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The failures of steel guides can excite complex and intense transverse oscillations of hoisting containers in the mine hoisting
process. The present paper mainly contributes to reveal the response characteristics of the transverse oscillations of mine
conveyances excited by various faults such as interface misalignment, local bulge, orbital gap, bending deformation, and orbital
tilt. First, a rigid-flexible coupled virtual prototype model between the conveyance and the steel guide was established. Sub-
sequently, the vibration response characteristics of the container under various single and coupling excitations were simulated and
analyzed. Eventually, a new type of roller cage shoe with a magnetorheological damper was put forward to decrease the transverse
impact responses. Based on the hyperbolic tangent model of magnetorheological dampers, a semiactive fuzzy PID method was
studied to explore the vibration suppression of the container. The results showed the fuzzy PID method can play a good role in the
vibration reduction. This paper can give a fine scheme for the virtual simulation and semiactive vibration control of the mine

hoisting system.

1. Introduction

As shown in Figure 1, rigid guides are usually employed to
keep the containers moving up and down in the vertical shaft
[1]. However, in the practical operation processes, due to
guide faults such as interface misalignment, local bulge,
orbital gap, bending deformation, and orbital tilt [2], as
shown in Figure 2, abnormal transverse vibrations of the
hoisting conveyance may be excited and then deteriorate the
hoisting stability of the system, sometimes causing serious
accidents such as the conveyance blocking. Hence, it is
significant to investigate the corresponding oscillation
characteristics under the conditions of the various guide
faults and propose a reasonable suppression scheme.
Some scholars have completed a lot of meaningful work
concerning mine hoist dynamics. Yao et al. [1, 3] have in-
vestigated the longitudinal impact responses of the mine
hoisting system excited by interface misalignment, but they
have not mentioned the corresponding transverse response

characteristics. Ma et al. [2] have built the models of rigid
guides with different sorts of defects on a test rig and col-
lected the signals of vibration and angle to perform pattern
recognition of rigid guides. Wang et al. [4] have used
Hamilton’s principle to establish the nonlinear hoisting
dynamic model and then investigated the longitudinal vi-
bration responses. Zhu et al. [5] have established a virtual
prototype model of the catenary of a mine hoist in Adams
and proposed a new device to suppress the catenary
transverse oscillations. Guo et al. [6, 7] have explored the
tensile and vibration characteristics of the longitudinal vi-
brations of the friction-drive hoist experimentally. Wang
et al. [8] have deduced the dynamic equations of the mine
hosting system using Hamilton’s principle, and then the
model was verified by comparing it to the virtual simulation
results. Ma et al. [9] have simulated the cage vibration re-
sponses under different fault excitations and cage operating
conditions. Cao et al. [10] have investigated the transient
responses of the mine hoist subjected to driving deviations.


https://orcid.org/0000-0002-7347-3920
https://orcid.org/0009-0005-4438-010X
https://orcid.org/0000-0001-6412-5249
mailto:yaojiannan1988@163.com
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/8822754

Head sheave

Drum

Hoisting
rope

Conveyance Longitudinal

Lateral

Transverse

/

Rigid guides -

()

Shock and Vibration

Rigid guide

Roller cage shoe

Conveyance

(®)

FIGURE 1: Schematic diagram of the structure for a mine hoist: (a) equipment form; (b) practical situation.
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FIGURE 2: Various defects of rigid guide: (a) interface misalignment, (b) local bulge, (c) orbital gap, (d) bending deformation, and

(e) orbital tilt.

In elevator systems similar to mine hoisting systems,
Yang et al. [11] have established a dynamical model of el-
evator transverse vibration based on Lagrange’s principle.
Fluid dynamics was considered to study the transverse vi-
bration characteristics. Peng et al. [12] have analyzed the
vibration responses when the machine was under emergency
braking. Zhang et al. [13, 14] have analyzed the effects of
random parameters and excitations on the nonlinear vi-
bration characteristics of the rolling guide shoe. Yang et al.
[15] derived an elevator dynamic model, and the accuracy of
the model was verified experimentally. Zhou et al. [16] have
analyzed the influences of the disturbance frequency and the
operating speed on the horizontal vibrations of the elevator
system. Zhang et al. [17] have investigated the horizontal
vibration dynamics of an elevator car under the influence of
the airflow. Qiu et al. [18] have proposed an energy-based
vibration model to investigate the coupling vibration
characteristics of an elevator, and it was concluded that its
accuracy is better than that of the conventional differential
equation-based vibration model.

Research on vibration control of hoisting systems has
focused on elevator systems. Benosman [19] has used dis-
placement regulation of the elevator compensation wheel to

drive the system and proposed a nonlinear controller based
on Lyapunov theory to suppress vibration of the elevator
ropes. Nguyen et al. [20, 21] analyzed the vibration of ele-
vator ropes by numerically solving nonlinear equations and
proposed the installation of an active controller on the
compensating sheave of the elevator. The genetic algorithms
were used to control the rope vibration under different
seismic conditions. Santo et al. [22] have put forward
a control strategy to suppress the horizontal vibration of
a vertical transport elevator car by applying the state-
dependent Riccati equation method. Raul et al. [23] have
proposed magnetorheological damping of semiactive guide
shoes and designed the corresponding control strategy.
Zhang et al. [24] have constructed an elevator system dy-
namics model and proposed a semiactive control method to
reduce the horizontal vibration of the elevator car by
employing magnetorheological damping guide shoes. Hu
et al. [25] have established a quarter vehicle model and
proposed a new HFFPID controller to realize the semiactive
vibration control.

