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ABSTRACT This paper proposes a novel brake mechanism in robot joints, especially for space robot joints
which require low power consumption and high reliability. The key point of the brake mechanism is that the
torque spring is replaced with the Nd-Fe-B permanent magnet. Due to the position and force relationship
between the permanent magnet and the electromagnet in the brake mechanism, the stroke of the brake
armature can be extended so that the bolt type brake structure is adapted and the braking torque can be
infinite theoretically. Meanwhile, the holding current in the electromagnet can be decreased to save energy
and reduce heat generation. The magnetic circuit models of the electromagnet and permanent magnet in
the brake mechanism are established and analyzed. In order to improve the response speed of the brake
mechanism, a novel H-bridge brake power supply circuit is proposed. To verify the benefits of the design,
a permanent magnet brake prototype with the H-bridge power supply circuit is set up. While the holding
current is consistent with the peak current in the conventional torque spring motor brake, the proposed

permanent magnet brake mechanism can decrease the holding current below 0.1 A.

INDEX TERMS Brake mechanism, permanent magnet, robot joint, low power consumption.

I. INTRODUCTION

The motor brake mechanism is one of the most important
parts in robot joints. It is used to ensure that the robot joints
are kept at rest after power-off or emergency braking in the
event of a power failure. Most of the brake designs use the
torque spring to press the brake armature and the friction
plate to generate the braking torque [1]-[3]. This kind of
brake is also called “power-off”’ brake and mainly consists
of torque springs, electromagnet, brake plate and the friction
plate. The classic torque spring brake structure is shown
in Fig. 1.

The spring-friction brake structure mainly consists of a
stator and rotor [4], [5]. The stator part is an electromagnet
which is fixed together with the stationary part of the joint,
the rotor part is the friction plate connected with the motor
shaft by a square rotor core. The torque spring is embedded
in the electromagnet and the spring force interacts with the
electromagnet suction force to control the rotation of the
motor shaft [6]-[10].
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In order to further study the structure and working principle
of the spring-friction brake, Figure. 2 illustrates the two work-
ing states of the conventional spring-friction brake device.

The working principle of this brake is as follows:

1) When the stator coil is energized, the brake armature
will be attracted by the electromagnetic force to overcome
the torque spring thrust and stay close to the electromagnet
surface. The motor rotor shaft connected with the friction
plate will be allowed to rotate freely in the air gap.

2) When the stator coil is switched off, the torque spring
will press the brake armature towards the friction plate. The
braking torque generated by the friction force will obstruct
the rotation.

The braking torque of the spring-friction brake device can
be expressed as:

Torake = Uy X n X (k x h) x r €))

where uy is the coefficient of dynamic friction between the
friction plate and the brake armature, & is the stiffness coeffi-
cient of the spring, % is the compression of the spring, and n
is the number of springs, r is the radius of the brake armature.

In order to optimize the joint brake to save power and
reduce heat generation, this paper proposes a novel brake
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FIGURE 2. Working states of conventional spring-friction brake.

structure utilizing the permanent magnet instead of the torque
spring, which has the two most important advantages:
1. Theoretically infinite braking force;
2. Low power consumption in electrical holding state;
Section II presents the proposed permanent magnet brake
mechanism and illustrates the basic working principle and
magnetic circuit models. Section III validates the magnetic
circuit model by finite element simulation and experiment.
Section IV proposes the improved brake power supply cir-
cuit. Section VI demonstrates the experimental results and
provides a brief conclusion.

Il. ANALYSIS OF PROPOSED BRAKE MECHANISM

A. PROPOSED BRAKE MECHANISM

In order to achieve the characteristics of large braking torque
and low power consumption, permanent magnets are used to
replace the torque spring in the brake mechanism. Contrary
to the conventional brake structure where the torque spring
is embedded in the electromagnet, permanent magnet and
the electromagnet are distributed on both sides of the brake
armature in the proposed brake mechanism. The force of the
torque spring is inversely proportional to the stroke of the
brake armature in the conventional brake mechanism which
limits the armature stroke to a very small value while the
permanent magnet brake shows the opposite characteristic.
Table 1 lists the comparison of the working characteristics
between torque spring brake and permanent magnet brake
mechanism.

In Figure. 3, the proposed brake is a hollow circular
ring structure to adapt to joint routing. When the brake
armature is attracted to the permanent magnet, the teeth of
the rotor will be jammed and a structural brake torque is
generated.
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TABLE 1. Comparison between torque spring and permanent magnet
brake mechanism.

