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Abstract. An electromagnetic brake is the key basic component to ensure the safety of robot joints. The conven-
tional electromagnetic brake mostly uses a set of springs to provide braking force and solenoid power to provide
a recovery force, which makes this kind of brake with large thickness and small braking torque that is not con-
ducive to the application in light and small joint components. In many design processes, unclear understanding
of the machine-electric-magnetic coupling characteristics leads to relatively simple theoretical models and inac-
curate theoretical results, which do not provide more help for subsequent designs. In this paper, a hollow-ring
type permanent magnetic power-loss protection brake, integrated inside a joint assembly, is designed. The brake
uses rare earth Nd–Fe–B permanent magnets to provide braking suction instead of ordinary spring packs, and
achieves motion guidance and braking torque transmission by means of leaf spring. Combined with the defor-
mation model of the leaf spring and the magnetic circuit models of the brake under the power-on and power-off
conditions, the overall coupling dynamics model of the brake is established. The theoretical results are compared
through finite-element software, and a prototype is produced for experimental testing. Finally, the accuracy and
validity of the theoretical model are verified, providing a theoretical and experimental basis for the design of this
type of brake.

1 Introduction

In mechanical joints, the brake is the main component to en-
sure the safety of the equipment. Its function is to ensure
that the mechanical joint itself and the end load do not col-
lide unpredictably when the mechanical joint loses power or
control, and to maintain the position and attitude of the me-
chanical joint when it is not working. Whether it is a large
robotic arm used on the International Space Station (NASA’s
Canadarm2) (Gibbs and Office, 2002; Sallaberger, 1997),
Japan’s Experiment Module Robot System (JEMRMS; Mat-
sueda et al., 2002) and the European Robotic Arm (ERA;
Verhoeven, 1999); a small robotic arm used for space ex-
periments and maintenance (Italy’s SPIDER, Mugnuolo et
al., 1998, and EUROPA, Mugnuolo et al., 1999, Europe’s
DEXARM, Magnani et al., 2006); or a domestically designed
space robotic arm (The robotic arm system of Beijing Uni-
versity of Posts and Telecommunications, Shao et al., 2006,
and Harbin Institute of Technology’s space robot system,

Cheng et al., 2017), the joints are equipped with brakes to
ensure the safety of the joints and the equipment.

The two types of brakes that are conventionally used
in mechanical joints, are gear pin brakes and friction disc
brakes. The gear pin brake is a simple and low-cost construc-
tion, with a solenoid driving the pin in contact with the chuck.
However, in robotic arm applications, there is a holding gap
problem and a certain residual torque. In the brake release
process, special control logic is required to ensure that the
brake is released under load. Friction disc brakes are the tra-
ditional solution and are usually driven by electromagnetic
force (Jin et al., 2019).

Friction disc brakes have received extensive attention in
recent years and many studies have been carried out on these
brakes by companies or institutions at home and abroad.
The Mayr company has developed an electromagnetic fric-
tion brake, which uses spring force to generate the braking
torque. When the arm is in normal operation, the solenoid is
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energised. Under the electromagnetic suction, the brake discs
overcome the spring elasticity to separate from the brake
pads, at which point no braking torque is generated. When
braking is required, the solenoid coil is de-energised and the
brake discs meet the wear-resistant brake housing by spring
force, thus generating a braking torque. The brake used in the
European Space Agency’s ERA uses eight springs to gener-
ate the braking torque, which varies between 0.7 and 1.1 N m.
The friction material is ceramic and the friction plate is based
on AISI 420 stainless steel, to which a thin film of chromium
oxide (Cr2O3) is applied using the thermal spray method.
The wires come out along the outside of the brake and does
not use a hollo-ring construction. The German Aerospace
Centre (DLR) has designed a lightweight robotic arm. Ini-
tially, a piezoelectric brake was used, which was effective
and weighed only 70 g, but its braking performance deteri-
orated under certain humidity conditions. Therefore, a con-
ventional electromagnetic spring brake solution was adopted
(Hirzinger et al., 2001). Yasa et al. (2014) have designed a
brake inside a robot joint, which provides braking force via
two springs. The electromagnetic suction generated by en-
ergising the coil separates the friction disc from the brake
housing. The article presents a simple analysis and simula-
tion of the proposed brake in terms of mechanical, electri-
cal, and thermal aspects, and finally verifies the theoretical
and finite-element calculation results through experiments.
Kumar et al. (2017) designed a permanent magnet electro-
magnetic brake for an aerospace vehicle. This brake uses a
spring to provide the braking force, and the electromagnetic
force generated by the solenoid overcomes the spring force
to draw back the brake disc. The brake disc is then locked on
the brake housing by a permanent magnet embedded in the
brake, allowing the motor to operate normally. When braking
is required, the solenoid is energised in the opposite direc-
tion to counteract the permanent magnetic force (FPM). The
spring force pushes the brake disc out again to achieve brak-
ing. Compared to conventional electromagnetic brakes, this
brake improves the energy efficiency of the system by con-
suming power only during switching time. In addition, the
article presents a simple analysis and simulation of the entire
brake, and finally verifies it through experiments, which is
a guide to the design of this type of brake. Harbin Institute
of Technology has designed a brake with a double-sided disc
friction brake. The brake relies on spring force as the braking
force and the friction torque is provided by two annular fric-
tion plates and a cylindrical friction column. One end of the
friction column is placed between the two friction plates and
the other end is connected to the rotating shaft. The rotating
shaft drives the friction column to rotate with it. When brak-
ing, the solenoid is de-energised and one side of the friction
plate squeezes the friction column under the action of spring
force to meet the other side of the friction plate. The two
friction plates together with the intervening friction column
generate the braking torque. When the brake is not working,
the solenoid is energised to generate electromagnetic suction

