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ABSTRACT Mine hoisting systems have been widely used in coal mine industries. Due to a series of
uncertain faults in the steel guide, serious vibrations will be excited during the operation of the machine,
which will seriously influence the stability and safety of the system. In this paper, a semi-active vibration
control strategy based on magnetorheological dampers was innovatively proposed. Firstly, a reasonable
simplified dynamic model of mine hoisting system was established. Secondly, the simulation results from
the virtual prototype model were used to verify the rationality of the established dynamic model. Then,
a fuzzy skyhook damping semi-active control scheme based on magnetorheological dampers was designed.
Finally, the availability of this vibration control scheme was verified by the Adams/Simulink co-simulation
technique. The root mean square (RMS), mean and maximum values of the horizontal vibration acceleration
of the container were reduced by 47.32%, 22.50% and 35.39%, respectively. The fuzzy skyhook damping
semi-active control strategy of good stability can well suppress the horizontal vibrations of the mine hoisting
system.

INDEX TERMS Semi-active control, fuzzy skyhook damping control, magnetorheological dampers, mine
hoisting systems.

I. INTRODUCTION
The mine hoist is a key equipment in mine transportations.
As the increase of the hoisting velocity and load of the mine
hoisting systems, higher requirements are being required on
guiding devices in order to ensure the stability and safety of
the machine [1]. In the hoisting processes when the machine
is operating at a high speed, rigid guides are used to guide
and suppress the horizontal vibrations of the hoisting contain-
ers [2]. However, severe working conditions and installation
errors of rigid guides will intensify the vibration of the mine
hoisting system. Some studies have shown that rigid guide
misalignment failures have a more serious impact on the
vibration of mine hoisting systems than other failures [3].
When the roller cage shoe passes the step for a short time,
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a strong impact will be induced between the guide shoe and
hoisting conveyance, which will seriously affect the safety of
the system. Thus, it is essential to study the impact effects
of the rigid guides of mine hoisting systems, and a certain
control strategy is also required to suppress the horizontal
vibrations of the conveyance.

There have been many studies on the research of vibration
mechanism of mine hoisting systems. Kaczmarczyk et al.
[4] have derived a distributed-parameter mathematical model
of deep mine hoisting cables using the classical moving
co-ordinate frame approach and Hamilton’s principle. They
have investigated the dynamic behaviour of deep mine hoist-
ing cables, and the results showed that the response of the
catenary-vertical rope systemmay have many resonance phe-
nomena, including external, parametric and autoparametric
resonances. Wang et al. [5] have studied the effect of termi-
nal mass on fretting and fatigue parameters of the hoisting
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rope. When the terminal mass increases from 1000 kg to
1700 kg, there is a significant increase in the fretting and
fatigue parameters of the wire rope, which will shorten the
service life of the rope. Wang et al. [6] have derived the
equations of motion of the multi-cable suspension platform
using the Lagrange equation with constraints, and Adams
software was used to verify the correctness of the model.
The simulation results of the equations of motion showed
that the model is able to better represent the dynamics of the
multi-cable suspension platform. Wang et al. [7] have mod-
elled the longitudinal vibration of a parallel hoisting system
with time-varying wire ropes, and the validity of the model
has been verified by ADAMS simulation results. They have
carried out numerical simulations with different excitations
and the results of the study have shown that the system
acceleration significantly increases the longitudinal vibration
of the wire rope. Guo et al. [8] have studied the dynamic
responses of wire ropes in friction hoisting systems subjected
to different periodic excitations. Transverse, longitudinal, and
coupled vibrations have been analysed by time-frequency
analysis. The results showed that the transverse vibration is
a forced vibration following the excitation, while the lon-
gitudinal vibration is a complex, random state. Wu et al. [9]
have developed a coupling longitudinal-transverse model of
the mine friction hoist using the Hamilton’s principle and
discretized the partial differential equations using the mod-
ified Galerkin’s method. The relationship between the load,
velocity and transverse vibration of rope has been anal-
ysed by means of this model. Cao et al. [10] have studied
a rope-guided hoisting system with the tension difference
between two guiding ropes and found out that the appropriate
tension difference and distance difference is beneficial in
reducing the maximum lateral displacement of the hoisting
container. Yang et al. [11] have derived a dynamical model for
the coupled vibrations of building and elevator ropes based
on the Hamilton’s principle, and an experimental testbed was
built to validate the mathematical model. The proposed theo-
retical model can be effectively used to predict the vibrations
of real building and elevator ropes.

Based on the vibration mechanism of mine hoisting sys-
tems, there have been many researchs in the vibration control
of mine hoisting systems. Wang et al. [12] have applied the
backstepping method and active disturbance rejection control
(ADRC) to design a controller under the floating sheave to
suppress longitudinal vibrations of the hoisting system by
considering the influence of external disturbances and elas-
ticity of the wire rope. Li et al. [13] have proposed an adaptive
fuzzy sliding mode controller using Liapunov theory which
takes into account the effects of external disturbances and
parameter uncertainties, and a wire rope tension coordination
control systemwas designed. Yao et al. [14] have innovatively
proposed a wire rope tension equilibrator with magnetorheo-
logical dampers, and proved that the new wire rope tension
equilibrator is effective in suppressing shock vibrations in
mine hoisting systems. Li et al. [15] have designed a stiffness
experimental platform in order to analyze the stiffness of

