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Abstract. To meet the requirement of the braking response of the coal mine hoist, a new electromechanical
braking technology for mine hoists is proposed, the principle of electromechanical braking of mine hoists is
demonstrated, and the detailed parameters and braking performance of electromechanical brakes are given.
Index, an electromechanical brake test platform with large load and high response is developed. Experiments
show that the maximum positive pressure of the designed electromechanical brake reaches 33 KN, which meets
the requirement of positive pressure of mine hoist. The braking error is less than 10 %, and the braking gap
elimination time is less than 0.1 s. There is a linear relationship between motor current input and brake positive
pressure output, with a slope of 4.17 and an intercept of 0.62. The screw displacement output and the brake
pressure output have a cubic relationship, and the zero error is small. Through research, a new idea is provided
for the development of electromechanical brakes for coal mine hoist.
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1 Introduction

As a key transportation equipment connecting the ground
and underground facilities in mine production, the mine
hoist is directly related to the safe operation of the
equipment, and thus affects the safe production of the
entire mine. And the braking system is the top priority of
the hoist system. Especially, when an emergency braking
situation occurs, it plays a decisive role in controlling the
hoist in time and effectively. In order to ensure the
sustainable, healthy and safe development of coal energy, it
is imperative to improve the technical level of the braking
system and improve the response characteristics of the
braking system [1].

At present, the braking of mine hoists is mostly based
on electro-hydraulic technology, and the hydraulic braking
technology adopted is relatively mature. The research
wjin@mail.ustc.edu.cn
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carried out by scholars from various countries has also
achieved remarkable results, Zhang et al. [2] proposed that
the disc brake applied in civil engineering uses the preload
of the disc spring to force the piston to press the brake disc,
meanwhile, make the brake pad and the brake disc contact
to generate braking torque. When the pressure of hydraulic
oil increasing, the brake pads move backward to realize the
brake is released. Wang et al. [3] analyzed that the electro-
hydraulic proportional relief valve is more stable than the
traditional nozzle baffle and electro-hydraulic proportional
directional valve, the model of g-bridge electro-hydraulic
proportional relief valve is completed by AMESim
simulation software, and the pressure characteristic curve
of relief valve port is obtained.Wang et al. [4] controlled the
oil pressure of the disc brake by dynamic regulating the
pressure of the electro-hydraulic proportional relief valve,
and controlling the size of the braking torque, which laid a
solid foundation for further research. Ungureanu et al. [5]
completed the measurement of the wear strength based on
the initial speed of the brake rim, surface roughness and
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Fig. 1. Structure diagram of electromechanical brake. 1. Brake
disc; 2. Brake tread; 3. Clamp block; 4. Box; 5. Worm gear; 6. Ball
screw pair; 7. Stepper motor; 8. Trapezoidal screw; 9. Torque
motor.

Fig. 2. Design drawing of electromechanical brake. 1. Linear
guides. 2. Brake tread. 3. Ball screw pair. 4. Stepper motor.
5. Torque motor. 6. Support plate.
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contact pressure of the brake tread, finally he improved the
service life of the brake. In terms of brake friction, Kumar
et al. [6] prepared three non-asbestos organic (NAO)
friction composites with iron, copper, and brass as fillers.
Tests showed that the iron powder composites have the
best effect. Da Gang Wang et al. [7] studied dynamic
characteristics of the brake of a kilometer mine hoist during
emergency braking, the three-dimensional thermo me-
chanical coupling finite element model of disc brake shoe is
established, and analyzed the influence of temperature field
on emergency braking. Masoomi et al. [8] proposed to use a
friction material with thermal modulus to improve the
braking performance of the hoist. Zhang et al. [9] proposed
a new type of disc brake and conducted an experiments
with DSF sensor and PBP sensor, it showed that the real-
time monitoring of DSF, PBP and other parameters have
lower errors. Xu et al. [10] have manufactured an
experimental prototype of disc brake with the functions
of real-time monitoring braking force and diagnosing the
brake fault.