The semiactive fuzzy PID control method is an im-
portant method that has been used in many control systems.
Zeng et al. [26] have designed a fuzzy PID controller to
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control the liquid lava reactor core power by linearizing the
nonlinear model using the small perturbation linearization
method, and the research results demonstrated that the
proposed fuzzy PID method has a better performance than
the traditional PID controller. Wu et al. [27] applied vector
control combined with a fuzzy PID controller to realize the
dynamic control of the electromagnetic torque in a mine
hoist. Ma et al. [28] have designed a mine hoist constant
deceleration compensation device by using a fuzzy neural
network PID control strategy. Simulink simulation and field
experiments were carried out to verify the feasibility of the
device. Xiao et al. [29] have established the mathematical
model of a mine hoist controllable antislip device and
designed the parallel-type fuzzy PID controller. Wang et al.
[30] have established a simulation platform for the disk
braking system of a mine hoist, designed a fuzzy PID
controller for the constant deceleration emergency braking
system, and carried out tests on the hoist test bench, which
showed that the fuzzy PID controller can effectively control
the deceleration braking. Wang et al. [31] have designed
a new type of voltage regulator transformer and used the
fuzzy PID control strategy to control the fluctuation of
voltage amplitude in the mine power supply system.

After analyzing the literature mentioned above, further
study such as the virtual simulation for revealing the
transverse oscillation characteristics of the conveyance by
considering the flexible coupling with the hoisting rope can
be conducted, and a feasible method should be put forward
to control the transverse vibrations of the conveyance in the
abnormal operation environments. As a consequence, the
main research focus of this paper would be different from the
previous mathematical modeling simulation, using a virtual
prototype simulation environment, considering the rigid-
flexible coupling properties to simulate the vibration re-
sponses of the container under various typical faults.
Meanwhile, a new structure of roller cage shoe was pro-
posed, and the control algorithm was applied to the vi-
bration suppression of the hoisting conveyance in the mine.

The article was organized as follows: (1) Section 2 de-
scribes virtual simulation models; (2) Section 3 describes
transverse vibration characteristics influenced by various
guide faults; (3) Section 4 describes vibration suppression by
a new guide roller equipped with a magnetorheological
(MR) damper; and (4) Section 5 provides conclusions.

2. Virtual Simulation Models

A virtual simulation model to describe the transverse vi-
bration of the conveyance was established, as shown in
Figure 3. The ropes are connected to both the conveyance
and the drum. The conveyance is lifted up and down by
means of drum winding and moves vertically on the rigid
guides through the roller cage shoes, as shown in Figure 1. In
the present paper, the main solution is to establish a virtual
prototype model and simulation. As a multifunctional
multibody dynamics simulation software, Adams has been
widely used in engineering practice.

For the purpose of modeling and solving, the following
model simplifications have been performed. First,
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FIGURE 3: Modeling of transverse vibration of conveyance.

considering the complex contact force relationship between
the drum and rope during the winding motion, the corre-
sponding force calculation will result in convergence diffi-
culties in the solution, which will reduce the efficiency of the
simulation. In addition, this study aims at exploring the
disturbance properties of the transverse vibrations of the
hoisting conveyance by using the Adams virtual prototype
environment. The influence of the movement of the rope on
the drum on the conveyance is far less than that of the rigid
guides, so there is no need to establish a complex drum
model. Second, considering that the head sheave acts a role
as a guide device, it is difficult to solve the contact force.
Therefore, a moving pair can be adopted to represent the
connection relationship between the rope and head sheave.
Subsequently, the roller cage shoes in the horizontal di-
rection were only considered, and the disc spring structure
in the buffer was simplified as a linear spring. Based on the
above engineering simplification, the present paper mainly
focuses on establishing the multibody dynamics model
between the conveyance, rope, roller cage shoe, and rigid
guide by using the Adams virtual simulation environment to
investigate the response characteristics of the transverse
vibrations of the hoisting conveyance excited by multiple
faults.

2.1. Coupling Model between the Conveyance and Rigid Guide.
The hoisting conveyance is usually lifted up and down in the
mine shaft. During the hoisting process, intense vibrations of
the conveyance are usually excited by the coupling impact
from the rigid guide and the roller cage shoe due to the
failures such as the interface misalignment, local bulge,
orbital gap, bending deformation, and orbital tilt of the rigid
guide, as shown in Figure 2. Hence, it is necessary to es-
tablish the coupling model between the conveyance and
rigid guide to reveal the effects of the various faults on the
transverse vibrations of the container.

The conveyance and rigid guide are simple in con-
struction. The conveyance can be approximated as a cuboid,
and the rigid guide is a square steel pipe with a certain wall
thickness. The roller cage shoe is a key component to
maintain the hoisting stability for the conveyance along the
rigid guide. The roller cage shoe consists of a polyurethane
roller, rocker arm, buffer, and base, as shown in Figure 4.
During the conveyance motion process, when the poly-
urethane rollers which are rigidly installed on the



conveyance are pressed on the rigid guide, the rocker arm
will be pressed on the buffer that consists of multiple disc
springs to reduce the impact influence to a certain extent. In
the present paper, a type of roller cage shoe with a roller
diameter of 0.35 m was selected as the research object for the
following modeling and simulation.

To establish the virtual prototype model of the selected
roller cage shoe, the three-dimensional model was first built
in SolidWorks and then imported into Adams in the format
of Parasolid ( *.X_T). To realize the virtual simulation, the
material properties and constraint relationships of all parts
should be set in the software.