the roller cage shoe, and the safety and smoothness of mine
hoisting container were improved by adjusting the stiffness
of roller cage shoes. Chen et al. [16] have developed a math-
ematical model of the elevator system driven by a perma-
nent magnet synchronous motor, and the dynamic response
characteristics and energy dissipation characteristics of the
elevator system were analyzed. A sliding mode controller
has been designed to control the system and the robustness
and tracking control performance of the controller have been
verified through numerical simulation. Although there has
been some significant work about the vibration control in
mine hoisting systems, few scholars have mentioned the
design of vibration controllers and actuators in the roller cage
shoe. The existing actuators for vibration control are mainly
floating sheaves [17], which mainly suppress vibration from
the source of disturbance. There are limitations to the control
effect due to many unknown disturbances in the wire rope
from the floating sheave to the mine hoisting container [18],
e.g. turbulent disturbances in the shaft [19]. At the same
time, due to the length of the wire rope, there is a time lag
in the transmission of the control action from the floating
sheave to the mine hoisting container [20]. The wire rope
tension coordination controller mainly controls the dynamic
load and uneven tension of the wire rope, thus improving
the smoothness and safety of the mine hoisting system [21].
As the mine hoisting vessel rises and falls, the length and
mass of the hoisting wire rope constantly change, and this
time-varying characteristic makes the system severely non-
linear [22]. There are few control strategies to directly control
the horizontal vibrations of mine hoisting container.

In this paper, a semi-active controller to reduce the hori-
zontal vibrations of the mine hoisting container was designed
based on magnetorheological dampers. The semi-active con-
trol solution based on magnetorheological dampers uses
lighter actuators than the hydraulic cylinders, and the
semi-active control solution suppresses vibrations without
deteriorating the stability of the system. This paper pro-
posed a new approach for vibration control in mine hoisting
systems.

II. DERIVATION AND VALIDATION OF THE DYNAMIC
MODEL FOR MINE HOISTING SYSTEM
A. DYNAMIC MODEL FOR MINE HOISTING SYSTEM
The winding mine hoisting system mainly consists of rigid
guides, roller cage shoes, wire rope and hoisting container,
and its structural sketch was shown in Fig.1. The interaction
between the roller cage shoe and the rigid guide in the XOZ
plane is the main source of horizontal vibration of the mine
hoisting container. This paper focuses on the effect of the
interaction between the roller cage shoe and the rigid guide on
the horizontal vibration of the hoist, without considering the
coupling effect of the wire rope vibration and the horizontal
vibration of themine hoisting container. Therefore, in order to
reasonably reduce the complexity of the model and suppress
the horizontal vibration of the mine hoisting vessel more
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FIGURE 1. Sketch of mine hoisting conveyance.

FIGURE 2. Simplified model of mine hoisting conveyance.

efficiently, the dynamic model for the winding mine hoisting
system in this study was shown in Fig.2.

According to Newton’s second law, the centre-of-mass
displacement xc of the container and the angle of rotation θy
of the container satisfy the relationship:

mxc = Fx1 + Fx3 − Fx2 − Fx4 (1)

J θ̈y = (Fx2 − Fx1) lh1 + (Fx3 − Fx4) lh2 (2)

where m is the mass of the hoisting container, J is the rota-
tional inertia of the hoisting container around the OY axis,
lh1 is the distance between the lower roller cage shoe and
the centre of mass of the container, and lh2 is the distance
between the upper roller cage shoe and the centre of mass of
the container.

The expressions for Fx1, Fx2, Fx3 and Fx4 are as follows

Fx1 = ks
(
lh1θy − xc + x1

)
+ cs

(
lh1θ̇y − ẋc + ẋ1

)
+ f1x

Fx2 = ks (−lh1θy+ xc − x2)

+ cs
(
−lh1θ̇y + ẋc − ẋ2

)
+ f2x

Fx3 = ks
(
−lh2θy − xc + x3

)
+ cs

(
−lh2θ̇y − ẋc + ẋ3

)
+ f3x

Fx4 = ks
(
lh2θy + xc − x4

)
+ cs

(
lh2θ̇y + ẋc − ẋ4

)
+ f4x (3)

where x1, x2, x3 and x4 are the horizontal displacements of
roller cage shoes 1, 2, 3 and 4, respectively; ks is the cush-
ioning stiffness of the roller cage shoe; cs is the cushioning
damping of the roller cage shoe; f1x , f2x , f3x and f4x are
the controllable cushioning forces of roller cage shoes 1, 2,
3 and 4, respectively.

Substituting equation (3) into equations (1) and (2) as
follows

mẍc = −4ksxc + 2ks
(
lh1 − lh2

)
θy

− 4csẋc + 2cs (lh1 − lh2) θ̇y

+ ksx1 + ksx2 + ksx3 + ksx4
+ csẋ1 + csẋ2 + csẋ3 + csẋ4
+ f1x − f2x + f3x − f4x (4)

J θ̈y = 2 ks (lh1 − lh2) xc + 2ks
(
−l2h1 − l2h2

)
θy

+ 2cs (lh1 − lh2) ẋc + 2cs
(
−l2h1 − l2h2

)
θ̇y

− kslh1x1 − kslh1x2 + kslh2x3 + kslh2x4
− cslh1ẋ1 − cslh1ẋ2 + cslh2ẋ3 + cslh2ẋ4
− lh1f1x + lh1f2x + lh2f3x − lh2f4x (5)