However, the response characteristics, lifting efficiency,
and effective load rate of traditional mine hoists cannot
meet the needs of ultra-deep mine hoists. At the same time,
the hydraulic brake system has a complicated hydraulic
circuit [11], and there may be hydraulic oil leakage and
hydraulic oil deterioration and other issues [12–15]. In
order to adapt to new demands, it is necessary to adopt new
braking technology. The survey found that the field of
aerospace [16–18], automotive and other fields have already
carried out electromechanical braking technology research.
German Continental Tweiss et al. [19,20] used a motor to
drive a bevel gear one-stage reduction mechanism, and
then used a ball screw pair to complete the axial thrust
effect. Bosch uses an electromagnetic clutch to achieve
rapid feed, and a two-stage reduction gear mechanism
completes the boosting of the brake shoe. Siemens VDO
uses a built-in motor to directly drive the ball screw, and
uses a lever booster mechanism to replace the first-level
gear reduction mechanism. The Swedish company Haldex
[21] has developed a compact integrated electromechanical
brake wheel module and will be used in the EuropeanUnion
Civil Robot Research and Development Program
(SPARC). American GM, Italian Bertone, French Citroen,
Japanese Denso, Advics, Nissan DENG, et al. [22,23] have
also studied electromechanical brake actuators and devel-
oped their own prototypes. Some companies have already
carried out actual vehicle tests. It can be seen from the
above that electromechanical braking technology has the
advantages of excellent performance, no brake fluid, rapid
response, safety, environmental protection and is particu-
larly suitable for the research of coal mine brake systems.
Although the use of electromechanical braking technology
is also a more feasible braking solution, from the public
literature, the application of this technology in the field of
mine hoist braking has not attracted enough attention from
researchers.

In this paper, an electromechanical brake for mine
hoists is developed based on the working principle of the
mine hoist brake system, and starting from saving
the manufacturing cost of the brake, the design process
of the brake is given. Developed brake test bench with large
load and high response. The relationship between output
brake pressure and voltage and screw displacement output
is obtained, which provides a new idea for the development
of electromechanical brakes for coal mine hoists in the
future.
2 Working principle and design development
of electromechanical brake

2.1 Working principle

The structure of electromechanical brake developed in this
paper is shown in Figure 1, and design drawing is shown in
Figure 2. Electromechanical brake is mainly composed of
an actuator and a parking mechanism. The actuator



Fig. 3. Circuit diagram of DC torque motor.

Fig. 4. Braking force response curve.
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includes a worm gear mechanism, a ball screw mechanism
and a brake tread. Parking mechanism includes a
trapezoidal screw, clamping block and linear guide.

The working principle of the brake: after voltage is
applied, the torque motor runs to drive the worm gear
mechanism tomove, realizing the deceleration and increase
of force and 90° commutation of the movement. The nut in
the turbine and the ball screw mechanism is fixed by a key
to realize movement transmission. The movement of the
nut makes the screw in the ball screw mechanism push the
brake tread to move to compress the brake disc to generate
brake pressure. After braking, apply voltage to the parking
mechanism, and the stepper motor drives the trapezoidal
screw to move, making the two clamping blocks move
toward each other along the bottom linear guide to clamp
the worm in the actuator.

The working principle diagram of the torque motor is
established, According to the working principle of the
brake. There are resistance and inductance inside the DC
torque motor. The simplified circuit diagram is shown in
Figure 3:

The mathematical expression is as follows:

U ¼ IaRa þ La
_Ia þKevm: ð1Þ

Among them, U: Armature voltage; Ia: Armature
current; Ra: Armature resistance; La: Armature induc-
tance ; Ke: Back EMF Coefficient; vm: Angular speed of
motor rotor. The dynamic equation when the rotor is
running is:

Te ¼ KTIa ð2Þ

Tf ¼ Bmvm ð3Þ

Jm
€um ¼ Te � Tf � TL: ð4Þ

Among them, Te: Electromagnetic torque; Kr: Torque
constant; Jm: Motor moment of inertia; um: Motor rotation
angle; Tf: Motor damping torque; TL: Load torque; Bm:
Motor damping. When the motor is locked, the angular
velocity is zero. The pressing force of the brake shoe against
the brake disc is fN, and the transmission efficiency of the
ball screw pair is hc. Then the relationship between the
pressure of the brake disc and the load of the nut push
rod is:

fN ¼ fhc: ð5Þ
From (1), (2), (3), (4) and (5), we can get:

U ¼ La

KTicivhchv
_fN þ Ra

KTicivhchv
fN : ð6Þ

Carrying out the Laplace transform of (6) to get:

GðsÞ ¼ FðsÞ
UðsÞ ¼

KTicivhchv
LasþRa

: ð7Þ

The pole of the open-loop transfer function is located in
the left half of the complex plane, and PI control is added to
the system. The braking force response curve is shown in
Figure 4, Braking force reaches the target pressure within
0.2 s and stabilizes at the target pressure, and the steady-
state error is zero. The results show that the PI controller
can stabilize the positive brake pressure at the target value,
providing a theoretical basis for the test.