The outer ring material of the roller is polyurethane [9],
which has a density, modulus of elasticity, and Poisson’s
ratio of 1.0x10°kg/m® 2.5x10"N/m? and 0.49. The

0;

F= dp
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where g, is the initial distance between the two objects to
collide, go=0; g is the actual distance between two objects
during collision; k is the stiffness; e is the force exponent
which is generally 2; cjax is the maximum damping co-
efficient which is usually 0.1%~1% to the value of the
stiffness coeflicient; dq/qt is the rate at which the distance
between two objects changes with time; and d is the pen-
etration depth, it determines when the damping force rea-
ches its maximum value. When the collision occurs, there is
no damping force. As the penetration depth increases, the
damping force increases until it reaches its maximum value.
Its suitable value is 0.1 mm. The stiffness coeflicient of
a collision of a rotating object can be approximately de-
termined according to the following equation: k=4/
3*R"?*E.In the formula: 1/R = 1/R; + 1/R,, R, and R are the
radius of the collision point of the two collisions;
1/E = (1-v})/E; + (1-43)/E,; v, and %, are Poisson’s
ratios of two objects, respectively; E; and E, are elastic
moduli of two objects, respectively. Since the two impacting
objects are a polyurethane roller and a rigid guide. Their
radius and material are known and can be obtained at
k=1.835x10"N/m. To prevent discontinuities in the
damping force during a collision, the step function is used in
the form of steps (x, xo, hg, x1, and hy):

hy, x < X,
step= 4 hy+a-A*(3-2A), x,<x< X, (2)
hy, X2 X.

In the following equation:

_ AL (x=x0)
a=h —hyd=7m—05 (3)

> -step(q, 9 — d,1,40,0),  g<4ps
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material of the rest of the parts was set to steel, and its
density, modulus of elasticity, and Poisson’s ratio are
7.8 x10° kg/m>, 2.07 x 10" N/m?, and 0.29.

A fixed pair was first set between the conveyance and the
base of the roller cage shoe which is rigidly fixed on the
conveyance. The linear spring, simplified by buffer, was set
between the rocker arm and base. Subsequently, the restraint
relationships among the base, rocker arm, polyurethane
roller, and bolts were set, as shown in Table 1.

The coupled constraint between the polyurethane roller
and the rigid guide mainly exists in the form of a contact
force. In the Adams simulation environment, the formula
for contact force during a collision is usually expressed by
the following impact function [32]:

9> 40>
(1)

When the roller cage shoe collides with the rigid guide
due to the various faults of the guide such as the interface
misalignment, local bulge, orbital gap, bending deformation,
and orbital tilt, as shown in Figure 2, the actual distance
between the two objects will vary in terms of the disturbance
extent from the abovementioned guide failures. Various
fault settings for rigid guides would be highlighted in the
simulation section.

2.2. Modeling of Rope. The hoisting wire rope is used to
connect to the conveyance and it ensures that the convey-
ance could be lifted up and down in the mine shaft. The
increase in the depth of the mine shaft directly results in
a large increase in the length of the wire rope, which in turn
enhances the flexibility of the rope body. Therefore, it is
essential to come up with a suitable method to model the
wire rope in order to describe its flexible characteristics. For
the modeling of the rope, the method of a multisection rigid
cylinder was adopted to simulate the rope [8]. This method
can establish the wire rope quickly, accurately, and truly to
obtain the motion characteristics of the rope. The key to this
method is to treat the flexible wire rope as a series of discrete
rigid cylinders connected by bushing forces. According to
actual operating conditions, the length and diameter of the
hoisting rope are 200 m and 76 mm, respectively [5]. If the
length of each discrete cylinder is 200 mm, a total number of
1000 is required. A section of a cylinder in Adams should
first be established, and then the established section should
be copied and moved by using the Adams macro command
program, then a bushing force would be added between
every two cylinders in order to build a virtual prototype
model of wire rope. The bushing force is equivalent to
a spring structure with six components. By defining three



Shock and Vibration

Polyurethane

/ roller \

Rocker arm

Bolt 1

Linear spring

Base Bolt 2

FIGURE 4: Roller cage shoe.

TaBLE 1: Internal constraints of the roller cage shoe.

Part 1 Part 2 Constraint relation
Bolt 1 Polyurethane roller Revolute pair
Bolt 1 Rocker arm Fixed pair
Bolt 2 Rocker arm Revolute pair
Bolt 2 Base Fixed pair

force components {F,, F,, and F;} and three-moment
components {T,, T, and T}, a flexible force was added
between the two discrete cylinders to connect the discrete
model, as shown in Figure 5.

where K;; ~ K¢ and Cy; ~ Cgq represent the stiffness and
damping of the springs, respectively; 7, 8, v, and w denote the
relative displacement, angle of rotation, velocity, and an-
gular velocity of two neighboring cylinders, respectively. x,
¥o» and z, represent the initial values in each coordinate
direction. The stiffness coefficient [11] was calculated as
shown in Table 2. The damping is usually between 1 and
10 Ns/mm; 5 Ns/mm was employed in the present paper.
In Table 2, E is the elastic modulus of the rope. The
material of the wire rope is steel 45, and its elastic modulus is
200 GPa. A is the cross-sectional area of the wire rope; I is the
length of a discrete cylinder of 200 mm; G is the shear
modulus of the wire rope, G=E/2 (1+u)=80GPa; y is
Poisson’s ratio of 0.25; and D is the diameter of a discrete

The bushing force can be calculated by the following
formula:

"F,1 Ky, 0 0 0 0 0 7[r,
F, 0 Ky 0 0 0 o0 [|r,
F, 0 0 Ky 0 0 0 ||r,
T.] o o o Kk, o o ||6,
T, 0 0 0 0 Ky 0 |[6,
l7,] Lo o o 0o o0 Kglle,l

Cy 0 0 0 0 0 [ve] [Ful
0 Cp 0 0 0 0 [[v,]| |Fp
0 0 Cy 0 0 0 |[v Fo
0 0 033 Cy 0 O wi * T; ’ @
0 0 0 0 Csy 0 [[w,]| [Ty
Lo 0 0 0 0 Cello, ] LT,

cylinder of 76 mm. According to the above steps and pa-
rameters, a virtual prototype model of wire rope can be
constructed, as shown in Figure 6.

3. Research Studies on Transverse
Vibrations with Single Fault and
Multiple Faults

To investigate the impact response characteristics of the
conveyances excited by the various faults of rigid guides
using the method of virtual prototype techniques. Five
operating modes of rigid guides were set, respectively,
according to the five different failure modes, and the sim-
ulations under the different conditions were separately
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FIGURE 5: Schematic diagram of bushing force.