to pull back one side of the friction plate, causing the friction
plate, the friction column, and the other friction plate to sep-
arate, and the braking torque then disappears. The brake is
experimentally measured to have a braking torque of around
0.5 N m and a weight of around 270 g (Li, 2015). As can be
seen from the above examples, conventional electromagnetic
brakes rely on a spring set to generate the braking torque, and
these brakes usually have the disadvantages of being thick,
having a small braking torque and being difficult to assemble
and maintain.

Due to the use of spring packs to provide braking force,
the braking force generated by the spring packs needs to be
overcome all the time during non-braking conditions. This
requires the coils to be continuously fed with a high current,
since this type of brake always needs to be maintained at
a high-power level during operation. In order to install the
spring packs, these brakes usually have the disadvantages of
being thick, having a small braking torque and being diffi-
cult to assemble and maintain, which leads to it being less
suitable for use in light mechanical joints.

In this paper, a hollow-ring permanent magnet brake in-
tegrated into the robot joint is proposed. In contrast to con-
ventional spring electromagnetic brakes, this brake uses rare
earth Nd–Fe–B to provide braking suction instead of conven-
tional spring packs. In the braking state, the brake armature is
suctioned onto the brake housing. A leaf spring is used as the
resetting element for the brake armature. This design allows
the brake to require much less axial space, which not only
reduces the overall axial dimensions of the mechanical joint,
but also provides more than 1.5 times the braking torque for
the same volume as the conventional electromagnetic-spring
friction braking principle. When the coil is energised, a re-
verse electromagnetic force is generated to counteract the
braking suction, the leaf spring provides the return force and
only a very small deflection stroke is generated during the
suction and release process, ensuring that the brake armature
is released quickly and accurately in the braking position.
Compared to conventional wire routing ways, the hollow-
ring routing avoids the exposure of conductors to electro-
magnetic radiation and the disadvantage of having to leave
a margin at each joint.

Furthermore, a coupled dynamics model of the proposed
brake is developed from machine-electric-magnetic aspects.
The leaf spring is firstly modelled and the expressions for the
deformation angle and deflection are derived. The equivalent
magnetic circuits of the brake are modelled under power-on
and power-off states, respectively. The variation of the per-
manent and electromagnetic fields inside the structure and
the magnetic flux trend are analysed. A theoretical model is
built for the variation of magnetic flux and flux density in the
working air gap with the movement of the braking armature
under two states. Expressions for the braking suction on the
braking armature in the sucking and separation process are
derived from the energy storage perspective.
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The 3D model of the brake is simulated by means of the
finite-element software, and some key parameters affecting
the performance of the brake are calculated and compared
with the results of the established theoretical models. Finally,
the accuracy and validity of the theoretical models are veri-
fied through experiments.

2 Structural design and working principle

Figure 1a shows a partial cross-sectional view of the mechan-
ical joint. The brake body is mounted on the mounting base
in the joint and the brake armature is connected to the mo-
tor rotor through a leaf ring, which transmits axial displace-
ment and prevents circumferential rotation. The permanent
magnet ring is embedded in the body of the brake and pro-
vides permanent magnetic suction for the brake. When the
motor is powered off, the brake body and the brake armature
are absorbed to achieve a holding brake on the motor rotor
and lock the motor. When the motor is in powered on, the
coil of the brake is energised to produce an electromagnetic
force to counteract the permanent magnetic suction and the
brake body is separated from the brake armature, which ro-
tates with the motor rotor. Figure 1b shows an exploded view
of the brake.

Figure 2a shows the magnetic circuit of the brake in the
power-off suction state. The permanent magnet ring always
generates a permanent magnetic flux, which together with the
brake armature, the brake housing and the inner stator form a
permanent magnetic circuit. When the motor is powered off,
only permanent magnet fluxes are generated by the perma-
nent magnets in the circuit. The permanent magnetic force
(FPM) overcomes the elasticity of the flexible ring to keep
the brake armature attached to the brake housing and the in-
ner stator. The structural characteristics of the flexible ring
itself result in a relatively low stiffness in the axial direction
and relatively high stiffness in the circumferential direction
of rotation, thus providing support and guidance for the axial
movement of the brake armature and rotational resistance for
the circumferential movement.

Figure 2b shows that in the power-on state of the motor,
after the coil is energised, an electromagnetic flux equal in
magnitude to the permanent magnet flux and opposite in di-
rection is generated in the structural circuit as a counteract-
ing flux. The total magnetic flux in the working air gaps is
reduced, the suction force is weakened, the brake armature
is pulled back to the working position by the restoring force
of the flexible ring, and the brake armature rotates with the
rotation of the motor.