Permanent magnet

Parameters Torque spring brake brake
Braking torque normal large
Reliability spring fatigue problem high reliability
Size/cost better normal
Power consumption high low
Plug brake
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FIGURE 3. Proposed permanent magnet brake mechanism.

Figure. 3 shows the section view of the proposed perma-
nent magnet brake mechanism in detail.

The distance from the permanent magnet to the brake
armature and between the electromagnet and armature is /;
and /; respectively. The sum of /; and I, is the stroke of the
brake armature. The suction force of the permanent magnet
and the electromagnet is marked as F| and F». The surface
area of the electromagnet is marked as S which consists of
three parts: the upside area of the electromagnet ring S; and
the lower side area S, along with the S3 which is the coil
surface area.

The working principle of this permanent magnet brake can
be described as three working states:

1) When the robot system is powered off, the brake arma-
ture will be attracted by the permanent magnet to jam the teeth
of the rotor connected with the motor shaft and joint will the
robot joint braking state will be achieved.

2) When the robot system is powered on, the brake power
supply circuit provides an instantaneous high current pulse in
the electromagnet coil to release the brake state and keep the
brake armature attached to the surface of the electromagnet,
so that the motor rotor can rotate freely.

3) After the motor brake is released, the brake mechanism
will enter into a holding state, a small enough current of the
electromagnet coil will be required to balance the permanent
magnet force acting on the brake armature.

The brake mechanism working state can be adjusted by the
electromagnet coil current, a further analysis of the force of
the electromagnet and the permanent magnet on the brake
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FIGURE 4. Section view and magnetic circuit model of electromagnet.

armature will help to further understand the working mecha-
nism of the proposed brake.

B. MODELING OF ELECTROMAGNET MAGNETIC CIRCUIT
The electromagnet in the conventional brake mechanism is
designed as a cylindrical shape with an inner and outer iron
core wrapped sandwiched in the inner and outer iron core.
In the space robot joints, in order to facilitate the hollow
routing, the brake structure is designed as a ring shape. The
electromagnet coil is filled with magnetic powder to enhance
the attractive force of the electromagnet. Figure. 4 (a) shows
the section and front view of the electromagnet in the pro-
posed brake mechanism and the equivalent magnetic circuit
of the brake electromagnet is given in Fig. 4 (b).

According to Figure. 4 (b), the red marked magnetic cir-
cuit from the electromagnet shell to the air gap and brake
armature can be derived from the full-current ampere loop
theorem [11]:

dd
7£H.w=z<i+soxd—f> &)

Ignoring the flux leakage and the iron core magnetic poten-
tial drop, the magnetic potential drop derived by the coil
currents is mainly concentrated in the air gap. The magnetic
flux intensity B generated by coil currents in the air gap is as
follows:

ug X No x i
B = 2x 1 )
where N, is the electromagnet coil turns, i is the coil current
and [, is the length of air gap. The electromagnetic flux is uni-
formly distributed on the upper and lower armature surface S
and S;. Therefore, the suction force of the electromagnet on
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the brake armature is:

B2 x(S1+5)

Fr = “

2 X ug
In the unsaturated magnetic circuit case, considering the
magnetic potential drop on the brake armature and electro-
magnet iron core, the actual suction force magnitude is about
90%-95%, the coefficient k can be added, the electromagnet
suction force on the brake armature can be derived as follows:

_kxuochzxizx(S1+Sz)
B 2x 13

F &)

C. MODELING OF PERMANENT MAGNET MAGNETIC
CIRCUIT

The permanent magnet used in the proposed brake mecha-
nism is an axially magnetized circular ring Nd-Fe-B perma-
nent magnet which has the feature of extremely high magnetic
energy product and high coercive force. A back iron yoke is
added on the magnetizing surface of the permanent magnet to
regularize the magnetic circuit to enhance the suction force.
Figure. 5 is the permanent magnet model in the proposed
brake mechanism and the equivalent magnetic circuit of the
permanent magnet structure [12].

In Fig. 5 (a), d is the length of the magnetizing direction
of the permanent magnet, /3 is the distance between the
permanent magnet and the brake armature and /5 is the dis-
tance between the permanent magnet back iron and the brake
armature. /3 should be a little larger than I, so that the
direct collision between the permanent magnet and the brake
armature can be avoided. S is the area in the magnetizing
direction of the permanent magnet and S, is the edge area
of the permanent magnet back iron cover on the magnetic
circuit. There is an air gap /4 between the permanent magnet
and the back iron in the radical direction, this air gap has the
following two functions:

1. Used to fill the glue to fix the permanent magnet;

2. Weakening the magnetic flux leakage of the permanent
magnet from the N pole to the S pole directly through the back
iron;

The magnetization curve of the Nd-Fe-B permanent mag-
net in the second quadrant which is also the effective working
range is approximately linear. Figure. 6 (a) describes the
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FIGURE 6. Permanent magnet magnetization curve.

magnetization curve of the permanent magnet and the approx-
imately linear magnetization curve in the second quadrant is
given in Fig. 6 (b) [13].