TaBLE 2: Formulas and results of different stiffness.

Results
1.96 x 10° N/m
7.85x 10° N/m
2.45x 10" Nm/rad
3.07 x10" Nm

Formula
K, =EA/l
K22 = K33 = GA/I
K, = GrD*/321
K5 = K¢ = EnD*/641

Items

Tensile stiffness
Shear stiffness
Torsional stiffness
Bending stiffness

carried out. For the convenience of research, it was assumed
that the guide failures exist in the steel guides which are at
one side of the conveyance, and the conveyance was assumed
to pass over the failure location at a constant speed. The main
parameters of a hoisting system for dynamic simulation were
determined, as shown in Table 3 [15]. So, to intuitively
compare the influences of various faults on the transverse
vibration of the container, the vibration response of the
conveyance under the normal working condition of the
guideway was also simulated, and the response curves are
shown in Figure 7.

3.1. Responses from Interface Misalignment. Due to the in-
stallation errors or deterioration of operating conditions of
the rigid guide, the height difference between the two ad-
jacent guides will result in interface misalignment at the
joint, which will cause a step excitation when the guide roller
is passing over the step. The interface misalignment can be
divided into two forms, as shown in Figure 8. Assuming that
the step was on the steel guides which are at the one side of
the conveyance, and that its height (h) is, respectively,
0.01 m, 0.02 m, 0.03 m, 0.04 m, and 0.05 m, the responses of
the transverse vibration acceleration and displacement of the
conveyance were simulated under the conditions of the two
failure forms of the interface misalignment, as shown in
Figure 8, and the response results are shown in Figure 9.

As seen from the four subfigures in Figure 9, the re-
sponses of the transverse vibration of the conveyance excited
by the interface misalignment in the form, as shown in
Figure 8(a), are more intense than those excited by the
failure form, as shown in Figure 8(b).

It can be seen from Figures 9(a) and 9(b), when the upper
guide roller which is installed on the top of the conveyance
was just rolling up to the step, the transverse acceleration
and displacement of the conveyance abruptly increased to
the peak values. After a short time, another transverse
impact acceleration and displacement were excited to peak
values, respectively, when the lower guider roller which is
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installed on the bottom of the conveyance was just rolling up
to the step. At the same time, as the height of the step in-
creased, the amplitude of the vibration response uniformly
increased, while the frequency remained basically un-
changed. After the upper guide roller had already rolled up
to the step, the roller was extruded and the conveyance
would tilt at the same time, and continuous oscillations of
the acceleration and displacement would last for about
0.6 seconds. After the lower roller had rolled up to the step,
a continuous oscillation of the acceleration would last for
about 6 seconds, but the transverse displacement could not
be restored to 0 because the space between the two steel
guides which are located at the two symmetrical edges of the
conveyance became narrower.

As shown in Figures 9(c) and 9(d), for acceleration, as
the height of the step increased, the amplitude and frequency
of the vibration gradually decreased. When the height
reached 50mm, the amplitude after the roller passing
through the step is even smaller than normal. This is because
the distance between the two steel guides became very wide,
making the pressure of the guideways on the roller very
small. Due to the same reason, for displacement, as the
height increased, the amplitude increased while the fre-
quency decreased. When the height reached 50 mm, there
was basically no vibration in the displacement.

3.2. Responses from the Local Bulge. Local bulges such as rust
spots may appear on the surface of the guideway during the
long-time service life of the rigid guide. Assuming that the
bulge was on the steel guides which are at one side of the
conveyance, and that its height is 0.01 m, 0.02m, 0.03m,
0.04 m, and 0.05 m. Therefore, a regular raised rust spot was
drawn on a section of rigid guide surface in Adams to realize
the setting of the local bulge fault, as shown in Figure 10. The
height from the highest point of the bulge to the surface of
the guideway was h. When the conveyance was hoisted up
under this condition, the transverse acceleration and dis-
placement of the conveyance were simulated and demon-
strated, as shown in Figure 11.

As seen from Figures 11(a) and 11(b), the transverse
impact acceleration and displacement of the conveyance
would be excited when the upper and lower guide rollers
were just passing over the bulge. For acceleration, the
amplitude was very small after passing through the bulge.
The amplitude and frequency remained essentially constant
as h increased. The amplitude of displacement increased
with an increase in k, and its frequency remained more or
less constant. The vibration of displacement was very small
as compared to the case of step.

3.3. Responses from Orbital Gap. A gap between the two
adjacent rigid guides would be induced due to the loosening
of the guideway joints. Assuming that the gap was on the
steel guides which are at the one side of the conveyance, and
that its width b was 0.01m, 0.02m, 0.03m, 0.04m, and
0.05m. A rigid guide was moved up by 0.0l m, 0.02m,
0.03m, 0.04m, and 0.05m separately to create a gap to
realize the orbital gap fault setting, as shown in Figure 12.
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FIGURE 6: Schematic diagram of part of the wire rope.
TaBLE 3: Transverse vibration simulation parameters of a hoisting conveyance.
Parameters Numerical values Units
Conveyance mass 3.4x10* kg
The moment of inertia of the conveyance with respect to the transverse direction 2.08x10° Kg/m®
The moment of inertia of the conveyance with respect to the longitudinal direction 3.31x10* Kg/m®
The moment of inertia of the conveyance with respect to the lateral direction 2.34x10° Kg/m®
Spring stiffness 2.25x10° N/m
Roller diameter 0.35 m
Rope length 200 m
Rope diameter 0.076 m
Lifting time 20 s
Lifting speed 15 m/s

Transverse acceleration (m/s?)
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FIGURE 7: Transverse vibration response of under normal condition: (a) transverse acceleration; (b) transverse displacement.

When the conveyance was being hoisted up under this
condition, the transverse acceleration of the conveyance was
simulated and demonstrated, as shown in Figure 13.