Figure 2c shows the situation when the motor suddenly
loses power and goes from the operating state to the braking
state. At this point, the brake is simultaneously de-energised,
the electromagnetic flux disappears and the structure and
working air gap are filled with permanent magnetic flux
again. The brake armature is re-activated by the suction force

and overcomes the elasticity of the leaf spring itself and is
then absorbed by the brake housing and the inner stator, com-
pleting the power-loss braking action.

3 Mechanical-electric-magnetic coupling dynamics
modelling

3.1 Modelling of leaf spring

The leaf spring connects the brake armature and the motor
rotor by alternating wave crests and wave troughs, and the
connection point is equally symmetrical at 360◦ n−1, where
n refers to the number of the fixed points. For simplicity of
analysis, the ring piece was taken at 360◦ n−1 and n= three
equally divided parts for analysis. The specific structure is
shown in Fig. 3a. The six connection points are evenly dis-
tributed on the leaf spring as shown, with A1, A2 and A3 con-
nected to the rotor and B1, B2 and B3 connected to the brake
armature. When the brake armature is subjected to the axial
suction of the permanent magnet, it acts equally on points
B1, B2 and B3 to deform the leaf ring at the same time.

From the mechanics of materials, the 120◦ ring segment
can be equivalent to a typical antisymmetric beam for analy-
sis, as shown in Fig. 3b. Consider A1 and A2 as fixed points,
and B1 as one of the connection points connected on the
brake armature. The brake armature is driven by the suction
force F to deform the leaf ring axially, which is equivalent
to the F/3 suction acting at point B1 (mid-point of the beam
in the diagram). If the section from 0 to 60◦ of the deformed
beams is taken directly as a typical cantilever beam structure
for analysis, the boundary condition restriction of zero defor-
mation at the A2 fixed point is ignored.

With a small size, small axial deformation and uniform
deformation of the leaf spring, the superposition method can
be used to first obtain the maximum deformation angle and
deflection of the leaf spring in the interval from A1 to point
M (0–30◦ section) and then the maximum deformation an-
gle and deflection in the interval from M to B1 (30–60◦) by
means of the deformation antisymmetric principle, as shown
in Fig. 4a.

Under suction, in the range of 120◦, the deformation of the
leaf spring at each point can be calculated by direct integra-
tion according to the approximation differential equations for
deflection lines of beams:
θ (x)=

∫
M(x)
EI

dx+C

w(x)=
∫ [∫

M(x)
EI

dx
]

dx+Cx+D,
(1)

where M(x) is the bending moment at each point of the leaf
ring, E is the modulus of elasticity of the ring material, I is
the moment of inertia of the section of the ring, and C and
D are determined by the boundary support conditions of the
leaf ring.
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Figure 1. 3D model of the brake.

Figure 2. Working principle of the brake.

According to the leaf spring structure, the boundary sup-
port conditions are

θ (A)= 0, w(A)= 0, (2)

where θ (x) is the angle of deformation of the leaf ring, in the
direction parallel to the axial direction, w(x) is the deflection
of the leaf ring, in the direction parallel to the axial direction
and A is the fixed point of the ring piece, with a deformation
of 0.

In the range 0–60◦, the leaf spring structure is shown in
Fig. 4b, and M can be expressed as

M =
FB

2
R sinα, (3)

where FB is the suction force at point B, F is the total suc-
tion force from the permanent magnet and FB =

1
3F . R is

the distance from FB to the centre of the circle of the leaf
spring, α is the angle corresponding to section 0 to π

6 of the

leaf spring, α ∈ (0, π6 ) and x is the length of the arc corre-
sponding to α = π

6 .
When x = 0, C and D can be obtained as follows:

C =−
FBR

2

2EI
cos

π

6
,

D =
FBR

3

2EI
sin
(π

6

)
. (4)

The final deformation angle and deflection models of the leaf
ring are

θ (x)=
FBR

2

2EI
cos

(
l− x

R

)
−
FBR

2

2EI
cos

π

6
, (5)

w(x)=−
FBR

2

2EI
sin
(
l− x

R

)
−
FBR

2

2EI
cos

π

6
x

+
FBR

3

2EI
sin
(π

6

)
. (6)
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Figure 3. Boundary conditions of the leaf ring.

Figure 4. The deformation of 0–60◦ leaf spring under suction.

The deformation angle and maximum deflection of the leaf
spring along the axial direction in the range of 0–30◦ under
the suction of the permanent magnet can be obtained. Ac-
cording to the principle of structural antisymmetric and sym-
metric deformation, the deformation angle and maximum de-
flection of the entire flexible ring sheet along the axial direc-
tion are further obtained from 30 to 60 and 60 to 120◦.