Assuming that the DC magnetization curve of the Nd-Fe-B
permanent magnet is linear in second quadrant, the DC mag-
netization curve of the Nd-Fe-B permanent magnet in second
quadrant can be expressed as:

B=ug x (H—H]) =B, +up xH (6)

where H/ is the apparent coercive force related to the curve
which is slightly larger than the coercive force of the material
in value. ug is the slope of the curve and the standard value is
close to air permeability. The working point (Hy,, By,) of the
Nd-Fe-B permanent magnet can be derived from Eq. 6.

The working point of the permanent magnet can be derived
by the equivalent magnetic circuit model or the magnetic
flux continuity theorem. The calculation results of the two
methods will be the same.

According to Fig. 5 (b), the permanent magnet can be
replaced by a magnetic material with the same permeability
and geometric dimensions and a virtual coil with the ampere
turns as follows:

F= (Ni)equiv = _HC/ xd (N

The equivalent magnetic resistance of the permanent mag-
net and the air gap magnetic resistance R; and R, can be
expressed respectively as:

d k] x [ 1 k2 X lz

Ry=———, R = , Ry = 8
" ur X 81 ! ug X S1 2 ug X S» ®)

where k1 and k> are used to characterize the edge flux effect of
the air gap (k1, k2 < 1). The magnetic induction intensity and
magnetic flux can be derived from Ohm’s law of magnetic
circuit:
F 9

2= R (€))
where Ry is the sum of the total magnetic resistance in the
magnetic circuit, in the brake PM magnetic circuit.

1
Ry =Ryn+ Ry + ERZ (10)
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The magnetic field intensity on the air gap /1 is H; and
the magnetic field strength on the air gap l» is H>. The total
magnetomotive force of the magnetic circuit will be zero,
then:

H, xd=H; xlj +Hy x 1y an

According to the magnetic flux continuity theorem,
Eq. 12 can be described as follows:

By xSi=uyxH xS =txuyx Hy xS (12)

where the coefficient ¢ is used to denote the large air gap edge
flux on surface S; in the permanent magnet magnetic circuit.
S, is smaller than S and ¢ will be larger than 1. Eq. 7 can
also be derived from Eq. 11 and Eq. 12:

B,

- 13
Il x i+ mxb) (4
where
) (14)
m=1 X —
Y}

Then the suction force of the permanent magnet on the
brake armature can be calculated by the following formula:

_BixSl

F= (15)

quo

Ill. VERIFICATION OF ANALYSIS OF PROPOSED BRAKE
MAGNETIC CIRCUIT

The proposed brake magnetic model and calculation method
of the electromagnet and the permanent magnet are veri-
fied by Maxwell [14]-[19]. The finite element analysis of
the electromagnet and the permanent magnet are established
respectively.

The volume shape of the electromagnet is consistent with
that of the experimental plan and the electrical excitation
is 1000 ampere turns. The stroke between the electromag-
net and the brake armature is from 0.lmm to 1.5mm. The
transient analysis is executed in the software, Figure. 7
shows the electromagnet finite element simulation model and
cross-sectional diagram of the electromagnet.

Comparison of the simulated value, the theoretical value
and the experimental value of the suction force is given
in Fig. 8 (b). The value of the coefficient k is chosen as 0.9 and
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the theoretical result is very close to the simulation result.
Figure. 8 (a) is the experimental test platform.

In the engineering measurement, the measured electro-
magnet force value is slightly smaller than the theoretically
derived value, which is mainly caused by the following rea-
sons:

1). Measurement error;

2). The actual solenoid coils are not ideal infinitely long
straight wires;

According to Fig. 5 (a), a simulation model and experimen-
tal test of the permanent magnet is established. A N38 toroidal
Nd-Fe-B permanent magnet is used in the simulation and
the experimental test. The distance between the permanent
magnet and the brake armature is from 0.3mm to 1.3mm. The
transient simulation analysis is executed in the software and
comparison of the simulated, theoretical and experimental
suction force is given in Fig. 9.

