained by the
analytical method is basically consistent with the results of the
finite element simulation, which verifies the accuracy of the
analytical model. However, there are still some deviations
between the two. This is mainly due to the neglect of the
influence of magnetic field high harmonics and magnetic
leakage in the analytical model of permanent magnet linear
eddy current brake, the neglect of the effect of core saturation,
and the neglect of the effect of secondary conductor plate on
finite length. At the same time, it can be seen that the normal
force model of secondary eccentricity of brake also has high
accuracy.

IV. BRAKING FORCE ANALYSIS

Base on the theoretical analytical model and the finite
element analysis model, the influence of the parameters such as
the pole number, pole distance, size of permanent magnet and
secondary plate on the braking performance is studied, so as to
effectively improve the braking force density of the permanent
magnet linear eddy current brake.

A. The Relation between Design Objectives and Main
Structural Parameters

The main design objective of permanent magnet linear eddy
current brake is high braking force density. The braking force
density concerned here is the surface density of braking force,
that is, the ratio of thrust amplitude to air gap area. So the eddy
current braking force density is defined as,

F, _F
f"_S 1

g c’w

(37

where S, refers to the air gap area of brake.

For this kind of permanent magnet linear eddy current brake,
it can be seen that in some cases, the greater the amount of
permanent magnet used, the greater the braking force density.
Therefore, it is necessary to determine a parameter to
characterize the efficiency of permanent magnet to ensure that
the permanent magnet can be used reasonably and effectively.
In this paper, the braking force generated by the unit permanent
magnet is considered to represent the utilization ratio of the
permanent magnet, i.e. the unit permanent magnet power,
which is defined as equation (38). In this paper, the unit
permanent magnet power is used to help determine the size
parameters of permanent magnets reasonably in the process of
parameter optimization.

F, F
Jo = E (3%
I/m 2plwwmhm

where V refers to the volume of magnets.

Because the permanent magnet linear eddy current brake is a
long primary and short secondary structure, and the secondary
conductor plate is relatively limited in length, the braking force
produced by the brake fluctuates. The braking force volatility is
defined here as follows:

o =P 1094
avg
It is proved that harmonics have little effect on the brake
force, so its fundamental wave amplitude is studied here. From
(23) and (37), the braking force density is,

p= (39)

F, s e[ € —e™  sinh(k,c)
=—=ovm +
f; lz' lw ] |Q] | ( 2k1 kZ
2 ke _ —kic .

_ 471(5,2\’Bro e —e™ sinh(k,¢) y @0)

T 2k, k,

2
T T
Asinh e cosh m™2g+¢) + X cosh Ae sinh n2g+c)
2 2t T 2 2t

From the above formula, it can be seen that the braking force
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density is related to the pole distance, air gap length, permanent
magnet thickness, conductor plate thickness and permanent
magnet length of the brake. It is noteworthy that the air gap
length, the thickness of permanent magnet and the length of
permanent magnet all affect the brake force density by the ratio
of the air gap to the pole distance. Therefore, the influence of
these main structural parameters on brake performance can be
studied by combining analytical method and finite element
simulation. The same conclusion applies to the braking force
generated by the unit permanent magnet

B. The Influence of Pole Numbers on Braking Force

From (37), the pole logarithm has no effect on the brake
force density, but the selection of pole logarithm has a direct
impact on the brake force fluctuation. Because the secondary
conductor plate is finite in length, that is, it starts at both ends
along the direction of motion, the eddy current distribution at
both ends will be distorted, which will cause fluctuations in
brake operation. When the number of brake poles increases, the
length of secondary and conductor plate increases
correspondingly, and the proportion of eddy current at the two
ends of the conductor plate to the total eddy current decreases,
which reduces the fluctuation of braking force. Figure 6 below
shows the influence curve of the pole number of the brake on
the brake force fluctuation rate when the brake is running at
Sm/s and the pole distance is constant.

30
259
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Braking force ripple (%)
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Fig. 6. Influence of pole number on braking force ripple.