3.2 Modelling of magnetic circuit

3.2.1 Modelling of the magnetic circuit in power-off state

According to the actual working conditions, the power-off
state is divided into just power-off state and maintained
power-off state for analysis. The power-off state refers to the
moment when the brake changes from the working power-on
state to the power-off state. At this time, only the permanent
magnetic flux generated by the permanent magnet ring re-
mains inside the structure, but there is still a working air gap
between the brake armature and the braking body. The leaf
spring is still in a stretched state, as shown in Fig. 2c. The
brake armature is subjected to permanent magnetic suction.
When the suction force is greater than the elastic force of
the flexible ring piece, the brake armature is sucked onto the
brake body. At this time, the working air gap is reduced to 0,
and the device enters the suction state, as shown in Fig. 2a.

Figure 5. Equivalent magnetic circuit of power-off state.

Due to the simultaneous axial force at the three points (B1,
B2, B3) of the leaf spring, the working air gap δ1 is always
equal to δ2. From the analysis above, the equivalent magnetic
circuit of the process is established.

As shown in Fig. 5, the magnetomotive force of the per-
manent magnet ring in the figure is expressed as 9PM, the
internal resistance is expressed as RPM, the generated perma-
nent magnetic flux is expressed as ϕPM, and the magnetic flux
passing through the working air gap can be expressed as ϕPM

g ,
where ϕPM

g = ϕ
PM
g1 = ϕ

PM
g2 . The leakage magnetism in the

structure can be equivalently expressed as leakage magneto-
resistance, denoted as RL. The materials of the inner stator,
brake housing and brake armature are soft magnetic alloys.
Compared with permanent magnets and air, the relative mag-
netic permeability of soft magnetic alloys is much higher
than that of permanent magnets and air (a million times).
Therefore, the reluctance of stator, brake housing and brake
armature can be ignored in the model.

According to Kirchhoff’s law

−RPMϕPM−RLϕL+9PM = 0, (7)

RPMϕPM−9PM+Rg1ϕ
PM
g +Rg2ϕ

PM
g = 0. (8)

Combining the equivalent magnetic circuit model with the
magnetic circuit theory,

σ =
ϕPM

ϕPM
g
=
ϕPM

g +ϕL

ϕPM
g

, (9)
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where 9PM is the magnetomotive force of the permanent
magnet ring in the magnetic circuit, ϕPM is the total mag-
netic flux generated by the permanent magnet ring, RPM is
the internal resistance of the permanent magnet ring, RL is
the leakage magnetic resistance, ϕL is the leakage magnetic
flux, Rg1 is the air reluctance of the working air gap between
the inner stator and the brake armature, Rg2 is the air reluc-
tance of the working air gap between the brake housing and
the brake armature, ϕg is the magnetic flux between the work-
ing air gap, and σ is the magnetic flux leakage coefficient,
which is usually an empirical value and varies from 1 to 10,
depending on the magnetic circuit in the structure.

From the Eqs. (9), (10), (17), the leakage reluctance and
the magnetic flux in the working air gap can be expressed as

RL =
9PM− σRPMϕ

PM
g

(σ − 1)ϕPM
g

, (10)

ϕPM
g =

9PM

σRPM+Rg1+Rg2
. (11)

The magnetic resistance of the working air gaps δ1 and δ2
can be expressed as

Rg1 =
δ0− δ

u0Ag1
, (12)

Rg2 =
δ0− δ

u0Ag2
, (13)

whereBr is the residual magnetisation of the permanent mag-
net ring, LPM is the thickness of the permanent magnet ring,
u0 is the relative permeability in vacuum, ur is the relative
permeability of the permanent magnet ring,APM is the cross-
sectional area of the permanent magnet ring, δ0 is the initial
working air gap, δ is the distance that the brake armature
moves in the working air gaps, Ag1 is the area corresponding
to the area between the inner stator and the brake armature,
and Ag2 is the area corresponding to the area between the
brake housing and the brake armature.

Combining the electromagnetic theory and substituting
Eqs. (12), (13) into Eq. (11) gives an expression for the mag-
netic flux in the working air gaps:

ϕPM
g (δ)=

ψPM

σRPM+Rg1+Rg2

=
BrLPMurAPMAg1Ag2

σLPMAg1Ag2+ (δ0− δ)urAPM(Ag1+Ag2)
. (14)

From the above equations, the magnetic flux density between
working air gap δ1 and working air gap δ2 can respectively
be expressed as follows:

BPM
g1 (δ)=

ϕPM
g

Ag1

=
BrLPMurAPMAg2

σLPMAg1Ag2+ (δ0− δ)urAPM(Ag1+Ag2)
, (15)

Figure 6. Equivalent magnetic circuit of power-on state.

BPM
g2 (δ)=

ϕPM
g

Ag2

=
BrLPMurAPMAg1

σLPMAg1Ag2+ (δ0− δ)urAPM(Ag1+Ag2)
. (16)

3.2.2 Modelling of the magnetic circuit in power-on state

When the brake is energised, the coil generates an electro-
magnetic flux inside the inner stator, in the opposite direction
to the permanent flux, which is used to counteract the perma-
nent flux, as shown in Fig. 2b. Based on the magnetic path
in the structure, an equivalent magnetic circuit is created (see
Fig. 6).

The electromagnetic force of the energised coil is denoted
as 9E. The magnetic flux through the working air gap can be
expressed as ϕEC

g (ϕEC
g = ϕ

EC
g1 = ϕ

EC
g2 ). Magnetic flux leak-

age can be expressed as magnetic flux leakage reluctance,
denoted asRL. The reluctance of the inner stator, brake hous-
ing and brake armature is ignored.