The actual amount of magnetization of the experimen-
tal permanent magnet is less than the ideal value, so the
experimental test result is much smaller. The finite element
simulation verifies the magnetic circuit analysis method for
electromagnets and the permanent magnet and provides a
guide for the analysis of magnetic circuit structures with
hybrid excitation (permanent magnet excitation and electrical
excitation) [18].

IV. ADVANTAGE OF PROPOSED BRAKE MECHANISM

A. ENHANCED WORKING RELIABILITY

The torque spring is a mechanical part which uses elas-
tic deformation to work. Under normal circumstances,
the fatigue life of ordinary springs is between 50,000 and
500,000 times. In the application of space robots, the complex
space environment will increase the possibility of spring
fatigue failure. Compared to torque springs, there is no phys-
ical contact when permanent magnets act on the brake plates,
there will be no fatigue failure problem and the working
reliability will be enhanced effectively.

B. REDUCTION OF POWER CONSUMPTION

Due to the position relationship between the permanent mag-
net and the electromagnet, the stroke of the brake arma-
ture can be relatively larger than the torque spring brake
mechanism which also makes the holding current smaller in
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the electrical holding state. Figure. 10 shows the comparison
of the force analysis between the traditional torque spring
brake mechanism and the proposed permanent magnet brake
mechanism during the initial release state of the brake mech-
anism after power-on. The relationship between the force and
distance as well as the binding relationship between various
forces is analyzed. It is assumed that the two types of brake
structures have the same electromagnet structure.

In Fig. 10, F1, F>, F3 denotes the suction force of the
electromagnet, the torque spring and the permanent magnet
on the brake armature respectively. The position where the
electromagnet completely pulls in the brake armature is set
as zero and the brake armature strokes of the torque spring
brake and the permanent magnet brake are expressed as d
and d».

In order to ensure that the brake mechanism can be released
normally after power-on, the force-distance function F(d)
curve needs to be above the function curve F»(d). F1(d) curve
obeys the law of exponential decline while the function F>(d)
obeys a linear descent law. So the stroke of the torque spring
brake is relatively small, usually 0.l mm while the permanent
magnet brake stroke can be 0.5mm to 1mm. The permanent
magnet force function F3(d) obeys a non-linear rise trend.
In the process of brake releasing, the torque spring brake and
permanent magnet brake meet the following equations:

d <d»
Fi(d) > F2(d)
Fi(d) > F3(d)

(16)
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FIGURE 12. Key waveforms of the main power circuit.

After the brake is released, the brake enters the holding
state and the stroke is zero at this time. The force of the torque
spring and permanent magnet on the brake armature are F,(0)
and F3(0) respectively. According to Fig. 14 and equation
16, F»(0) is much larger than F3(0) which on the other hand
means that the holding current of the permanent magnet brake
is much smaller than the torque spring brake mechanism.

V. IMPRORVED BRAKE POWER SUPPLY CIRCUIT

The brake power supply circuit is used to control the opera-
tion of the electromagnet by adjusting the magnitude of the
working current. The working principle of the brake power
supply circuit is as follows:

1. Large current excitation of the electromagnet lasting
0.2-1s to release the brake after power on;

2. Small current excitation during the holding state to save
energy and reduce heat generation.

Figure. 11 depicts the schematic diagram of the conven-
tional brake power supply circuit [20]-[23].

The circuit is mainly composed of the control circuit, cur-
rent detection circuit, power MOSFET, freewheeling diode,
etc. The electromagnet coil current is controlled to be con-
sistent with the reference value. The reference current value
can be adjusted by the capacitor charging time. The elec-
tromagnet coil inductor is charged by the voltage source
when the MOSFET is turned on, the coil inductor current
freewheels through the diode after the MOSFET is turned off.
Figure. 12 describes the key waveforms of the main power
circuit.
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In Figure. 12, the freewheeling diode is clamped at both
ends of the inductor, so that the coil inductor current will obey
the following equation:

di(t
Lx%—i—in(z)—}—VD:O

A7)

In the above Eq. 17, ip is the initial electromagnet coil
current after power-off. R in the formula includes the coil
resistance and the diode resistance. The coil current decreases
with the exponential rate of R/L. Vp is the diode turn on
voltage drop. In the robot joint brake mechanism, the elec-
tromagnet coil inductance is large enough which requires a
relatively long time to consume the stored energy after power
off. This will slow down the corresponding speed of the brake
mechanism.

In order to improve the corresponding speed of the brake
mechanism, the electromagnet coil can be discharged through
the power source after power off. The power supply can be
equivalent to a charged large capacitor after power off. The
electromagnet coil inductance current will obey the following
equation in the equivalent capacitor discharge scheme.