The expressions for x1, x2, x3 and x4 are as follows

mr ẍ1 = kr (xr1 − x1) + cr (ẋr1 − ẋ1) − Fx1
mr ẍ2 = kr (xr2 − x2) + cr (ẋr2 − ẋ2) + Fx2
mr ẍ3 = kr (xr3 − x3) + cr (ẋr3 − ẋ3) − Fx3
mr ẍ4 = kr (xr4 − x4) + cr (ẋr4 − ẋ4) + Fx4 (6)

where mr is the mass of the roller cage shoe, kr is the contact
stiffness of the roller cage shoe, cr is the contact damping of
the roller cage shoe, xr1, xr2, xr3 and xr4 are the displacement
excitations of the rigid guides to the roller cage shoe 1, 2,
3 and 4, respectively.
Substituting equation (3) into equation (6) yields

mr ẍ1 = ksxc − kslh1θy + csẋc − cslh1θ̇y
− (ks + kr ) x1 − (cs + cr ) ẋ1
+ krxr1 + cr ẋr1 − f1x

mr ẍ2 = ksxc − kslh1θy + csẋc − cslh1θ̇y
− (ks + kr ) x2 − (cs + cr ) ẋ2
+ krxr2 + cr ẋr2 + f2x

mr ẍ3 = ksxc + kslh2θy + csẋc + cslh2θ̇y
− (ks + kr ) x3 − (cs + cr ) ẋ3
+ krxr3 + cr ẋr3 − f3x

mr ẍ4 = ksxc + kslh2θy + csẋc + cslh2θ̇y
− (ks + kr ) x4 − (cs + cr ) ẋ4
+ krxr4 + cr ẋr4 + f4x (7)
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To simulate the dynamic model in the Matlab/Simulink
environment, the above equations were transformed into the
form of the state space. Construct the variable q, s and r

q =
[
xc θy

]T
s = [x1 x2 x3 x4]T

r = [xr1 xr2 xr3 xr4]T

(8)

Construct state variable X, U andW

X =


q
s
q̇
ṡ

 U =


f1x
f2x
f3x
f4x

 W =

[
r
ṙ

]
(9)

Combining equations (4), (5), (7), and (9), the state space
equation for the mine hoisting system was expressed as

Ẋ = AX + BU + RW (10)

where the matrix AX, BU and RW are

AX =


O2×2 O2×4 I2×2 O2×4
O4×2 O4×4 O4×2 I4×4
M−1

c K1 M−1
c K2 M−1

c C1 M−1
c C2

M−1
r K3 M−1

r K4 M−1
r C3 M−1

r C4



q
s
q̇
ṡ



BU =


O2×4
O4×4
M−1

c N1
M−1

r N2



f1x
f2x
f3x
f4x



RW =


O2×4 O2×4
O4×4 O4×4
O2×4 O2×4
M−1

r K5 M−1
r C5

[ rṙ
]

where the intermediate transition matrices are

Mc =

[
m

J

]
Mr =


mr

mr
mr

mr


N1 =

[
1 −1 1 −1

−lh1 lh1 lh2 −lh2

]

N2 =


−1

1
−1

1


K1 =

[
−4ks 2 ks (lh1 − lh2)

2 ks (lh1 − lh2) 2 ks
(
−l2h1 − l2h2

) ]
C1 =

[
−4cs 2 cs (lh1 − lh2)
2 cs (lh1 − lh2) 2 cs

(
−l2h1 − l2h2

) ]
K2 =

[
Ks Ks Ks Ks

−Kslh1 −Kslh1 Kslh2 Kslh2

]
C2 =

[
cs cs cs cs

−cslh1 −cslh1 cslh2 cslh2

]

K3 =


ks −kslh1
ks −kslh1
ks kslh2
ks kslh2

 C3 =


cs −cslh1
cs −cslh1
cs cslh2
cs cslh2



K4 =


−ks − kr

−ks − kr
−ks − kr

−ks − kr



C4 =


−cs − cr

−cs − cr
−cs − cr

−cs − cr



K5 =


kr

kr
kr

kr



C5 =


cr

cr
cr

cr


B. SIMULINK SIMULATION MODEL FOR MINE
HOISTING SYSTEM
The state space equation above was modelled in Mat-
lab/Simulink for simulation. In this paper, the parameters of
a mine hoisting system was used for simulation. The specific
simulation parameters were shown in Table 1.

TABLE 1. Simulation parameters for mine hoisting system.

Studies have shown that rigid guide misalignment failures
have a more serious impact on the vibrations of mine hoisting
systems than other rigid guide failures [1]. In this paper, the
hoist was supposed to operate at a lifting speed of 9 m/s and
pass over a step with a height of 2 cm. The step function was
used in Simulink to simulate the step, and since both sides of
the rigid guides are symmetrical, it is assumed that the step
failure is located on one side only.

During the hoisting process of the mine hoisting container,
there is a time lag in impact excitation between the upper and
lower roller cage shoes beacuse the hoisting container has a
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FIGURE 3. Displacement response at the centre of mass of hoisting
container.

FIGURE 4. Acceleration response at the centre of mass of hoisting
container.

certain height. The lag time 1t can be calculated as:

1t = (lh1 + lh2) /vz

where vz is the lifting speed of the hoisting container.

C. SIMULATION RESULTS
A rigid guide misalignment failure was adopted as the input
for the simulink model. The vibration displacement and
acceleration at the centre of mass of the hoisting container
were the outputs from the simulation, and the vibration dis-
placement and acceleration were used as the stability indi-
cators of the hoisting container. The vibration responses of
the hoisting container under the influence of the rigid guide
misalignment failure were shown in Figs.3 and 4.

III. ADAMS VIRTUAL PROTOTYPE FOR MINE
HOISTING SYSTEM
The mathematical model of the mine hoisting system
established in this paper has been heavily simplified in the
modelling, so the simulation results of the dynamic model
deviate to some extent from the operation of the actual mine
hoisting system. In this paper, the correctness of the dynamic
model was verified using the virtual prototype technology.
The virtual prototype was constructed on the Adams platform

FIGURE 5. Adams model for the mine hoisting system.

with the same mine hoisting system parameters to verify the
rationality of the dynamic model and the virtual prototype.

A. ADAMS VIRTUAL PROTOTYPE MODEL
As the three-dimensional(3D)modelling capability of Adams
is not very strong and the built model is relatively crude,
Solidworks platform was used to build the 3D model of
the mine hoisting system. After the model was imported to
Adams, the material, mass, constraints and contact forces
of the imported model needed to be set.Therefore, some
necessary model parameters and motion relationships should
be manually added to the Adams model. The 3D model
constructed was shown in Fig.5.