As seen from Figure 13, no obvious changes can be seen
from the numerical trends of the transverse acceleration and
displacement of the conveyance, and the acceleration and
displacement remained essentially constant as b increased.
Comparing the response curves under the normal working
conditions shown in Figure 7, there is little change.
Therefore, it can be concluded that the gap between two
adjacent steel guides has little effect on the responses of the
transverse vibrations of the hoisting container.

3.4. Responses from Bending Deformation. Bending de-
formation is also a typical fault of the steel guide resulting
from the long-time service of the machine. The form of
bending deformation can be assumed as two ideal situations
such as the inner and outer bending, as shown in Figure 14.
Assuming that the bending was on the steel guide which is at
the one side of the conveyance, and its deflection h was
0.01 m, 0.02 m, 0.03 m, 0.04 m, and 0.05 m. The bending fault
of the steel guide cannot be directly set in Adams; hence,
a bending steel guide with the deflection of 0.01 m, 0.02 m,
0.03m, 0.04m, and 0.05m was first constructed in solid
works and then imported into Adams to replace a normal
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FIGURE 8: Interface misalignment settings. (a) Roll up to the step. (b) Roll down to the step.

one. When the conveyance was being hoisted through the
inner and outer bending steel guides, the transverse accel-
erations and displacements of the conveyance were simu-
lated and demonstrated, as shown in Figure 15.

As shown in Figures 15(a) and 15(b), after the guide
roller had rolled onto the inner bending steel guide, con-
tinuous oscillations of the transverse vibration acceleration
and displacement would be induced. Similarly, when the
guide roller had rolled onto the outer bending steel guide,
continuous oscillations of the transverse vibration acceler-
ation and displacement would also be induced, as shown in
Figures 15(c) and 15(d). As seen from the comparisons of the
responses from the two fault situations, it can be concluded
that the inner and outer bending deformations would result
in the impact oscillations of the transverse vibrations of the
hoisting conveyance, and the inner bending fault has a more
serious effect on the transverse responses than the outer
bending fault. The root cause is similar to two forms of
interface misalignment failure. When the roller rolled onto
the inner bending steel guide, it was obvious that the roller
would be slowly squeezed by the guideway and then slowly
returned to normal. Therefore, a vibration was excited first
and then attenuated slowly. On the contrary, for the outer
bending failure, the roller was not squeezed so that the
spring would not be squeezed, so the whole process would
only have a slight vibration.

For the first case, the amplitudes of both acceleration and
displacement increased with h, while the frequencies of both
remained constant. For the second case, the amplitude and
frequency of both were not affected by 4 and were much
smaller than those of the first case. In summary, the second
case for the container vibration effect is negligible.

3.5. Responses from Orbital Tilt. As similar to the bending
deformation of the steel guide, orbital tilt which makes the
steel guide deflect as a whole is also a guide fault resulting
from the long-time service of the machine. The form of
orbital tilt can be assumed as two ideal situations such as the
inner and outer tilt, as shown in Figure 16. Assuming that
the tilt was on the steel guide which is at the one side of the
conveyance, and its deflection h was 0.01 m, 0.02 m, 0.03 m,

0.04 m, and 0.05 m. When the conveyance was being hoisted
through the inner and outer tilt steel guides, the transverse
accelerations and displacements of the conveyance were
simulated and demonstrated, as shown in Figure 17.

As shown in Figures 17(a) and 17(b), after the guide
roller had rolled onto the inner tilt steel guide, continuous
oscillations of the transverse vibration acceleration and
displacement would be induced, and the amplitude in-
creased as h increased. However, as seen in Figures 17(c) and
17(d), the outer tilt of the steel guide has little effect on the
transverse response of the conveyance. Hence, it can be
concluded that the effect of the inner tilt fault on the
transverse vibrations of the hoisting conveyance cannot be
ignored, while the effect from the outer tilt fault can be
ignored.

3.6. Vibration Responses under the Action of Multiple Faults.
This section would further discuss the case of one-to-one
coupling of several faults that have a large impact on
conveyance vibration. Since the vibration response curves
for bending deformation and orbital tilt are similar, only the
case where step, bulge, and bend were coupled one-to-one
was considered. The specific coupling fault forms are shown
in Figure 18. The height of the step and bulge as well as the
deflection of the bending deformation was chosen to have
a greater impact on the container, i.e., 5cm.

As seen from the two plots in Figures 19(a) and 19(b),
both cases in Figure 18(a) excite four peak accelerations. The
At in both figures is the same, which represents the time
difference between the upper and lower rollers which fixed
on the container passing through the fault; At, is determined
by the distance between the two faults, and the further the
distance is, the larger the At, is, and the fault distances of 3 m
and 15 m were selected in Figure 18(a), respectively. As can
be seen from the two graphs in Figures 19(c) and 19(d), the
two cases in Figure 18(a) had almost the same effect on the
displacement, and both of the final displacements stabilized
at a value rather than becoming zero.

The situation in the two panels of Figures 20(a) and 20(b)
is similar to that of Figures 19(a) and 19(b), which also
excited four acceleration peaks, and the meanings of At; and
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FIGURE 9: Transverse vibration responses of conveyance excited by interface misalignment: (a) transverse acceleration when rolling up to the
step; (b) transverse displacement when rolling up to the step; (c) transverse acceleration when rolling down to the step; (d) transverse

displacement when rolling down to the step.

At, are the same. The circled part in Figure 20(d) was due to
the long distance between the bulge and the step, and the
displacement of the container was excited after the container
passed through the bulge, and then the container sub-
sequently passed through the step. Whereas, in Figure 20(c),
the displacement was affected close to the effect of a coupling
due to the close distance between the two faults.

From Figures 21 and 22, it can be seen that when the step
and bending deformation faults were coupled, the acceler-
ations and displacements excited by them were coupled
accordingly and characterized clearly, and the coupled faults
had a large impact on the conveyance.