According to Ohm’s law, the electromagnetic fluxes
through the working air gaps (δ1, δ2) and the permanent mag-
net ring are equal:

ϕEC
g = ϕL+ϕ

EC
PM, (17)

σ =
ϕEC

g +ϕL

ϕEC
g

, (18)

where ϕEC
PM is the electromagnetic flux through the permanent

magnet ring and ϕL is the leakage flux in the structure.
According to Kirchhoff’s law

Rg1ϕ
EC
g +Rg2ϕ

EC
g −9E+ (RL//RPM)ϕEC

g = 0, (19)

RLϕL−RPMϕ
EC
PM = 0, (20)

where 9E =NI , N is the number of turns of the coil and I
is the energising current.

From Eqs. (18), (19) and (20), it is obtained that

ϕEC
PM = (2+ σ )ϕEC

g . (21)
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According to Eqs. (18), (21) and (22), the expression of leak-
age flux can be obtained as follows:

RL =
RPM(2+ σ )

(σ − 1)
. (22)

From Eqs. (20)–(22) combined with Eqs. (12)–(24) in the
previous section, the magnetic flux expression in the working
air gap δ after power-on state can be obtained,

ϕEC
g (δ)=

9E

Rg1+Rg2+ (RL//RPM)

=
NIu0urAPMAg1Ag2(2σ + 1)

δurAPMAg2(2σ + 1)+ δurAPMAg1(2σ + 1)
+LPMAg1Ag2(2+ σ )

. (23)

After power-on state, the magnetic flux density between the
working air gap δ1 and the working air gap δ2 can be ex-
pressed as

BEC
g1 (δ)=

ϕEC
g

Ag1

=
NIu0urAPMAg2(2σ + 1)

δurAPMAg2(2σ + 1)+ δurAPMAg1(2σ + 1)
+LPMAg1Ag2(2+ σ )

, (24)

BEC
g2 (δ)=

ϕEC
g

Ag2

=
NIu0urAPMAg1(2σ + 1)

δurAPMAg2(2σ + 1)+ δurAPMAg1(2σ + 1)
+LPMAg1Ag2(2+ σ )

. (25)

3.2.3 Overall magnetic circuit

The previous two sections modelled the magnetic circuit in
the power-off and power-on states, expressing the equations
for the variation of magnetic flux and flux density as a func-
tion of working air gap distance, respectively. Combining
Eqs. (14) and (23) gives an expression for the magnetic flux
in the working air gaps of the overall magnetic circuit. Com-
bining Eqs. (15), (16), (24) and (25), an expression for the
magnetic flux density in the working air gaps of the overall
magnetic circuit can be obtained.

ϕg(δ)= ϕPM
g −ϕ

EC
g

=
BrLPMurAPMAg1Ag2

σLPMAg1Ag2+ (δ0− δ)urAPM(Ag1+Ag2)

−
NIu0urAPMAg1Ag2(2σ + 1)

δurAPMAg2(2σ + 1)+ δurAPMAg1(2σ + 1)
+LPMAg1Ag2(2+ σ )

, (26)

Bg1(δ)= BPM
g1 −B

EC
g1

=
BrLPMurAPMAg2

σLPMAg1Ag2+ (δ0− δ)urAPM(Ag1+Ag2)

−
NIu0urAPMAg2(2σ + 1)

δurAPMAg2(2σ + 1)+ δurAPMAg1(2σ + 1)
+LPMAg1Ag2(2+ σ )

, (27)

Bg2(δ)= BPM
g2 −B

EC
g2

=
BrLPMurAPMAg1

σLPMAg1Ag2+ (δ0− δ)urAPM(Ag1+Ag2)

−
NIu0urAPMAg1(2σ + 1)

δurAPMAg2(2σ + 1)+ δurAPMAg1(2σ + 1)
+LPMAg1Ag2(2+ σ )

. (28)

The above three equations represent the variation of magnetic
flux and flux density with distance in the working air gaps in
any state of the brake, providing the necessary data for the
subsequent analysis of the brake suction.

3.3 Modelling of brake suction and braking torque

This section analyses the braking suction of permanent mag-
net rings from the perspective of energy storage. According
to the energy conversion theory, the braking suction can be
calculated from the energy stored in the system, being ex-
pressed asWf (ψ,Y ), where ψ is the flux vector of all excita-
tion sources, and δ is the displacement of the brake armature
taken. The braking suction Fδ in the δ direction is calculated
as

Fδ =−
∂Wf (ψ,δ)

∂ψ
. (29)

The stored energy is distributed in the whole space where the
magnetic field is. To the magnetic media, with constant and
loss-free permeability, the stored energy per unit volumeWf

can be expressed as

Wf =
1
2
BH =

1
2
B2

µ
, (30)

where B is the flux density, H is the magnetic field, and µ is
the permeability of the magnetic media.