In order to meet the actual needs, the parameters of
designed brake related parts are shown in the following
Table 1.
2.2 Design and development of electromechanical
brake

There are three structures for the braking system of the
mine hoist. As shown in Figure 5a, a block brake that uses
brake pads to press on the brake wheel to achieve braking.
As shown in Figure 5b, the electric braking system that
controls the electric state of the motor to achieve braking.
As shown in Figure 5c, Disc brake systemworking principle
is that the hydraulic oil is input from the oil inlet P to drive
the piston tomove to the right and compress the disc spring
to complete the brake release [23].When the hydraulic oil is
released, the disc spring is reset to push the brake. The shoe



Table 1. Parts parameter table.

Material name Allowable shear stress Allowable bending stress

Ball screw: screw 45 steel 60 Mpa 110 Mpa
Ball screw: Nut Cast tin bronze 30 Mpa 40 Mpa
Worm 45 steel 60 Mpa 110 Mpa
Turbine ZCuAl0Fe3 – 58 Mpa
Trapezoidal screw 45 steel 60 Mpa 110 Mpa

Fig. 5. Brake structure diagram. a. Block brake. b. Schematic diagram of electric braking. c. Hydraulic brake. d. Electro mechanical
braking.

4 H. Jin et al.: Mechanics & Industry 22, 36 (2021)
presses the brake disc to complete the braking work.
Compared with the former two, the disc brake has the
following advantages, so it has been widely used in mine
hoisting equipment.

–
 The execution unit has a simple structure and is easy to
replace and repair the brake pads.
–
 There is no afterburner, so there will be no difference
between the left and right brakes, and it is not easy to pull
to the other side due to unilateral braking.
–
 The brake has a high heat dissipation effect and rarely
causes brake attenuation.
–
 The brake shoe gap can be self-adjusted as the brake shoe
wears.
Depending on the working principle of mine hoist
brakes and the parameters stipulated in Coal Mine Safety
Regulations [24], the maximum brake clearance shall not
exceed 2mm and the clearance elimination time shall not
exceed 0.3 s. Because of ultra-deep mine hoist disc brake
(the most-positive pressure is 125 KN), using four
electromechanical brake instead of the thought of a disc
brake, with a single electric mechanical brake output
maximum braking pressure for 33 KN, 2mm brake
clearance, clearance to eliminate clearance time 0.1 s for
design direction, refer to Figure 5d to complete the design
of the brake, the design flow diagram is shown in Figure 6.
Design and development are mainly divided into two parts:



Fig. 6. Design and development process of brake.

Table 2. Brake parameters.

Parameters Numeric value

Maximum positive pressure
of brake disc /KN

33

Ball screw lead /mm 10
Gear reduction ratio 8
Continuous locked-rotor torque
of the motor /N ·m

8.25

Peak blocking torque of motor /N ·m 22.2

Fig. 7. Schematic diagram of electromechanical brake experimental system.
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theoretical design, selection and assembly. The theoretical
design includes: the determination of basic transmission
scheme, determination of geometric parameters, motor
selection, determination of geometrical parameters and
reduction ratio of worm gears in reducer device, draw
the assembly drawing to determine the rationality of the
overall size. Selection and assembly mainly include the
selection of materials for each component purchase and
assembly. The parameters of the designed brake are shown
in Table 2.
3 Design of experiment system

The brake experiment system mainly includes the electric
control experiment of the actuator and the electric control
experiment of the parking mechanism. It can be shown in
Figure 7, the power supply system adopts AC 220V to DC
24V 1.5 A
�
rectifier transformer (Hangzhou Ke Rui Ming

Wei power supply, model: LRS Series), and the safety of
circuit is protected by the circuit breaker air switch (De Li
Xi, model HDBE). The power of the actuator is provided
by Kollmorgen servo torque motor (Beijing advanced
control technology, model: C024A), Kollmorgen servo
torque motor and Kollmorgen servo torque motor driver
(Beijing High Control Technology, model: AKD-0060X)
and turbo worm (customized model size) and ball screw
pair (customized model size) as the driving mode, Use
Mitsubishi series PLC main control module (Guangzhou
Xin Feng Automation, model: FX2N-32MT) and analog
module (Mitsubishi Electric Taizhou store, model: FX2N-
4AD/4DA) to control the motor to complete the contact
between the brake tread and the brake disc brake. The
parking mechanism is driven by a stepper motor and
trapezoidal screw with opposite screw rotation at left and
right ends (customized model size) and linear guide rail



Table 3. I/O address.