Comparing Figure 23 with Figures 11, 15(a), and 15(b), it
can be seen that when a bulge was present on the bending
guide, the bulge played a major role in influencing the
acceleration, while the curved guide played a dominant role
in the displacement.

As can be seen in Figures 24 and 25, the effect of bulge
and bending deformation coupling on acceleration is
similar to that in Figure 21, while the effect on dis-
placement came mainly from the bending guideway. The
circled portion in Figure 24(d) was excited by the bulge,
but not in Figures 24(c), 25(c), and 25(d). It can be seen
that when the container passed through the bending
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FiGure 10: Local bulge setting.
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FiGure 11: Transverse vibration response of conveyance under local bulge: (a) transverse acceleration; (b) transverse displacement.

FIGURE 12: Orbital gap setting.

guide before passing through the bulge, the bulge did not  the two were close together and a significant effect if they
have an effect on the displacement; when the container =~ were farther apart, but it was much smaller compared to
passed through the bulge before passing through the  the displacement excited by the subsequent
bending guide, the bulge excited an insignificant effect if =~ bending guide.
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FIGURE 14: Bending deformation settings: (a) inner bending; (b) outer bending.

3.7. Synthetic Analysis. From the above simulations and
analyses, it can be seen that the gap between two adjacent
steel guides has little effect on the responses of the transverse
vibrations of the hoisting container, but the other four
failure modes mentioned in Figure 2 can excite the trans-
verse vibrations of the container with different strengths.
Also, the interface misalignment and local bulge would
contribute to a more serious vibration compared to the
situations of guide bending and tilt. Also, coupling faults
between them can lead to severe vibration.

By comparing the transverse vibration displacements to
the corresponding accelerations from each situation, it can
be seen that the amplitudes of the oscillating displacements

are so small that they can be ignored. However, the impact
resulting from the oscillating accelerations cannot be ig-
nored. For example, the impact acceleration from the in-
terface misalignment in Figure 9(a) has a maximum value of
4.60704m/s> and would last for a period of time. The
hoisting mass is 34 t. Therefore, an oscillating impact force
with a peak value of 156639.36 N would be synchronously
induced, which will lead to fatigue damage of the machine
and accelerate the damage of the corresponding equipment,
seriously reducing the reliability of the machine and the
safety of coal production.

Therefore, a method to reduce the shock acceleration
should be proposed.
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the outer bending.

4. Vibration Control of Semiactive with
MR Damper

4.1. New Roller Cage Shoe with MR Damper. At present,
mine hoisting systems still adopt the traditional roller
cage shoes and have not been equipped with a reliable
vibration reduction device and provided with an effective
vibration reduction method, so the intense vibration was
more easily excited. An innovative structural form of
aroller cage shoe equipped with an MR damper, as shown
in Figure 26, was proposed to decrease the impact re-
sponses of the hoisting conveyance caused by various
failures of the rigid guides. The structure is not a simple
passive structure, and the damping force can be adjusted

in real time to achieve the effect of vibration control.
Compared with the hydraulic cylinder, it has fast re-
sponse, fast damping force adjustment, and is easy to be
used for vibration control. The MR damper is a semiactive
control device with a simple structure that is lightweight.
Compared with active control, it will not damage the
stability of the system. The arrangement of the MR
damper in the roller cage shoe is at an angle of 60 degrees
to the base, providing a better transverse vibration re-
duction than the conventional device that is vertical. The
damping force provided by the MR damper could be
decomposed into a horizontal component and a vertical
component, and the horizontal MR damping force could
be adjusted.
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FIGURE 16: Orbital tilt settings:

A MR damper is filled with a magnetorheological fluid
controlled by a magnetic field. The main feature of a MR
damper is that when there is no applied magnetic field, the
magnetorheological fluid is a free-flowing liquid; under the
action of the external magnetic field, the MR fluid will in-
stantly change from a liquid to a semisolid, and when the
magnetic field reaches a certain strength, it will completely
become solid. This liquid-solid transition is fast and re-
versible and can be accomplished in milliseconds. The
damping force can be adjusted in real time by applying
a small control current to the MR damper.

4.2. Overall Control Process. In order to reduce the trans-
verse vibration of the container, two semiactive control
strategies, PID and fuzzy PID methods, were proposed in
this paper. Moreover, Adams and MATLAB/Simulink
cosimulation were used to test the performance of these two
semiactive control strategies. The required input and output
variables were first established in Adams, and then the
virtual prototype model was exported from Adams to the
Simulink environment of MATLAB, represented by the
“adams_sub” module. Finally, the semiactive controller was
established in Simulink. After the simulation, the Adams
model would automatically switch off and return to
Simulink, where the output from the joint simulation could
be observed.

Since the roller cage shoes are connected to the hoisting
conveyance, controlling the transverse vibration of the
container can be simplified to controlling the vibration of the
four bases of the roller cage shoes. First, the real-time
transverse accelerations of the four bases of the roller
cage shoes and the displacements and velocities of the
damper pistons were input to the controller. Subsequently,
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(b)

(a) inner tilt; (b) outer tilt.

the controller calculates the desired damping force
according to the acceleration obtained and its derivative.
Then, the desired control current was calculated from the
hyperbolic tangent inverse model. The MR damper used in
this paper has a minimum input current of 0 A and the
maximum input current of 1 A. When the direction of the
desired control force is different from the direction of the
damping force of the damper, the MR damper coil current
should be taken as 0 A. If the fuzzy PID controller expects
a control current between 0 and 1 A, the coil current of the
damper is equal to the control current. And if the desired
control current of the fuzzy PID controller is higher than 1A,
the coil current of the damper is the maximum value of 1
A. Finally, the obtained currents were brought into the
hyperbolic tangent model to obtain the damping forces and
then input into Adams to complete the vibration control.
The control idea is shown in the dynamics model in Fig-
ure 27. The control principle is shown in Figure 28, since the
four damping forces were calculated by the same process,
only one of them is given in the figure.