From Eq. (30) above, we notice that the stored energy den-
sity decreases with the increase in the permeability of the
magnetic media, which means that the larger the permeabil-
ity of the magnetic media is, the less the stored energy den-
sity will be. The brake armature, the inner stator and the
brake housing all have very high permeability and the in-
ternal reluctance is neglected. Consequently, the energy can
only be stored in the working air gaps.

The total stored energy can be expressed as

Wf (ψ,δ)=
n∑

m=1

1
2
Rm(X)ϕ2

m(ψ,δ), (31)

where n is the number of reluctance in one electromagnetic
actuator system and ϕ is the flux flowing through the reluc-
tance Rm.

From Fig. 2a–c, we see that all the flux vectors from exci-
tation coils and the permanent magnets flowing through their
reluctance are expressed as

ψ =
[
ϕPM

g ϕEC
g ϕPM

g ϕEC
g ϕPM ϕEC

PM ϕL
]T
. (32)
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The total stored energy in the system can be calculated as

Wf (ψ,δ)=
1
2
Rg1(ϕPM

g )2
−

1
2
Rg1(ϕEC

g )2

+
1
2
Rg2(ϕPM

g )2
−

1
2
Rg2(ϕEC

g )2

+
1
2
RPM(ϕPM)2

−
1
2
RPM(ϕEC

PM)2

+
1
2
RL(ϕL)2. (33)

According to Eqs. (30) and (33), the actuating force in x di-
rection from one electromagnetic system is expressed as

Fδ =−
∂Wf (ψ,δ)

∂δ

=−
1
2

(ϕPM
g )2 ∂

∂δ
Rg1+

1
2

(ϕEC
g )2 ∂

∂δ
Rg1

− (ϕPM
g )2 ∂

∂δ
Rg2+

1
2

(ϕEC
g )2 ∂

∂δ
Rg2

−
1
2
ϕ2

PM
∂

∂δ
RPM+ (ϕEC

PM)2 ∂

∂δ
RPM−ϕ

2
L
∂

∂δ
RL

=−
(Ag1+Ag2)[(ϕPM

g )2
− (ϕEC

g )2
]

2u0Ag1Ag2
. (34)

Based on Eq. (34), the analysis of the braking torque of the
brake armature in the suction state can be continued. When
the brake armature is in the suction state (δ = 0), the brake
coil is not energised and the number of ampere turns is ex-
pressed asNI = 0. Combined with Eq. (26), it can be known
that when the brake is in the braking state, the braking suc-
tion force is

Fδ=0 =−
∂Wf (ψ,δ)

∂δ
=−

(Ag1+Ag2)(ϕPM
g )2

2u0Ag1Ag2
. (35)

The frictional force between the brake armature and the brake
body is

NTheo = µFδ=0, (36)

and the braking torque can be expressed as

MTheo =NTheoR, (37)

where µ is the friction coefficient between the brake arma-
ture and the brake body andR is the distance from the suction
to the centre of the ring disc circle.

4 Finite-element analysis (FEA) comparison

In this chapter, finite-element software is used to analyse the
key parameters, such as the deformation and the stiffness of
the leaf spring, the magnetic flux in the brake working air
gap, the magnetic flux density, the braking suction of the
brake, and the relationship between the input current and the
braking suction. The simulation calculations were carried out
and compared with the theoretical calculation results.

Table 1. Design parameters of leaf spring.

Design parameters Value

Elastic modulus, E 2.06× 1011 Pa
Outer diameter, DO 0.055 m
Inner diameter, DI 0.04 m
Thickness, h 0.0003 m
Distance from the suction to the centre point, R 0.02375 m

Figure 7. Simulation of leaf ring stiffness.

4.1 Stiffness simulation of leaf spring

Equation (6) can be used to calculate the deflection of the
leaf spring along the axial direction after being subjected to
suction by the given parameters. The material of leaf spring
is 316L stainless steel and the other structural parameters are
shown in Table 1.

As shown in Fig. 7, the suction force corresponding to the
displacement of the brake armature in the working air gap is
obtained.

The ring is deformed in the axial direction. When the dis-
placement is 0.5 mm, the required suction force is 10.77 N.
The stiffness curve is obtained by fitting the data of the sim-
ulation results. The simulation stiffness of leaf springKsim is
20.83 N mm−1.

Substituting the design parameters in Table 1 into Eq. (6),
the corresponding deflections of the leaf spring under the dif-
ferent forces can be obtained. The theoretical stiffness of leaf
spring KTheo = 21.52 N mm−1. The two stiffness curves are
shown in Fig. 8, and the difference between the theoretical
and simulated stiffness is 3.2 %.

4.2 Permanent magnet suction simulation

The magnetic permeability of magnetic materials varies non-
linearly with the magnetic field strength. In order to make the
simulation results closer to the real results, this electromag-
netic simulation chooses to use the magnetisation curve (BH
curve) of the corresponding material when the material per-
meability is defined. The magnetic saturation phenomenon
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Figure 8. Curves of leaf spring for theoretical and simulation stiff-
ness.

existing in the structure can be reflected by the simulation re-
sults, and the magnetic flux density distribution in the work-
ing air gap can also be reflected more accurately. The simu-
lation parameters are shown in Table 2.