As can be seen from the figure above, the influence of pole
number on brake force fluctuation rate is more obvious. When
pole number is small, the brake force fluctuation rate increases
obviously. Therefore, in order to reduce the fluctuation of brake
force, the pole number of brake should be increased as much as
possible. However, the increase of the pole number of the brake
will increase the length of the brake along the direction of
motion. In some cases with limited length, it is necessary to
consider the trade-off comprehensively. Considering the
limitation of brake length, 8 pairs of poles are selected.

C. The Influence of Primary Structural Parameters on
Braking Force

Pole distance is an important parameter affecting the
performance of permanent magnet linear eddy current brake. It
can be seen that other structural parameters mostly affect the
braking force density of the brake by the ratio of the pole
distance. Therefore, the influence of pole distance on the
braking performance of the permanent magnet linear eddy

current brake is studied firstly. In order to study the influence of
different pole spacing on braking force density, the length of air
gap, thickness of permanent magnet, pole arc coefficient and
width of conductor plate are kept unchanged. Fig. 7 shows the
curve of braking force density varying with pole distance at a
series of running speeds.

¥ 0.5m/s 3m/s ®5m/s A8m/s B 10m/s

2m/s

» lm/s

10 20 30 40 50 60 70 80 90 100
Pole distance (mm)

Braking force density

Fig. 7. Influence of pole distance on braking force density.

From the above curves, it can be seen that the pole distance
has a great influence on the braking force density. If the pole
distance is too small or too large, the braking force density will
be reduced. The larger the brake speed is, the smaller the pole
distance corresponding to the maximum braking force density
is. It can be seen from this that the brake with larger pole
distance is suitable for low-speed motion occasions, and the
brake with smaller pole distance is suitable for high-speed
motion occasions.

100

80
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40
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Fig. 8. Optimal pole distance curve.

The optimal pole distance curve of the brake shown in Figure
8 below when the air gap length is 3 mm is obtained by
connecting the optimal pole distance at different speeds in
Figure 7. In the follow-up study of this section, the parameters
of brake speed 5 m/s are studied, and other operating speed
states can be given similarly. From Figure8, it can be seen that
when the brake speed is 5 m/s, the braking force density is the
largest when the pole distance is 34 mm, so the pole distance of
the brake is 24 mm.

As an important primary parameter, the length of permanent
magnet directly affects the air gap magnetic density and the
brake force. It can be seen that the selection of the length of
permanent magnet can be carried out by studying the arc
coefficient. Fig. 9 below shows the influence of pole arc
coefficient on braking force density and unit permanent magnet
power; Fig. 10 shows the influence of pole arc coefficient on
braking force fluctuation.
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Fig. 10. Influence of arc coefficient on braking force ripple.

From Fig. 9 it can be seen that the greater the arc coefficient,
the greater the braking force density of the brake, and the power
of the unit permanent magnet system increases first and then
decreases. This is due to the increase of pole arc coefficient,
that is to say, the length of permanent magnet increases when
the pole distance is unchanged, so that the magnetic flux of air
gap surface corresponding to a pole distance increases, even if
the air gap magnetic density increases, thus increasing the
brake force. When the pole arc coefficient is small, the
magnetic density of the permanent magnet is small, which leads
to the smaller power per unit permanent magnet system. But
when the pole arc coefficient is too large, the gap between the
adjacent permanent magnets decreases, which leads to the
increase of magnetic leakage between the adjacent permanent
magnets, and consequently the utilization efficiency of the
permanent magnets decreases, and the power per unit
permanent magnet system decreases greatly. It can be seen
from Figure 10 that the braking force fluctuation increases with
the increase of pole arc coefficient, but when the pole arc
coefficient is large, the braking force fluctuation increases
slowly and the overall change is not obvious. In order to
increase the brake force density and ensure the utilization of
permanent magnets, the pole arc coefficient of the brake is 0.85,
that is, the length of the permanent magnet is 28.9 mm.

Permanent magnet thickness is the length of the permanent
magnet along the magnetization direction. Increasing the
thickness of permanent magnet will increase the overall
thickness of the brake, but also increase the cost of the brake to
a certain extent. Therefore, in order to ensure the optimal
braking force density, the thickness of permanent magnet
should be reduced as much as possible, that is, to improve the

utilization efficiency of permanent magnet. It can be
generalized to different pole distance selection situations at
different speeds according to the ratio of the thickness of
permanent magnet to the pole distance after optimizing the
thickness of permanent magnet. Fig. 11 below shows the effect
of permanent magnet thickness on braking force density and
unit permanent magnet power; Fig. 12 shows the effect of
permanent magnet thickness on braking force fluctuation.
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Fig. 11. Influence of PM thickness on braking force density.