In order to verify the rationality of the dynamic numer-
ical model, the parameters of the Adams model should be
consistent with the dynamic model, and the specific values
were shown in Table 1. The hoisting speed and excitation
action time of the mine hoisting container should also be
consistent, so the hoisting speed of the mine hoist container
in the Adams model was 9 m/s. The simulation time was
set to 8 s and the number of simulation steps was 8000.The
horizontal displacement and acceleration of the centre of
mass of the hoisting container were the simulation ouputs.

B. SIMULATION TO VALIDATE SIMULINK DYNAMIC
MODEL
After the completement of the virtual prototyping simulation
for the mine hoisting system, the horizontal displacement
and the horizontal acceleration at the centre of mass of the
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FIGURE 6. Displacement response at the centre of mass of hoisting
container.

FIGURE 7. Acceleration response at the centre of mass of hoisting
container.

hoisting container were measured. The simulation results
from the Adams model were compared with those from the
numerical model to verify the correctness of the numerical
model. The simulation results were shown in Figs.6 and 7.

The results from the two models were well consistent to
each other as shown in Figs.6 and 7. The vibration frequencies
of the hoisting container vibration are basically the same, and
the vibration amplitude from the Adams model is slightly
higher than that from the numerical model. The two mod-
els obtain the same output results with the same parame-
ters, which verifies the consistency of the two models and
proves the rationality of the mine hoisting system dynamic
model.

After the reasonability of the established Adams model
has been verified, a parametric sensitivity analysis was also
carried out. Sensitivity analysis is a good method to study
the importance of one input parameter to the model outputs.
In the process of the sensitivity analysis simulation, only
one model parameter was continuously varied by keeping
the other input parameters constant to investigate the change
rule of the corresponding output. The sensitivity analysis
was conducted using the corresponding parameters shown in
Tables 1 and 2. The first excited impact acceleration of the
container when the conveyance is passing through the fault

TABLE 2. The model parameters for the sensitivity analysis.

FIGURE 8. The parametric sensitivity analysis.

step was used as the evaluation index for the vibration con-
trol. And Fig.8 has demonstrated the correlations between
the multiple model input parameters and the evaluation
index.

The results of the sensitivity analysis showed that the
higher the mass of the hoisting container, the lower the
impact acceleration on the container. And the higher the value
of the other parameters, the higher the impact acceleration
on the container. The impact acceleration is most sensitive
to the change in the mass of the container due to the large
mass of the mine hoisting container. The height of the step
is also a major factor in the impact acceleration. Then, the
impact acceleration is less sensitive to the changes in other
parameters.

IV. SIMULINK MODEL OF MAGNETORHEOLOGICAL
DAMPERS
In this paper, the control scheme for the horizontal vibration
suppression of hoisting container was further explored. Mag-
netorheological dampers have been widely used for vibration
suppression in automotive suspensions, bridges, buildings,
high-speed trains and lifts [23] due to their low power con-
sumption, rapid response, high damping force and adjustabil-
ity [24]. In this paper, magnetorheological damper was used
as an actuator for horizontal vibration suppression of themine
hoist container. The mathematical model of a magnetorheo-
logical damper was used in Simulink instead of an actuator,
and an appropriate control strategy was designed to suppress
horizontal vibrations of the container.
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A. MAGNETORHEOLOGICAL DAMPERS
Magnetorheological dampers are commonly used as
semi-active damping devices, which have the advantages of
small size, good performance and high cost performance.
The output damping force of a magnetorheological damper
can be adjusted by varying the coil current of the damper
[25]. Magnetorheological dampers are excellent semi-active
damping devices because of their ability to switch damping
forces quickly and their low energy dissipation. Magne-
torheological dampers are now widely used for vibration
suppression in automotive suspensions, bridges, buildings,
high-speed trains and lifts, and have achieved very good sup-
pression results. Magnetorheological liquids are intelligent
materials combining micron-sized magnetic particles with
high magnetic permeability, non-magnetic carrier liquids and
stabilisers. The magnetorheological fluid can change from
a well-flowing Newtonian fluid to a Bingham body in an
instant(on the order of milliseconds) when subjected to a
changing magnetic field. And this change is continuous,
controllable and reversible. Magnetorheological fluids are
characterized by high yield strength, wide damping range,
fast response and good stability. These characteristics make
magnetorheological fluids a good material for intelligent
dampers. The working modes of magnetorheological fluids
can be classified as flow mode, shear mode, squeeze mode
and mixing mode.

The dynamical performance of magnetorheological
dampers is not only related to the applied magnetic field and
the motion state of the piston, but also to the characteristics
of the external excitation. Magnetorheological dampers have
non-linear properties such as hysteresis, double viscosity and
saturation [26], which may causes many problems for the
accurate modelling of magnetorheological dampers. Many
different models of magnetorheological dampers have been
proposed based on the hysteresis, double viscosity and sat-
uration properties of magnetorheological dampers. Com-
mon models contain the Bingham model, Bouc-Wen model,
hyperbolic tangent model, polynomial model, etc., which
have different accuracy and complexity. In general, the more
accurate the model, the more complex it is. A magnetorheo-
logical damper dynamic model should be chosen according
to the the accuracy we need.