Figure 9 shows the cross-section view of magnetic flux
density and the trend view of magnetic flux distributed in the
brake when it is not energised. The working air gaps δ1 and
δ2 are simulated from 0 to the maximum working air gap of
0.5 mm, and the corresponding average magnetic flux densi-
ties BFEM

g1 and BFEM
g2 are obtained. The relationship between

the simulated working air gap and the magnetic induction can
be obtained.

By substituting the design parameters in Table 2 into
Eqs. (15) and (16) to obtain the average magnetic flux densi-
ties BTheo

g1 and BTheo
g2 in the working air gaps δ1 and δ2, where

δ ∈ (0,0.5), the curve of the theoretical working air gap and
its corresponding magnetic induction intensity is obtained.

Figure 10 shows the corresponding curves of different
working air gap distances and magnetic flux density obtained
by simulation calculation and theoretical derivation. When
the working air gap is δ = 0.5 mm, the magnetic flux den-
sities in air gaps δ1 and δ2 are received through theoretical
derivation and simulation calculation as 189, 343 and 222,
281 mT, respectively. When the working air gap δ = 0, the
flux densities are 789, 1434 and 916, 1314 mT. From this we
notice that the magnetic flux density decreases with the in-
crease in the working air gap distance.

The suction of the permanent magnet ring corresponding
to the brake armature between 0 and 0.5 mm working air gap
can be calculated by the finite-element simulation software,
and the relationship between the simulated suction and the
working air gap can be obtained by data fitting. Substituting
the design parameters in Table 2 into Eq. (35), the theoreti-
cal suction-working air gap relationship can be derived. As
shown in Fig. 11, when the working air gap δ = 0, the suc-
tion force F FEM

0 = 410.1 N, which is obtained by simulation.
This is greater than the suction force F Theo

0 = 326.2 N ob-
tained by theoretical deduction. When the maximum work-
ing air gap δ = 0.5 mm, the suctions F FEM

0.5 = 19.6 N and

F Theo
0.5 = 18.7 N. The difference between the two results is

4.9 %.
When the brake is powered on, the brake armature is kept

at the maximum working air gap under the pulling force
of the leaf spring. After the brake is powered off, the suc-
tion F FEM

0.5 = 19.6 N, which is larger than the elastic force of
10.77 N at the maximum working air gap 0.5 mm simulated
in Sect. 4.1. At the maximum working air gap, the braking
suction overcomes the elastic force of the leaf spring to pull
the brake armature back to the braking position.

Figure 12a shows the distribution of the electromagnetic
flux generated instantaneously in the structure when a current
of 0.78 A is applied to the coil (470 turns× 0.78 A) and the
brake armature is sucked on the brake body. As can be seen
from Fig. 12b, the simulation results show that the permanent
magnetic flux in the working air gaps is almost completely
cancelled out, which means the suction is close to zero.

By substituting the design parameters in Table 2 into
Eqs. (23), (26)–(28) and (34), the electromagnetic flux in
the working air gaps after energisation can be calculated
as ϕEC

g = 8.09× 10−5 Wb. The total flux in air gap is ϕg =

7.4× 10−6 Wb after cancellation.
Both the total flux densities and the suction forces in

the working air gaps δ1 and δ2 can be obtained as Bg1 =

0.016 T, Bg2 = 0.028 T, Fδ1 = 1.06 N, and Fδ2 = 1.93 N, re-
spectively. The total suction is then 2.99 N

When energising the coil, the electromagnetic flux cancels
out the permanent magnetic flux and the suction in the work-
ing air gaps is reduced to 0.01 N as a result of the simulation
calculation and 2.99 N from the theoretical derivation. Both
results are less than the restoring force (10.77 N) of the leaf
spring simulated at the maximum tensile force (when δ = 0)
in Sect. 4.1, and the brake armature can be separated from
the brake body under this tensile force.

5 Experimental verifications

To verify the functionality of the proposed permanent mag-
net brake mechanism, a hardware platform is built. The ex-
periment mainly tests the stiffness of the flexible ring in the
working direction, the suction force of the brake armature
under different working air gaps, and the maximum brak-
ing torque of the designed brake. A tension sensor (model:
Viste VL13; measuring range: 20 kg; resolution: 0.8 %), a
weighting indication controller (model: ST550LC-1), a lin-
ear gage (Model: Mitutoyo LGF-110-B, measuring range:
10 mm; resolution: 1 µm), a grating digital readout, rare earth
permanent magnet DC servo motor (model: 130LCX-2), DC
servo driver (model: AMC30A8), adapting piece, adjustable
precision linear guide rail (resolution: 1 µm), an external
power source, and a switch are used.
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Table 2. Electromagnetic design parameters of the brake.

Design parameters Value

Initial working air gap, δ0 5× 10−4 m
The area between inner stator and braking armature, Ag1 467× 10−6 m2

The area between brake housing and braking armature, Ag2 257× 10−6 m2

Cross-sectional area of the permanent magnet ring, APM 326× 10−6 m2

Residual magnetisation of permanent magnet rings, Br 1.4
Thickness of permanent magnet ring, LPM 1× 10−3 m
Relative permeability in vacuum, u0 4π × 10−7 H m−1

The relative permeability of the permanent magnet ring, ur 1.05
Coil turns, N 470
Current, I 0.78 A

Figure 9. Magnetic circuit in the brake in power-off state.