In the diagram, m, is the mass of the container; m, is the
mass of the roller cage shoe; k, is the contact rigidity between
the roller and the rigid guide; k; is the cushioning stiffness of
the roller cage shoe; ¢ is the cushioning damping of the roller
cage shoe; a, is the transverse acceleration of the container;
X, is the transverse displacement of the container; f; ~f, are
the horizontal components of the damping forces; and a;~a,
are the transverse accelerations of the roller cage shoes.

The hyperbolic tangent model of the MR damper has
been proposed by previous scholars **!, which was in good
agreement with the experimental results and could be ef-
tectively used for semiactive control in this paper. The model
was given by
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Figure 18: Coupling faults.
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FIGURE 19: Acceleration and displacement for two different cases of (a) failure in Figure 18.

f = ay,tsnh (776.5809 (x + 0.3506x)) + a; (x + 0.3506x) + 7.1671. (5)
In the following equation: 4.3. Semiactive Controller Design. The formula for the tra-
a, = 117.261071 + 40.4957, ditional PID controller is as follows:
_ (©) t de 1)
a; = 484.3815] + 167.2799. u(t) = K,e(t) + K, J e(t)dt + K, a0 9)
0

Its inverse model can be derived as follows: ) ) )
where K, is the proportional gain; K; is the integral gain; K is
7= J —7.1671 - (40.4957m + 167-2799”)' (7) the differential gain; e(t) is the input for the PID controller,
117.2610m + 484.3815n i.e., the deviation between the acceleration of base and zero
acceleration; and u(t) is the output for the PID controller,
the required damping force.
m = tanh[776.5809 (x + 0.3506x)], 1 = x + 0.3506x, (8) Because the parameters qf traditional PID controllers
cannot be changed in real time as the system runs, the
Wherefis the damplng force; Iis the current; and x and x are control of the PID controllers is limited. To better suppress
the displacement and velocity of the magnetorheological the transverse vibration of the hoisting container, this paper
damper piston, respectively. proposed a fuzzy PID control strategy.

In the following equation:
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The control principle of the fuzzy PID controller is to
analyze the input signals of the PID controller through the
fuzzy algorithm and then change the parameters in real time.

The fuzzy PID control algorithm can be represented as
follows:

de(t)

u(t) = (Kpo +AK, x qp)e(t) +(K; + AK; x q;) JO e(t)dt + (K + AK; X qy) —— (10)

where K0, Kio, and K are the initial parameters for the PID
controller; AK,, AK;, and AK; are the output variables for the
fuzzy controller; g,, g; and g, are the output scaling gains in
the fuzzy controller; e(f) is the input for the fuzzy PID
controller, i.e., the deviation between the acceleration of base
and zero acceleration; and u(t) is the output for the fuzzy
PID controller, the desired damping force.

)’

The crucial point to designing a fuzzy PID controller is
to calculate AK,, AK;, and AK,. The inputs to the fuzzy
controller are the vibration acceleration deviation of the
base and its derivative. AK,, AKj, and AK; are the outputs
of the fuzzy controller. The working principle of the fuzzy
PID control is shown in Figure 29.
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FIGURE 24: Acceleration and displacement for two different cases of (f) failure in Figure 18.

The input signals were divided into seven options
through the fuzzy algorithm in the fuzzy PID controller. The
algorithm first fuzzed the deviation signal and its derivatives
into fuzzy variables. Subsequently, the fuzzy inference
machine containing fuzzy rules received the fuzzy variable.
Then, the fuzzy inference machine calculated the fuzzy re-
sults using the fuzzy algorithm. Finally, the fuzzy results
were antiblurred into the variation values of proportional,
integral, and differential parameters.

Mamdani method was selected as a fuzzy inference
method in this study. This fuzzy control algorithm used the
Gaussian affiliation function as the affiliation function. Both
the acceleration deviation of the base and its derivative were
divided into seven fuzzy subsets. The fuzzy subsets of both
the acceleration deviation and its derivative were denoted as
{NB, NM, NS, ZE, PS, PM, and PB}. Also, the fuzzy subsets
represent negative large, negative medium, negative small,
zero, positive small, positive medium, and positive large,
respectively. The universe of discourse for the acceleration
deviation e(t) was taken as {—6, -4, -2, 0, 2, 4, and 6}. Also,

the universe of discourse for the derivative of the acceler-
ation deviation de(t)/dt was taken as {-20, —40/3, —20/3, 0,
20/3, 40/3, and 20}. The proportional, integral and differ-
ential parameters were all divided into eight fuzzy subsets.
Their fuzzy subsets were all denoted as {NB, NM, NS, ZN,
ZP, PS, PM, and PB}. Also, the universes of discourse for the
proportional, integral, and differential parameters were {0,
25/7,50/7, 75/7, 100/7, 125/7, 150/7, and 25}, {0, 30/7, 60/7,
90/7, 120/7, 150/7, 180/7, and 30}, and {0, 35/7, 70/7, 105/7,
140/7, 175/7, 210/7, and 35}, respectively. The related
membership function diagrams of the input and output
variables are shown in Figure 30.