The complexity of the magnetorheological damper model
will influence the difficulty in designing the controller.
In addition, the accuracy of the model will influence the
control effect. Therefore, to make it easy to design the con-
troller, the accuracy of the model of MR damper should be
improved upto a good level. The Bingham model is simple
in form, but it can only express the yield characteristics of
magnetorheological dampers. The Bingham model cannot
express the hysteretic and nonlinear characteristics of mag-
netorheological fluids when the magnetorheological damper
is operating at low speeds. Its inverse model is relatively
easy to obtain, but the accuracy of the model is limited.
Bouc-Wen model can express the yield characteristics and
the hysteretic characteristics of MR dampers and it has a high

model accuracy. However, the Bouc-Wen model applies two
differential equations to express the dynamical characteristics
of MR dampers, so it is too complex. And its inverse model
ignores the hysteretic effects, so the predicted control current
is less accurate when the damper is operating at low speeds.
In the polynomial model, two polynomial functions are used
to fit the dynamic curve of the magnetorheological damper.
However, the polynomial model can only well express the
hysteresis effect of the damping force when the order of
the polynomial model is higher than 5. A polynomial model
of too high order is a complex mathematical model and its
inverse model is also difficult to solve. The magnetorheolog-
ical damper model based on segmentation functions is able
to express the hysteretic effect of dampers to some extent.
However, it does not express the yield characteristics of mag-
netorheological dampers well due to its unsmooth dynamic
curve.

The accuracy, complexity and reversibility should be con-
sidered when choosing a reasonable MR damper model. And
the hysteretic and nonlinear characteristics of the magne-
torheological dampers should also be considered into the
mathematical model. In the hyperbolic tangent model, lin-
ear functions are used to express the damping and stiffness
properties of magnetorheological dampers. The hyperbolic
tangent model contains only a simple hyperbolic tangent
function, so its parameters can be easily identified. The hyper-
bolic tangent model is able to fit the damping force curve of
magnetorheological dampers smoothly. It can well expresses
the hysteretic and yield characteristics of magnetorheological
dampers. The damping forces of the model do not change
abruptly in the non-linear region. As the hyperbolic tangent
model contains only one hyperbolic tangent function, it is
possible to directly solve the inverse model expressions.

B. HYPERBOLIC TANGENT MODEL FOR
MAGNETORHEOLOGICAL DAMPERS
Among many dynamical models for magnetorheological
dampers, the hyperbolic tangent model can well expresses
the hysteresis and yield characteristics of magnetorheological
dampers. The hyperbolic tangent model for magnetorheolog-
ical dampers is simple in form and relatively accurate, so it
is well suited for controller design. Therefore, the hyperbolic
tangent model was used as the dynamical model of the mag-
netorheological damper.

The mathematics of the hyperbolic tangent model was
expressed as

f = fytanh(a1ẋ + a2x) + cẋ + kx + f0 (11)

where fy is the yield force level of the hysteretic compo-
nent, a1 and a2 are the arguments of the hyperbolic tangent
function, f0 is the offset of damper force, k is the stifiness
coeficient of the spring, and c is the viscous coeffcient of the
dashpot.

The hyperbolic tangent model of magnetorheologi-
cal dampers used in this paper was cited from Wei
Shuli’s research results [27]. The parameters of the
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TABLE 3. Identification parameters for hyperbolic tangent model of
magnetorheological damper.

FIGURE 9. Damping force versus velocity under different electric current.

FIGURE 10. Damping force versus displacement under different electric
current.

magnetorheological damper were shown in Table 3, where
a1, a2 and k are considered to be constant values, then fy, f0
and c are different functions of the coil current.

The hyperbolic tangent model of the magnetorheological
damper was established in Simulink. A sinusoidal excitation
signal with an amplitude of 5 cm and a frequency of 2 Hz
was fed into the magnetorheological damper model. The
damping force, relative velocity and relative displacement
of the magnetorheological damper model were output under
different current conditions. The Force-Velocity and Force-
Displacement diagrams of the magnetorheological damper
were shown in Figs.9 and 10.

From the simulation results, it can be seen that the model
can effectively express the hysteresis characteristics and
double viscosity characteristics of the magnetorheological
damper. When the coil current was set to the maximum value,
the output damping force was the highest and the energy
dissipation is best.

V. ADAMS/SIMULINK CO-SIMULATIONN OF
HORIZONTAL VIBRATION SUPPRESSION
Although the mathematical model of the mine hoisting sys-
tem can be used to obtain some simulation conclusions, there
are more simplified operations in the mathematical model.
There are some inevitable modelling errors in the mathemat-
ical model. In order to study the characteristics of the system
more realistically, the simulation process of the mine hoisting
system was carried out in the Adams environment. Then, the
calculation process of the vibration control for the mine hoist-
ing system was carried out in Simulink to compensate the
lack of control calculation capability in the Adams platform.
Finally, the Adams/Simulink co-simulation control based on
the virtual prototype was established.

A. VIBRATION CONTROL STRATEGIES FOR HOISTING
CONTAINERS
During the operation of the mine hoisting system, the fault
excitation of the rigid guides aggravates the horizontal vibra-
tion of the hoisting container. Although fewmagnetorheolog-
ical dampers have been used in mine hoisting systems, some
studies have used magnetorheological dampers in hoisting
systems [28]. Therefore, this study investigated and designed
a skyhook damping control strategy to suppress the hori-
zontal vibration of the hoisting container. Magnetorheolog-
ical dampers were used as cushioning devices to suppress
horizontal vibrations in container. The horizontal vibration
acceleration of the hoisting container was used as the evalua-
tion indicator for vibration suppression. Therefore the control
purpose in this study is to reduce the horizontal vibration
acceleration at the centre of mass of the hoisting container.