Figure 10. Relationship between working air gap and magnetic flux
density.

5.1 Stiffness test of leaf spring

In the stiffness evaluation, as shown in Fig. 13, the brake
armature is connected to the adapting piece through the leaf
spring, and the adapting piece is fixedly connected with the
tension sensor and then installed on the precision slider of
the adjustable guide rail. A linear gage is used to measure
the moving distance of the slider on the adjustable guide rail.

The experimental results show that when the working air
gap is 0.5 mm, the suction force on the brake armature is

Figure 11. Relationship between working air gap and suction for
theoretical derivation and simulation calculation.

11.06 N. The comparison between the experimental and the-
oretical results of the stiffness of the leaf ring is shown in
Fig. 14. The experimental stiffness of the leaf ring is KExp =

22.22 N mm−1, which is 3.1 % different from the theoreti-
cal stiffness KTheo = 21.52 N mm−1. The theoretical model
is verified since the two stiffness curves have a good agree-
ment.
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Figure 12. Magnetic circuit in the brake when energising the coil.

Figure 13. Experimental device for stiffness testing.

Figure 14. Stiffness curves of leaf spring for theoretical and exper-
imental results.

5.2 Permanent magnet suction test

The braking armature is directly fixed with the adapting
piece. A tension sensor is connected to the adapting piece
and the precision slider to measure the suction force on the

Figure 15. Experimental device for permanent magnet suction test-
ing.

brake armature. A linear gage is used to measure the moving
distance of the precision slider, as shown in Fig. 15.

By measuring the suction corresponding to different work-
ing air gaps, the relationship between the suction force of the
brake and the working air gap can be obtained. In Sect. 4.2,
the results of the theoretical model are compared through
simulation calculations, and the results are generated through
the comparison of three results.

As shown in Fig. 16, the curves of the experimental results
curves are lower overall than curves of the theoretical and
simulation results, but the overall trend of the three curves
is almost the same. When the brake is in power-off state,
the maximum suction of the experiment is 248.3 N, which
is smaller than the theoretical result of 326.2 N and the simu-
lation result of 410.1 N. However, when the working air gap
is 0.5 mm, the maximum suction of the experiment is 15.7 N,
which differs from the theoretical result of 18.7 N and the
simulation result of 19.6 N by 3 and 3.9 N, respectively.
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Figure 16. Relationship between working air gap and suction for
theoretical, simulation and experimental results.

Figure 17. Experimental device for braking torque testing.

The theoretical and simulation means are more ideal in
terms of boundary condition setting, which leads to large suc-
tion results when the brake is in the suction state. However,
the overall trend of the three curves is relatively consistent.
The established theoretical model has a certain reference for
the actual design.

5.3 Braking torque test

Constant current is supplied to the servomotor via the
drive to output a given torque (motor torque factor KT =

0.73 N m A−1, drive conversion factor KI = 1.13 A V−1), as
shown in Fig. 17. The brake armature is fixed to the motor
output shaft via a coupling and the motor rotation drives the
brake armature together. The brake body is connected to the
slider. The brake body is mounted on the slider.

The maximum braking torque of the brake can be mea-
sured by adjusting the output torque of the servomotor and
finally the maximum braking torque of the designed brake,
MExp = 1.39 N m.

The theoretical maximum braking torque can be calcu-
lated from Eqs. (34)–(37) in Sect. 3.2 and Table 1, which
is MTheo = 1.55 N m. The difference between the theoretical
and experimental torque is 10.3 %. The main reason for this
is that the theoretical suction is greater than the experimental
suction in the power-off state, and the friction coefficient is
an empirical value, which is different from the actual mate-
rial.

6 Conclusion

The theoretical models are verified by means of finite-
element software. The results are as follows.

1. The difference between the theoretical and simulation
stiffness of the leaf ring is 3.2 %.

2. Two curves for the variation of magnetic flux density
with distance in the working air gaps are generated by
simulation. Comparing the theoretical curves, the trend
is basically the same.

3. The relationship between the brake suction force and
the working air gap is obtained by simulation. Compar-
ing the theoretical results, the curve trend is basically
the same, and at the maximum working air gap, the dif-
ference between the theoretical and simulation suction
force results is 4.6 %.

4. After the system loses power, the brake suction can
overcome the elastic force of the leaf ring and pull the
braking armature back to the braking position at the
maximum working air gap. After the power-on state, the
electromagnetic flux cancels the permanent magnetic
flux, and the suction in the working air gaps is reduced
to 2.99 N for theory and 0.01 N for simulation. The dif-
ference between the two results is 2.98 N, indicating that
the simulation and theoretical results correspond to each
other.

It is experimentally verified that the actual stiffness of the
leaf spring differed from the theoretically derived stiffness
by 3.1 %. It is verified by experiments that the relationship
between the theoretical suction and the working air gap is
basically the same as the actual measured relationship. The
maximum braking torque of the designed brake is 1.55 N m,
which is 7.7 % different from the theoretically derived maxi-
mum braking torque.
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