From Fig. 11 it can be seen that the greater the thickness of
permanent magnet, the greater the brake force density. This is
because the increase of the thickness of permanent magnet
increases the magnetic momentum in the corresponding
magnetic circuit, increases the air gap magnetic density, and
then increases the brake force. But with the increase of the
thickness of permanent magnet, the power of unit permanent
magnet system increases first and then decreases. This is
because when the permanent magnet is too thin, the air gap
magnetic density is too small and the power of unit permanent
magnet system is too small. When the permanent magnet is too
thick, the leakage magnetic flux between adjacent permanent
magnets increases, which makes the air gap magnetic density
not increase proportionally, and consequently leads to the
decrease of the utilization ratio of permanent magnet and the
power of unit permanent magnet system. Drop. From Fig. 12, it
can be seen that the braking force fluctuation decreases with the
increase of the thickness of permanent magnet, and the change
is more significant. In order to obtain a larger braking force
density and ensure a higher utilization efficiency of permanent
magnets, the braking force fluctuation is relatively small. The
thickness of permanent magnets along the magnetization
direction is 7 mm.

Fig. 13 and Fig. 14 shows the effect of primary core thickness
on brake force density and brake force fluctuation, respectively.
From the figure below, it can be seen that the increase of the
thickness of primary core will increase the fluctuation of
braking force density and braking force, but when it increases
to a certain value, it will not change. From the figure, it can be
seen that when the thickness of primary core is greater than 6
mm, the braking force density basically does not change. The
primary core provides access for the main magnetic circuit. The
thin core thickness will lead to the saturation of the core and the
sharp increase of the magneto resistance, which will greatly
reduce the air gap magnetic density and the braking force.
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When the primary core reaches a certain thickness, the
magnetic line will only pass along the core near the permanent
magnet, so the increase of the core thickness will not affect the
braking force. However, the excessive thickness of the core will
lead to the increase of the overall volume and cost of the brake.
In the case of unsaturated core, the selection of primary core
thickness often depends on the requirements of mechanical
conditions.
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Fig. 12. Influence of PM thickness on braking force ripple.
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D. The Influence of Secondary Structural Parameters on Braking Force

Because the secondary conductor plate is made of
non-magnetic material, its permeability is approximately equal
to the vacuum permeability, so its thickness determines the size
of the electromagnetic air gap of the brake, which has a greater
impact on the brake force. Fig. 15 shows the effect of conductor
plate thickness on brake force density and brake force
fluctuation.
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Fig. 15. Influence of conductor thickness on braking force density.

9 r

(%)

Braking force ripple
(U T N (=)} -~ oo

2 4 6 8 10 12

Conductor thickness ( mm )
Fig. 16. Influence of conductor thickness on braking force density.

As can be seen from the figure above, the thickness of the
conductor plate has a great influence on the braking
performance of the brake. With the increase of the thickness of
the conductor plate, the brake force density increases first and
then decreases; the brake force fluctuation increases gradually,
and the increasing trend slows down gradually. When the
thickness of the conductor plate is too small, the actual air gap
of the brake decreases and the air gap magnetic field increases,
but the braking force is smaller due to the thin eddy current
layer; when the thickness of the conductor plate increases, the
braking force increases accordingly; but when the conductor
plate is too thick, the actual air gap magnetic field decreases
greatly, and because of the skin-collecting effect, the eddy
current divides along the surface layer of the conductor plate.
The cloth reduces the braking force. From the graph, it can be
seen that the optimal size of the secondary conductor plate of
the brake is 4 mm. However, considering the mechanical
strength requirements of the secondary plate, 8 mm is chosen
here.
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Fig. 17. Influence of secondary yoke thickness on braking force density.
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Fig. 18. Influence of secondary yoke thickness on braking force density.