Address Features Address Features

Y000 Stepper motor Pulse signal Y004 Torque motor Mode switching
Y001 Stepper motor Direction signal Y005 Torque motor Enable
Y002 Torque motor Homing Y006 Torque motor Torque mode
Y003 Torque motor Location mode Y007 Torque motor Reverse reset

Fig. 8. Site photo of electromechanical brake test device. a. Internal control circuit. b. Electro mechanical brake.
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(customized model size) and clamp block (customized
model size), the power of the mechanism is provided by a
stepper motor (Shanghai Zheng Ji, J-5718HBS2401), and
by PLC to the stepper motor issues control instructions to
control the motor running direction and then control the
operation of the mechanism. Parking will be completed
when the motor is turning forward, and the parking task
will end when the motor is reversing.

The actuator in the brake is controlled by establishing
the communication between the driving software (Koll-
morgen Workbench) and the torque motor drive, and the
communication between the programming software (GX
Works 2) and the PLC, and the programming software is
used to input control program into PLC. The program
mainly includes controlling the enable, homing, switching
between the position mode and the torque mode of the
torque motor, and the forward and reverse rotation of the
torque motor. When the torque motor rotates forward,
the screw rod rotates, and drives the brake tread to press
the brake disc to complete the braking. Conversely, the
screw drives the brake disc to move away from the brake
disc to release the brake. Start the control program, the
brake actuator starts to work, relying on the spoke pressure
sensor and the weighing display to monitor the value of the
positive pressure generated by the brake in real time, and
the driving software displays the displacement of the screw
in real time. The parking mechanism is controlled by
establishing communication between PLC and stepper
motor driver, and input pulse command and direction
command from PLC to stepper motor driver. Pulse
command controls motor speed, direction command
controls motor forward and reverse, the forward rotation
of the motor drives the rotation of the trapezoidal screw, so
that the clamping block clamps the worm to complete the
parking, and the reverse ends the parking task. Among
them, the main function address allocation of output relay
Y in the programmable controller PLC is shown in Table 3.

Taking into account that in the actual braking process,
the friction coefficient between the brake shoe and the
brake disc will change due to friction and heat, which will
affect the braking performance of the brake. At the same
time, the designed brake is still in the experimental test
stage, and the field test may cause safety accidents.
Therefore, the temperature effect is not considered during
the experiment.

To verify that the electromechanical brake structure
and brake experimental system designed in this paper are
practical and feasible. After ensuring the correct wiring of
the circuit and the correct installation of mechanical parts,
the brake experiment device built is shown in Figure 8. Due
to experimental conditions, a support base (marked in
Fig. 8) was designed and processed, and the brake
mechanism was fixed on it by bolts, and one end of the
spoke sensor was fixed to the support base. Two locking
studs are installed outside the support base to avoid
excessive deformation of the support base due to excessive



Fig. 9. Experiment flow chart.

Table 4. Motor current input and positive pressure output test results.

First trial
Input current/A

�
0.2 0.72 0.81 1.36 1.93 2.47 2.68 3.08 3.35 3.6 4.6

Out positive pressure/KN 1.37 3.71 5.05 6.45 9.35 10.68 12.23 13.81 15.41 16.9 20.1

Second test
Input current/A

�
0.19 0.65 0.84 1.12 1.32 2.19 2.39 2.87 3.7 4.07 4.8

Out positive pressure/KN 1.48 2.74 4.09 5.5 6.99 10.09 11.7 13.37 16.5 18.01 21.5

Third trial
Input current/A

�
0.21 0.69 0.82 1.2 1.65 2.38 2.53 2.96 3.44 3.86 17.42

Out positive pressure/KN 1.52 3.25 4.86 6.24 8.42 10.47 12.02 13.42 15.61 17.42 20.4