Considering that the mine hoisting system is a multi-input
and multi-output (MIMO) system, the state space equation
was used in this paper to describe the equations of the model.
From equation (9) the state vectorX, the control vectorU and
the disturbance vectorW were expressed as

X =


q
s
q̇
ṡ

 U =


f1x
f2x
f3x
f4x

 W =

[
r
ṙ

]

From equation (10), the state-space equation of the mine
hoisting system was expressed as

Ẋ = AX + BU + RW

In this paper, the semi-active control strategy for horizontal
vibration of mine hoisting systems was skyhook damping
control. The idea of skyhook damping control is to install a
skyhook damper between the control target and an imaginary
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FIGURE 11. Horizontal vibration model for 1/4 mine hoisting system.

skyhook. The imaginary skyhook damper would only con-
sume the energy of the control target. When the damping of
the skyhook damper is adjusted to a suitable value, the vibra-
tion of the hoisting container will be effectively suppressed
[29]. The dynamic model of the mine hoisting system was
shown in Fig.2. To reduce the control difficulty, this study
used the 1/4 horizontal vibration control model of the mine
hoisting system, which is shown in Fig.11.

Equations for the 1/4 horizontal vibration control model
were expressed as

mr ẍ1 = kr (xr − x1) + cr (ẋr − ẋ1)

+ ks (x0 − x1) + cs (ẋ0 − ẋ1) − f

mẍ0 = ks (x1 − x0) + cs (ẋ1 − ẋ0) + f

where xr is the displacement excitation of the rigid guide
to the roller cage shoe, x1 is the horizontal displacement of
the roller cage shoe, x0 is the horizontal displacement of the
hoisting container support, mr is the equivalent mass of the
roller cage shoe, m0 is the equivalent mass of the hoisting
container support, kr is the contact stiffness of the roller
cage shoe, cr is the contact damping of the roller cage shoe,
ks is the buffer stiffness of the roller cage shoe, cs is the
buffer damping of the roller cage shoe, and f is the controlled
damping force of the magnetorheological damper.

As magnetorheological dampers are semi-active actuators
[30], the damping force of the magnetorheological dampers
does not always meet the force required by the skyhook
damping controller. The skyhook damping control therefore
was converted to semi-active control by measuring the vibra-
tions of the hoisting container and the roller cage shoes.
[31] The damping force of the magnetorheological damper is
related to its coil current. Therefore, the damping force of the
magnetorheological damper reaches a maximum value when
the current reaches a maximum value of 1 A, and the damping
force of the magnetorheological damper reaches a minimum
value when the current reaches a minimum value of 0 A.

Thus, the equations of converting the skyhook damping
control to semi-active control were expressed as

F =

{
fmax (I = Imax , x, ẋ) , ẋ0 (ẋ0 − ẋ1) > 0
fmin (I = Imin, x, ẋ) , ẋ0 (ẋ0 − ẋ1) ≤ 0

where x and ẋ are the piston displacement and velocity
respectively, fmax is the magnetorheological damper output
force when the coil current is taken to a maximum value

FIGURE 12. The working principle of fuzzy control.

of 1 A, and fmin is the magnetorheological damper output
force when the coil current is taken to a minimum value
of 0 A.

The switching of the coil current between minimum and
maximum values makes the magnetorheological damper and
the mine hoisting system chatter [32]. Chattering not only
shortens the life of magnetorheological dampers but also
influences the stable operation of the system. In this study,
several additional current options between the maximum and
minimum currents of the magnetorheological damper were
provided. More current options enabled magnetorheological
dampers to switch output forces more smoothly. This control
strategy can effectively suppress the vibrations of the hoisting
container and contributes to the stability of the system.

By combining fuzzy control and skyhook damping control,
a fuzzy skyhook damping controller has been designed. The
controller divided the magnetorheological damper’s coil cur-
rent into seven options. Firstly, the fuzzy controller fuzzified
the input signal into a fuzzy variable. Secondly, the fuzzy
variable was transmitted to the fuzzy inference machine con-
taining the fuzzy rules. Then the fuzzy inference machine
obtained the fuzzy results by fuzzy operation. And finally, the
fuzzy results were defuzzified into a current signal that can
be used by the actuator. In the above process, fuzzification
and defuzzification were completed through the fuzzification
interface and defuzzification interface respectively. The main
factor determining the effectiveness of fuzzy control is the
fuzzy inference machine containing the fuzzy rules. [33] The
working principle of fuzzy control was shown in Fig.12.

The fuzzy control system used a Mamdani type inference
engine. The horizontal vibration speed V of the hoisting con-
tainer and the relative vibration speedVr between the hoisting
container and roller cage shoe were used as inputs to the
controller. And the magnetorheological damper coil current
I was used as the output to the controller. Both the absolute
velocity V and the relative velocity Vr were divided into nine
fuzzy subsets. Triangle membership function was used as
the membership function in this fuzzy controller. The fuzzy
subsets of both absolute and relative velocities were denoted
as {NB,NM,NS,NVS,ZE,PVS,PS,PM,PB}. And the fuzzy
subsets stand for negative big, negative medium, negative
small, negative very small, zero, positive very small, positive
small, positive medium and positive big respectively. The
universe of discourse for the absolute velocity V was taken as
{−0.1,−0.075,−0.05,−0.025,0,0.025,0.05,0.075,0.1}. And
the the universe of discourse for the relative velocity Vr
was taken as {−0.2,−0.15,−0.1,−0.05,0,0.05,0.1,0.15,0.2}.
The coil current I was divided into seven fuzzy sub-
sets and the membership function used the triangle
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TABLE 4. Fuzzy rule table for fuzzy skyhook damping control.

FIGURE 13. The 3D surfaces of the fuzzy rules.

membership function. The fuzzy subsets were denoted as
{PA,PB,PC,PD,PE,PF,PG}. And the universe of discourse for
the coil current I was taken as {0,0.15,0.3,0.55,0.7,0.85,1}.
Thus, the magnetorheological damper had seven levels of coil
current in total.