From the previous section, we can know that the optimal
thickness of the brake conductor plate is 4 mm. If the secondary
of pure aluminum plate takes into account the requirements of
mechanical strength, it is necessary to select a thicker
secondary plate. But if it is the secondary brake of composite
plate, the guide plate with the optimum thickness can be
selected. From the analysis above and the comparison with the
secondary structure of aluminium plate, it can be seen that the
composite secondary structure and the secondary structure of
aluminium plate are almost the same in performance, so the
thickness of secondary core can be further optimized on the
basis of optimizing the secondary structure parameters of
aluminium plate. Fig. 17 and Fig. 18 shows the effect of
secondary core thickness on brake force density and brake force
fluctuation.

As can be seen from the figure, the increase of the thickness
of secondary core will make the braking force density decrease
slightly, but it has little effect on the fluctuation of the braking
force. Considering the braking force density and fluctuation
rate, the thickness of secondary core is 6 mm.

T b

Fig. 19. Test setup.

V. EXPERIMENTAL STUDY

As the experimental conditions are difficult to achieve, and
the rotating structure is considered to replace the linear
structure for experimental verification. The experimental
prototype is mainly composed of rotating shaft, rotor disc,
permanent magnet, front and rear cover, sleeve, rotor key,
casing and bearing. The prototype rotor disc, front stator and
prototype are shown in Fig. 4-7. One side of the rotor disk is
positioned by the shoulder and the other side is positioned by
the sleeve to ensure the size of the air gap and prevent the axial
movement of the rotor disk when eccentricity occurs. In order
to increase the contact area between the rotor key and the

rotating shaft and then enhance the connection strength
between the rotor key and the rotating shaft, a convex platform
is designed to increase the thickness of the bottom rotor disk.
The design specifications of the prototype are: pole pitch 34mm,
pole pairs 5, air gap length 3mm, magnets inner diameter 78mm,
magnets outer diameter 138mm, magnets thickness 7mm,
conductor plate outer diameter 150mm, conductor plate
thickness 8mm, yoke thickness 15mm, pole arc coefficient
0.85.

In order to verify the braking performance of the permanent
magnet eddy current brake and the accuracy of the theoretical
method, an experimental platform is built for the prototype to
test, as shown in Fig. 19.
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Fig. 20. Test result.

b) Equivalent braking force

The experimental platform is mainly composed of a driving
motor, a motor driver, a torque sensor, a torque and speed
measuring instrument and an experimental prototype. The
driving motor, the torque sensor and the prototype are
connected by a double diaphragm elastic coupling. The drive
motor is a 10-pole permanent magnet synchronous motor, and
the position feedback signal is output by a sine-cosine resolver.
The driver uses Emerson SP3403 driver to drive the motor at a
certain speed. The experimental prototype acts as a brake to
provide a constant load for the motor. The speed and torque
signals of the experimental system are measured by the torque
sensor between the two. Then the braking torque-speed
characteristic curve of the experimental prototype can be
obtained. The comparison curves of the measured values, the
analytical values and the finite element simulation are shown in
Fig. 20.

From the figure, it can be seen that the analytical method,
finite element method and experimental torque (force)
characteristic curve are basically consistent, which verifies the
correctness of the analytical model and finite element model.
Fig. 20a) shows the comparative curve of the torque
characteristics of the prototype. The analytical method is based
on the linear brake model, which is affected by the
circumferential curvature to a certain extent. Therefore, the
analytical value will be slightly different from the experimental
value of the prototype. Fig. 20b) shows the comparison of the
force characteristic curves of linear brakes. It can be seen that
the approximate equivalent method of rotating instead of linear
brakes is feasible in a certain range.

VI. CONCLUSION

As a new type of brake device, permanent magnet eddy
current brake overcomes the problems of traditional adhesive
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brake device such as contact condition, friction, noise and easy
damage. It has the advantages of non-contact, high reliability,
high power density and simple structure. It has broad
application prospects in the field of braking and vibration
suppression. In this paper, the long stroke moving secondary
permanent magnet linear eddy current brake is studied. The
electromagnetic characteristics of the brake are analyzed and
compared by analytical method and finite element method, and
the performance of the prototype is tested.
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