Fourth test
Input current/A

�
0.2 0.68 0.82 1.24 1.62 2.33 2.53 3.02 3.56 3.83 4.8

Out positive pressure/KN 1.42 3.32 4.57 5.97 8.17 10.38 11.96 13.64 15.81 17.39 20.8
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positive pressure, which will affect the accuracy of the
measured experimental data, in order to save experimental
cost, the device uses a vise to manually clamp the screw rod
to ensure that the screw rod will not rotate with the
rotation of the nut during the operation of the device.
4 Experimental analysis and discussion

Based on the completed test bench, in order to master the
basic working characteristics of electro-mechanical brake,
it is necessary to carry out tests so as to intuitively
understand the real working condition of the brake and
verify whether it can work normally according to the design
requirements. The experiment flow chart is as follows in
Figure 9.

In addition, the acceleration and deceleration of the
hoist are generally controlled by the electronic control
system, and the disc brake is equivalent to the auxiliary
braking device. In the case of emergency braking, the hoist
completely relies on disc brakes for holding brakes. The
electromechanical brake developed in the article was
originally designed as an auxiliary braking device, but
the brake is still in the test stage, and there are still many
issues that have not been considered, such as temperature
effects, electromagnetic field and temperature field cou-
pling related issues, comprehensive considerations cannot
be carried out temporarily. If the field test is carried out, it
may cause a safety accident, so the field test will be carried
out after the brake is mature.

During emergency braking, the disc brake will generate
a lot of friction heat in the friction area of the brake disc,
causing the local temperature of the friction area to rise and
generate thermal stress. Under the cyclic action of friction,
thermal stress and brake pressure, the surface of the brake
disc is prone to thermal fatigue damage, resulting in
thermal fatigue cracks and reducing the braking capacity of
the brake disc. The starting point for the design of the
brake in the article is that the device can meet the
maximum braking force and the mechanical requirements
of coal mine safety regulations. The sensor used during the
test directly measures the positive pressure. Therefore, the
temperature effect will be carefully examined in future
work study.

4.1 The relationship between motor current input and
brake pressure output

The brake tread is in contact with the sensor before the
start of the experiment, and the input voltage of the torque
motor is changed by changing the analog quantity in the
program, so that the brake tread pressed the pressure
sensor under different input currents. The relationship
between the motor current and the positive pressure of the
brake is obtained. In the experiment, because of the static
friction torque between the motor and the worm gear
reducer, the initial operating current of the electrome-
chanical brake reaches 3 A

�
, this article sets up 4 groups of

experiments and takes the average value after removing the
initial current from the 4 groups of experimental data. The
experimental results are shown in Table 4.

By observing the distribution of the experimental data
in the coordinate system shows that the torque motor
current has a linear relationship with the positive pressure,
so the first-order fitting is used for the average data, the
fitted curve is shown in Figure 10.



Fig. 10. Relation curve of motor current input and output positive pressure. a. First trial. b. Second trial. c. Third trial. d. Fourth
trial. e. Mean value fitting curve.
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Table 5. Test results of lead screw displacement output
and brake pressure output.

Screw displacement/mm Positive pressure/KN

0.05 0.19
0.1 0.457
0.15 1.667
0.2 2.32
0.25 3.26
0.3 4.38
0.35 5.62
0.4 6.89
0.45 8.28
0.5 9.70

Fig. 11. 3rd-order fitting curve of screw displacement and
output positive pressure.
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It can be seen from Figure 10e that the slope of the
fitting line is 4.17 and the intercept is 0.62 KN, the fitting
curve formula is as follows:

F ¼ 4:17I þ 0:62 ð8Þ
In the formula: F is the positive pressure output by

the brake, symbol I stand for the motor current. From
formula (8), the motor current and the positive pressure
force are linear. When the current is zero, the braking
force is 0.62 KN, the positive pressure force generated
when the brake tread contacts the pressure sensor before
the experiment starts, which conforms to the actual
situation.

4.2 Relationship between screw displacement output
and brake pressure output

The designed brake braking process consists of two parts,
one is the no-load feed to eliminate the gap between the
brake shoe and the brake, and the other is the contact
between the brake shoe and the brake disc to achieve
locked rotor. The brake disc will inevitably be deformed
during the blocking process, and the amount of deforma-
tion is not easy to measure and cannot be calculated.
Therefore, the relationship between displacement and
brake pressure can only be obtained by fitting the data
measured by the test.