As both inputs were set to 9 fuzzy subsets, 81 fuzzy rules
were generated in total. Magnetorheological dampers will
chatter when the coil current is switched directly between
minimum and maximum values. The control strategy that
combines skyhook damping control with fuzzy control was
effective in suppressing chatter generated by magnetorhe-
ological dampers [34]. The fuzzy rules for fuzzy skyhook
damping control in this paper were shown in Table 4, and the
three-dimensional surfaces of the fuzzy rules were shown in
Fig.13.

Centroid of Area Method(centroid) was used to fuzzify
fuzzy variables. [35] In order to match the fuzzification
interface to the input signal, the input scaling gain was set
before the fuzzification interface. And in order to match the
defuzzification interface to the actuator, the output scaling
gain was set after the defuzzification interface.

In order to compare with conventional control strategies,
a PID semi-active controller was also designed in this study.
The proportional-integral-derivative(PID) controller consists
of the error, the integral of error and the derivative of error.
The algorithm of the PID controller is simple and the stability
of the controller is excellent. The PID controller can control
the system effectively without an accurate system model.

The PID control algorithm can be expressed as:

u(t) = Kpe(t) +
1
Ki

∫
e(t)dt + Kd

de(t)
dt

where e(t) is error of the system, Kp is the proportion coefi-
cient, Ki is the integration coefficient, and Kd is the differen-
tiation coefficient.

The controller weighted the error, the integral of error and
the derivative of error respectively. The controller then fed
the calculated control signal to the actuator of the control
system. The horizontal vibration acceleration of the hoisting
container was used as the control object for PID control.
The deviation of the horizontal vibration acceleration from
zero acceleration was used as the deviation signal for PID
control. The trial and error method was used to adjust the PID
parameters. And the final parameters were determined to be
4200 for Kp, 1/28200 for Ki and 50 for Kd .

Magnetorheological dampers are semi-active actuators,
so it is necessary to convert the PID active control to semi-
active control. In order to convert to semi-active control,
the inverse model of magnetorheological damping needs to
be solved. The desired control force of the Pid controller
was converted into a semi-active output force of the magne-
torheological damper. Firstly, the mathematical model of the
magnetorheological damper was derived in reverse to obtain
the inverse mathematical model of the magnetorheological
damper. Secondly, the correctness of the inverse mathemat-
ical model was verified by simulation. Thirdly, the PID con-
troller was constructed in the mine hoisting system. Then,
the desired control force of the Pid controller was fed into
the inverse mathematical model of the magnetorheological
damper. Finally, the inverse mathematical model calculated
the control current of the magnetorheological damper.

According to equation (11) and Table 3, the expression for
the mathematical model of magnetorheological damping was
as follows:

0 ⩽ I ⩽ 0.2 :

f = (579.6 I + 82.96) tanh(0.1ẋ + 0.065 x)

+ (3.1 I + 0.71)ẋ + 0.27 x − 19.95 I − 11.77

0.2 < I ⩽ 1 :

f = (−719.6 I2 + 1817I − 135.7) tanh(0.075ẋ + 0.08 x)

+ (0.1429 I2 + 2.669 I + 0.84)ẋ + 0.27 x

+ 16.28 I2 − 29.55 I − 11.67

The above equations were derived backwards. The equa-
tions for the inverse mathematical model of magnetorheolog-
ical damping were expressed as

0 ⩽ I ⩽ 0.2 :

I =
f1−82.96 tanh(0.1ẋ+0.065 x)−0.71ẋ−0.27 x+11.77

579.6 tanh(0.1ẋ + 0.065 x) + 3.1ẋ − 19.95
0.2 < I ⩽ 1 :

0 = [−719.6 tanh(0.075ẋ + 0.08 x) + 0.1429ẋ + 16.28]I2

+ [1817 tanh(0.075ẋ + 0.08 x) + 2.669ẋ − 29.55]I
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FIGURE 14. The simulation results for the current signal.

− 135.7 tanh(0.075ẋ + 0.08 x) + 0.84ẋ

+ 0.27 x − 11.67 − f2

Based on the above equations, the inverse model of mag-
netorheological damper was built in Simulink. Before using
the inverse model of magnetorheological dampers, the valid-
ity of the inverse model needs to be verified. A Sine sig-
nal with an amplitude of 2 cm and a vibration frequency
of 1 HZ was used as the vibration excitation. A normally
distributed random number with a variance of 0.3 and a
mean of 0 was used as the current signal for the magne-
torheological damper model. Finally, the input current sig-
nal was compared with the current signal calculated by the
inverse model to verify the validity of the inverse model.
The simulation results for the current signal are shown in
Fig.14.

As shown in Fig.14, the results for both current signals
were essentially the same. Both models obtained the same
current signal with the same excitation signal, which verified
the correctness of the inverse model.

B. ADAMS/SIMULINK CO-SIMULATION
In this study Adams/Simulink co-simulation was used to
test horizontal vibration control algorithms for mine hoisting
systems. In the simulation process, the vibration signal of
the mine hoisting system in Adams was output to Simulink
in real time. Then, the controller designed in Simulink was
used to operate on this signal. Finally, the operation results
from Simulink were sent back to the mine hoisting system
in Adams. In Adams, the vibration signals of the hoisting
container, the roll cage shoe and the fixed support were set
as output variables respectively. And the damping forces
of the magnetorheological dampers were set as input vari-
ables. Then, the input and output variables were connected
to the Matlab platform via the Adams Controls Plant Export
module. The co-simulation control process of fuzzy skyhook
control and PID semi-active control were shown in in Fig.15.
and Fig.16 respectively.

After entering the ‘‘Adams_sys’’ command in the Mat-
lab platform, the Adams Subsystem module was called

FIGURE 15. The control process of fuzzy skyhook control.

FIGURE 16. The control process of PID semi-active control.