% di 1
xﬁ—i-RxE—i—Exz:O

Figure. 13 shows the capacitor discharge scheme and the
comparison of the discharging speed between the diode dis-
charge scheme and the capacitor discharge scheme [13].

With the circuit parameters in Fig. 12 (a), the discharging
speed of the diode scheme and capacitor scheme can be
calculated with MATLAB. When the initial inductor current
as 0.5A, the capacitor and diode discharging time is 0.004s
and 0.007s.

In order to realize the above-mentioned capacitor discharge
scheme, a H-bridge power supply circuit is used to control the
electromagnet inductance current of the electromagnet and
achieve a rapid discharge speed after power off by connecting
the electromagnet coil to the supply power. Fig. 14 shows the
H-bridge current paths of the proposed power circuit of the
brake circuit. To save costs, the upper left and lower right
switches are replaced by diodes.

During the normal operation of the brake power supply
circuit, diagram 1 and 2 in Fig. 13 indicate the current path
of the electromagnet coil in the forward drive and high-side
freewheeling phase respectively. In diagram 1, the upper-left
MOSEFET and lower-right MOSFET are turned on to drive
the electromagnet coil with the power supply voltage applied
to the inductor. When the lower-left MOSFET is turned off,
the upper-left diode and upper-right MOSFET form a loop to
recirculate the electromagnet coil current.

The key part of the proposed H-bridge circuit is the power-
off phase. When the power is cut off, the back electromo-
tive force generated by the electromagnet coil inductance
will force the upper-left and lower-right diodes to turn on
and conduct a current loop through the power supply which
is equivalent to the electromagnet connected to a charged
capacitor.

L (18)
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VI. EXPERIMENTAL VERIFICATION

To verify the functionality of the proposed permanent magnet
brake mechanism, a hardware platform is built based on the
latch type permanent magnet brake. Figure. 15 shows the
photo of the platform.

In Fig. 15, the brake mechanism is keeping in a released
state with the brake armature attached on the electromagnet.
Fig. 16 shows the braking state of the brake and the specific
parts of the permanent magnet brake mechanism.

The electromagnet and the back iron of the permanent
magnet along with the brake plates are made of electrical
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TABLE 2. Structure parameters of the permanent magnet brake.

The electromagnet structure

The permanent magnet structure

Stroke Imm Stroke Imm
Coil diameter 0.4mm PM inner diameter 24mm
Coil resistance 28Q PM outer diameter 40mm
Coil turns 1000 PM thickness 4mm
Suction force 120N Suction force 40N
(I=1.2A, d=0mm) (d=0.2mm)
Suction force 60N Suction force 22N
(I=1.2A, d=1mm) (d=1mm)
TABLE 3. Parameters of the brake circuit.
Input voltage 32V Controller DRV110(TI)
Peak current 1.1A Switching frequency 20 kHz
Holding 0.1A MOSFET 0, BSZ22DN20NS3
current (Infineon)
Holding time 0.5s Diode D»/Ds SS36(60V/3A)

pure iron which has a high magnetic permeability.
Nd-Fe-B permanent magnet is used in the brake mechanism,
with grant N38. Table 2 lists the parameters of the brake
mechanism.

The brake power supply circuit is composed of a solenoid
current control chip DRV110 and a peripheral bridge power
circuit with two rectifier diodes. Table 3 lists the parameters
of the brake power supply circuit.

Figure. 17 is the prototype of the brake power supply
circuit. The gate drive signal of MOSFET Q; and the voltage
on current sense resistor are also given in Fig. 18.

VOLUME 9, 2021
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FIGURE 17. Prototype of brake power supply circuit.
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According to the experimental results, the functionality of
the permanent magnet brake is validated and the performance
and advantage of the proposed brake mechanism is veri-
fied. With the proposed permanent magnet brake mechanism,
the holding current can be decreased to 0.1A. This kind of
high reliability and low power consumption brake mechanism
is suitable for space manipulator environment and provides
a useful reference for the design of the manipulator brake
mechanism.

VIl. CONCLUSION

In order to solve the problems of high power con-
sumption and high temperature rise in the conventional
electromagnetic-spring brake mechanism, a novel permanent
magnet brake mechanism is proposed. This permanent mag-
net brake mechanism is suitable for bolt type brake method
which can generate a very large braking force. The magnetic
circuit models of the electromagnet and permanent magnet
are established and verified by the finite element method.
The advantage of the low power consumption of the perma-
nent magnet brake mechanism is analyzed. A novel H-bridge
brake power supply circuit can effectively accelerate the
speed of inductor discharge and improve the corresponding
speed of the brake mechanism.
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