Fuzzy rules are mainly established by practical experi-
ence combined with specific problems. As an example, if the
acceleration deviation e(f) is large, the transverse accelera-
tion of the container is far from the reference value. At the
same time, a smaller derivative of the acceleration deviation
de(t)/dt indicates that the acceleration of the container is
slowly approaching the reference value. The real-time ac-
celeration is relatively large at this time. Therefore, the
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FIGURE 25: Acceleration and displacement for two different cases of (g) failure in Figure 18.
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FIGURE 26: New roller cage shoe with MR damper.
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FIGURE 27: Dynamic model of container.
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controller’s output should be a large value opposite to the TaBLE 4: Rule base for variable AK,.
acceleration symbol, so that the acceleration can be quickly P
closed to the reference value to reduce the vibration. Fur- AK, ¢
thermore, the centroid method was used for defuzzification NB NM NS ZE PS PM PB
to get the output values in the fuzzy controller. The fuzzy NB  NB NB NM ZN ZP PSS PM
rules for AK,, AK;, and AK; are shown in Tables 4-6, and the NM  NM  NM NS %N éN Zp Zp
;}:rei—d;rlnensional surface of the fuzzy rules is shown in . I;E II:IH; 511\31 I\ZHI\:I ZII:I Pl; gg gg
gure 2% PS NS ZN ZN ZP PS PS PM
PM ZN ZN ZN VAY VAY VAY PS
o ' o o PR NM NS ZN ZP PS PM PB
4.4. Joint Simulation Analysis. Since interface misalignment,
local bulge, guideway bending, and tilting all excite vibration
of the container, and the bending and tilting situations are TasLE 5: Rule base for variable AK;.
similar enough to be grouped together, a simple vibration y
suppression discussion of the above three faults was carried AK; ¢
out in this chapter, and the transverse acceleration and NB NM NS ZE PS PM PB
displacement of the container were taken as evaluation NB NB NB NM ZN ZN PSS PS
indexes of the vibration reduction effect. Compare different NM  NM NS NS ZN  ZP PS  PM
controllers, including PID controller, fuzzy PID controller, I;E NI; I;II\\I/I I;s ?1\31 %’IS) ZPISJ IE)I\S/I
and passive condition (i.e., input control current is 0 A). The ¢ N
leted model in Chapter 2 was used, and the excitation PS ZN Zp Zb - ZPPS b PM
“’mph o Ph or o] b PM ZN ZP ZP ZP PS PS  PS
was t .e sarn? 2.1S t fit n C apter 3.. In or .er to improve the PB NM NS 7N 7P PS PM PB
precision of joint simulation, the simulation step was set to
0.001 in Simulink. The comparison of transverse vibration
responses of the container under step excitation by joint TaBLE 6: Rule base for variable AK,.
simulation is shown in Figure 32. P
As seen from Figure 32, under both control strategies, AK, €
the amplitude and frequency of acceleration and displace- NB NM NS ZE PS PM PB
ment under the three typical faults were improved to some NB NB NM NM ZN ZN PSS PS
extent, and the control effect of fuzzy PID is better than that NM  NM  NM NS NS ZP  ZP  PS
of PID. The root mean square (RMS) and the maximum I;S NB  NM  NM gs gp %P PS
value (Max) calculations of accelerations for the three faults € E NS NS NS N N P PS
. . PS NS NS ZPp zp ZP PS PS
are shown in Tables 7-9. The RMS of acceleration represents
h itude of vibrati d the densi £ hich PM ZN ZN 7p 7P zp PS PS
the magnitude of vibration and the density of impact, whic PB NM NS 7N 7P PS PM  PB

can effectively reflect the effect of vibration suppression.
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FIGURE 31: Fuzzy regular surfaces of output variables.
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FIGURE 32: Transverse vibrations comparison of the three cases: (a) and (d) interface misalignment; (b) and (e) local bulge; (c) and
(f) bending deformation.

TaBLE 7: Control results of interface misalignment.

Reduction Reduction
RMS Max percentage of RMS percentage of Max
Passive 0.4852 4.6070 — —
PID 0.2732 3.9851 43.7% 13.5%

Fuzzy PID 0.1875 3.0599 61.4% 33.6%
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TaBLE 8: Control results of the local bulge.

Reduction Reduction

RMS  Max percentage of RMS percentage of Max

Passive  0.1922 5.4154 — —
PID 0.1414 4.6653 26.4% 13.9%
Fuzzy 0 9
PID 0.1054 3.6134 45.2% 33.3%

TaBLE 9: Control results of bending deformation.

Reduction Reduction

RMS  Max percentage of RMS percentage of Max

Passive  0.8166 3.3741 — —
PID 0.4467 2.1044 45.3% 37.6%
Fuzzy o o
PID 0.2926 1.8215 64.2% 46%

As shown in Tables 7-9, under the interface mis-
alignment fault, the root mean square of the acceleration was
reduced by 43.7% and 61.4%, respectively, and the maximum
value was reduced by 13.5% and 33.6%, respectively. Under
the local bulge fault, the root mean square was reduced by
26.4% and 45.2%, respectively, and the maximum value was
reduced by 13.9% and 33.3%, respectively. Under the
bending deformation fault, the root mean square was re-
duced by 45.3% and 64.2%, respectively, and the maximum
value was reduced by 37.6% and 46%, respectively. The result
shows that the stability of container operation is improved
when the PID and fuzzy PID controllers are applied to the
semiactive vibration reduction control of the MR damper,
and the performance controlled by the fuzzy PID controller
is better than the PID controller.

5. Conclusions

First, the virtual prototype model for transverse vibration of
the hoisting conveyance was established. Subsequently, the
vibration response characteristics of the container under
various single and coupling excitations were obtained in
Adams. The results showed that the gap between two ad-
jacent steel guides has little effect on the responses of the
transverse vibrations of the hoisting container, and the
interface misalignment and local bulge would contribute to
a more serious vibration compared to the situations of guide
bending and tilt. Also, several coupling excitations can cause
severe vibrations; the amplitudes of the oscillating dis-
placements are so small that they can be ignored while the
oscillating accelerations cannot be ignored. Eventually,
a new type of roller cage shoe with a magnetorheological
damper was put forward to decrease the impact acceleration.
Based on the hyperbolic tangent model of magneto-
rheological dampers, semiactive fuzzy PID methods were
studied by the joint simulation of Adams and MATLAB/
Simulink to explore the vibration suppression of the con-
tainer. The results showed that the fuzzy PID method has
a certain effect on the reduction of the transverse vibrations
of the hoisting container. Further nonlinear control methods
should be explored to obtain a better control effect.
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