FIGURE 17. (a) Adams Subsystem module. (b) Adams Plan module.

and displayed in Simulink. The Adams Subsystem mod-
ule contains the Adams Plant block, which can modify the
co-simulation parameters. In the Adams Plant block, the
simulation step size was set to 0.001 s and the co-simulation
mode was set to real-time interactive mode. The Adams Sub-
system module and Adams Plan block are shown in Fig.17.

The fuzzy skyhook damping controller and the PID
semi-active controller were designed in Simulink. The fuzzy
skyhook damping controller, PID semi-active controller,
magnetorheological damper model and Adams Subsystem
module were connected together. Firstly, the operating results
of the Adams model of the mine hoisting system were trans-
mitted to the fuzzy skyhook damping controller and the
PID semi-active controller respectively. Secondly, the con-
trol currents of the magnetorheological dampers were calcu-
lated separately by the two controllers. Then, after combined
with the magnetorheological damper model, these two con-
trollers calculated the output force of the magnetorheological
damper separately. Finally, the output forces calculated by
both control strategies were transmitted back to the mine
hoisting system model in Adams via the Adams Subsystem
module.
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FIGURE 18. Displacement response for the hoisting container.

FIGURE 19. Acceleration response for the hoisting container.

C. ANALYSIS OF VIBRATION CONTROL RESULTS
The hoisting speed was set to 9 m/s and the step height
of the rigid guide was set to 2 cm in Adams. The running
time was set to 8 s in Simulink. The horizontal vibration
acceleration and displacement of the hoisting container were
used as evaluation indicators. Finally, Adams/Simulink co-
simulation of the mine hoisting system was carried out. The
simulation results for the horizontal vibration of the mine
hoisting container were shown in Figs.18 and 19. And the
current signals of the four magnetorheological dampers were
shown in Figs.20.

From the response of the acceleration and displacement,
both control strategies can effectively suppress the horizontal
vibration of the mine hoisting container caused by the guide
misalignment failures. In order to compare the control effects
from different controllers, the simulation results need to be
expressed quantitatively. The root mean square(RMS), mean
andmaximum values for the horizontal vibration acceleration
were calculated after all roller cage shoes had passed through
the misaligned rigid guides.

Root Mean Square Error(RMSE) is the standard deviation
of the residuals. RMSE is usually used to measure the disper-
sion of these residuals. The mean value for the acceleration
was the sum of all sampled accelerations divided by the num-
ber of samples. And the maximum value of the acceleration

FIGURE 20. The current signals of magnetorheological dampers:
(a) Damper for the upper roller cage shoe on the side of the faulty rail,
(b) Damper for the upper roller cage shoe on the side of the intact rail,
(c) Damper for the lower roller cage shoe on the side of the faulty rail, and
(d) Damper for the lower roller cage shoe on the side of the intact rail.

TABLE 5. The control results for different control strategies.

was the largest of all sampled accelerations. The RMS, mean
andmaximum values for the horizontal vibration acceleration
can be expressed as:

ARMS =

[
N∑
i=1

(ai − a0)2 /N

] 1
2

Ā =
1
N

(
N∑
i=1

ai

)
Amax = Max {a1, a2 · · · , aN }

where ai is the sampled horizontal vibration acceleration after
all roller cage shoes had passed through the misaligned rigid
guides, a0 is the 0 acceleration value, and N is the number of
sampled horizontal vibration acceleration after all roller cage
shoes had passed through the misaligned rigid guides. The
control results for different control strategies were shown in
Table 5.

With the use of fuzzy skyhook damping control, the RMS
value of horizontal vibration acceleration was reduced by
47.32%, the mean value by 22.50% and the maximum value
by 35.39%. Further, with the use of PID semi-active con-
trol, the RMS value of horizontal vibration acceleration was
reduced by 34.24%, the mean value by 11.67% and the
maximum value by 25.24%. According to the simulation
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results, it can be seen that both control strategies have good
suppression effect on the horizontal vibration of the mine
hoisting system. By observing the evaluation indicators of
acceleration, it can be seen that the fuzzy skyhook damping
controller suppresses the horizontal vibration of the hoisting
container better than the PID semi-active controller. The
reason for this result may be that conventional PID con-
trol cannot adjust the control parameters in real time as the
system operates. And, the semi-active damping force of the
magnetorheological dampers does not always meet the active
control force expected from the PID controller. As a result,
the fuzzy skyhook damping control showed better effect on
vibration suppression.

VI. CONCLUSION
In this paper, the magnetorheological dampers were innova-
tively introduced into the mine hoisting system by adding
the semi-active vibration damping cushion on the roller cage
shoe. And the feasibility of the magnetorheological damper
for suppressing horizontal vibration of the mine hoisting
container was demonstrated.

This study modelled the mine hoisting system. A mathe-
matical model and a virtual prototype model for the 2-degree-
of-freedom horizontal vibration of the mine hoisting system
were established, which provides the model basis for the
horizontal vibration control of the mine hoisting system.

Compared to floating sheaves, the roller cage shoes as
actuators have no time lag effect when the actuators control
the vibration of the system. And there is no excess unknown
disturbance between the actuator and the mine hoisting con-
tainer. The use of magnetorheological dampers in roller cage
shoes is a cost-effective and less difficult method to suppress
vibrations.

The RMS, mean and maximum values for the horizontal
vibration acceleration of the hoisting container were reduced
by 47.32%, 22.50% and 35.39% respectively, which was a
relatively significant effect for vibration control. The simu-
lation results showed that the fuzzy skyhook control strategy
not only successfully suppresses the horizontal vibration of
the mine hoisting container, but also has better effect than
the traditional PID control. This study provided an effective
reference for the horizontal vibration control strategy of the
mine hoisting system. If both floating sheaves and roller cage
shoes are used as control actuators, the vibration of the mine
hoisting container will be further suppressed.
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