In the experiment, the computer applies instructions to
the programmable controller PLC, so that the torque
motor rotates to drive the screw to move and compress the
spoke sensor. In each experiment, the displacement of the
control screw is constant, and each experiment is carried
out in 5 groups. The average value of the test results is
shown in Table 5.

Observing the distribution of experimental data in the
coordinate system, it can be seen that the screw
displacement and the positive pressure are not linear.
Therefore, it is necessary to shape higher-order curve
fitting, and it is found that the third-order fitting curve is
more realistic during fitting. The fitting curve is shown in
Figure 11.
The positive pressure and the screw displacement have
a cubic relationship is shown in Figure 11, and the fitting
curve formula is as follows:

F ¼ �1:85X3 þ 15:46X2 þ 1:61X þ 0:079: ð9Þ
In formula (9): F is the brake output positive pressure,

X is the screw rod displacement, When the displacement is
zero, the positive pressure is 0.079 KN, because the zero
error is 0.02%, the error can be ignored.

4.3 Maximum positive pressure test

In the maximum positive pressure test experiment, the
servo torque motor receives the position mode command
sent by the computer, so that the brake tread can eliminate
2mm brake gap in 0.1 s. Then the motion mode of torque
motor is switched from position mode to torque mode, in
torque mode, the screw drives the brake tread to compress
the spoke sensor, and record the positive pressure force
value displayed on the display. It can be estimated from
equation (8), when the output current is 7.76 A

�
, the

positive pressure is 33 KN. When the output current is
3.49 A

�
, the positive pressure is 11.35 KN. Therefore, the

brake input current is set at 7.76 A
�
and 2.49 A

�
, respectively.

The relationship chart between maximum pressure and
braking time is obtained by experiment.

It can be seen from Figure 12 that when the current is
2.49 A

�
and 7.76 A

�
, the brake gap can be eliminated within

0.1 s, which shows that the electro-mechanical brake can
meet the braking requirements of mine hoist to eliminate
the brake clearance within 0.3 s. Comparing the two curves
in the figure, when the current is bigger, the positive
pressure force increases faster and the time to reach the
target positive pressure is shorter, which verifies the
accuracy of the linear relationship obtained by the fitting.
After a period of time, the curve showed a slow downward
trend and gradually stabilized, the average value of the



Fig. 12. Curve of positive pressure force change.
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positive pressure force at stability is 32.5 KN, and the error
is 1.5%. When the current is 2.49 A

�
, the change trend of

braking force is similar to that of 7.76 A
�
, and the average

value of the final stable positive pressure force is 5.4%, both
are within 10%.

5 Conclusion

When facing deep coal mining, the response characteristics
of the hydraulic disc brake in the traditional hoisting
system cannot meet the needs of ultra-deep mine hoisting.
However, the developed ultra-high pressure coal mine
brake system still has problems in improving the braking
response and improving the reliability of the system. As a
reserve scheme, a kind of braking technology controlled by
electric is studied, so that the set of braking objects
becomes an electric control system controlled in real time.

The test results show that the relationship between
brake current input and positive pressure output is linear,
and the relationship between screw displacement output
and brake positive pressure output is cubic and the greater
the brake input current, the faster the braking force rises.
When the input current is 7.76 A

�
, the braking gap can be

eliminated within 0.1 s, and the positive pressure can reach
35 KN in a short time. When it becomes stable, the braking
force can reach 32.5 KN with an error of 1.5%, which can
meet the requirements of ultra-deep mines. The disc brake
of the hoist (maximum positive pressure 125 KN) is the
reference object, and the original design intention of using 4
electromechanical brakes (single 33 KN) instead of disc
brake. It meets the maximum positive pressure require-
ments of electromechanical brakes of mine hoists, and is
highly compatible with the development direction of deep
coal intelligent equipment.
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Nomenclature
P
 Oil inlet

PLC
 Programmable Logic Controller

F
 Positive pressure

I
 Motor current

X
 Screw displacement

U
 Armature voltage

Rad
 Additional resistance

KM
 Additional resistance

E
 Electrodynamic force

Ia
 Armature current

Ra
 Resistance

T
 Electromagnetic torque

TL
 Load torque

n
 Speed

F
 Magnetic flux
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