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ABSTRACT Hydraulic support is a collaborative bearing equipment with hydraulic transmission power and
mechanical bearing load. The method of the mechanical-hydraulic co-simulation model is used to discuss the
response difference of hydraulic support in the process of roof rotation. Based on this model, the variation
law of hydraulic support is analyzed by changing the rotation velocities of the roof. Then, by changing
the discharge flow of relief valves at the column, the energy unloading characteristics of the column are
discussed. The results demonstrate that with an increase in the roof rotary velocity, the pressure and flow
peaks of the column increase continuously (the increase multiples of pressure and flow peaks are 123% and
51%, respectively). The tendency of load variation at different locations of hinge points appears to be varied.
Lastly, this paper increases the discharge flow of the relief valve to shorten the energy unloading time (by
1.5 s) and reduce the load at the hinge point. This approach helps reduce the probability of damage to the
hydraulic support and prolongs its life.

INDEX TERMS Hydraulic drives, mechanical engineering, valves.

I. INTRODUCTION
As an important national energy, coal mining, and utiliza-
tion efficiency determine the speed of industrialization and
economic development [1], [2], [3], [4]. Fig. 1 shows the
working process of the hydraulic support. It can be divided
into four stages, which are shown by Fig. 1A, B, C, and D,
respectively. Firstly, the hydraulic support increases its height
to support the roof (A); after the shearer finishes coal mining,
the height of the hydraulic support decreases (B); then the
shearer and the armored face conveyor move toward the coal
seam with the help of the shift jack. After completing the
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above actions, the hydraulic support moves toward the coal
seam with the pull of the shift jack (C); finally, after reaching
the specified position, the hydraulic support rises again to
support the roof and maintain the normal work of the working
face(D). When the hydraulic support is moving, it will be
continuously impacted by the dynamic effect of immediate
roof crushing and caving, main roof fracture, and instabil-
ity [5], [6], [7], [8]. Therefore, studying the load transfer law
of hydraulic support in the impact process has a key guiding
role in its selection design and performance optimization.

Numerous scholars have mainly carried out the following
research works to study the influence of loading mode on
the pressure and structural movement of hydraulic support
systems. Szurgacz Dawid [9], [10] introduced that hydraulic
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FIGURE 1. The working process of the hydraulic support.

supports are susceptible to the impact of coal seams during
the bearing and caused undesirable consequences of dam-
age to the double telescopic column. Guo and Mao [11]
designed and prevented three energy-absorbing members
at the top beam position to enhance the resistance of the
bracket. Meng et al. [12] placed load impact points at dif-
ferent positions above the support to observe the overall
action of the support and obtain the stress concentration
position of the structural parts. Guo and Zhao [13], [14]
established the mathematical model and simulation model of
the safety valve. The authors compared the dynamic differ-
ences under impact conditions through simulation analysis
and experimental operation. Meng and Zeng [15] established
the hydraulic support impact dynamics model and discussed
the influence of balancing jack position on the hydraulic
support bearing capacity. Li and Andrzej [16], [17] carried
out a fluid-solid coupling analysis on the established safety
valve model. The results are of great significance for the
parameter optimization of the hydraulic control system and
the guidance of coal mine safety production. Yang et al. [18]
discussed stress-sensitive regions of mechanical structures by
separating or unifying the loading of the top and cover beams.
Wan and Wang [19] studied the effect of gangue particles on
the motion state of the bracket and obtained that the enhanced
particle impact signal would change the operating charac-
teristics of the bracket. Based on the numerical simulation
and hydraulic support model impact test bench, to solve the
problem of uneven distribution of energy when the support
is working, Ren et al. [20] proposed a method to change the
support force and stiffness of the column, which provides a
basis for the performance optimization of the large cylinder

column system. Based on the working principle of hydraulic
support, Zhai et al. [21] established a hydraulic systemmodel.
The authors differentiated the response of the system during
operation by changing the spring stiffness of the piston rod
position.

In addition, the improvement in the level of com-
puter application has promoted the progress of science
and technology, making more and more industrial soft-
ware serve in the development and research process of
construction machinery. References [22], [23], [24], [25],
[26], and [27] show that software in different fields
performs co-simulation to complete product development
and design. Furthermore, the co-simulation results are
more accurate than single simulation results, and the
obtained data results are closer to the real situation.
Co-simulation technology has the advantages of improv-
ing the product design quality, shortening the new product
development cycle, and reducing new product manufacturing
costs. It is widely used in product performance improvement
and other aspects. However, the method is less applied to the
study of hydraulic supports.

To summarize, the existing results mainly consider the
motion characteristics of the structural parts and the energy
distribution characteristics of the hydraulic support system
under different loading modes. However, these studies did
not consider the synergistic load-bearing effect of the cou-
pled mechanical-hydraulic system of the hydraulic support.
There is no comprehensive consideration of the influence of
parameter changes on the bearing capacity of the support.
Therefore, this paper comprehensively considers the working
law of the double telescopic column of the hydraulic support,
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FIGURE 2. Mark points setting location. a: Top beam; b: Balance jack;
c: Column; d: Bedplate; e: Shield beam; f: Rear link; g: Front link.

solves the problem that the mechanical and hydraulic cannot
be coupled through the multi-software joint method, and
establishes the co-simulation model of the hydraulic support.
In addition, the differential response of the hydraulic support
under different parameters is discussed by varying the roof
rotary velocities and the relief valve flow rate.

II. ESTABLISHMENT OF HYDRAULIC SUPPORT
MECHANICAL-HYDRAULIC CO-SIMULATION MODEL
A. ESTABLISHMENT OF MECHANICAL SYSTEM
SUBMODEL
The two-column support usually shows stronger adaptabil-
ity to the surrounding rock. Its single-row column support
method can avoid the stability problem of the support caused
by the front and rear columns. The key variables of support
are indicated in Table 1.

Firstly, according to the working principle of the hydraulic
support and the positional relationship of the structural parts,
this section establishes the mechanical sub-model of the
hydraulic support using ADAMS. The constraint relationship
of each structural component is determined. The base is a
fixed pair constraint, the hydraulic cylinder is a dynamic
pair constraint, and the connecting parts of other parts are
wheel set constraints. Secondly, the mark points are built to
achieve real-time variable data interaction between different
software. This step is used to complete the creation of state
signals such as force, speed, and displacement of hydraulic
cylinders. The mark points setting positions are indicated
in Fig. 2.

B. ESTABLISHMENT OF HYDRAULIC SYSTEM SUBMODEL
Fig. 3A shows the hydraulic system diagram, where (a) is the
hydraulic system sub-model built by AMESim, and (b) is the
hydraulic system schematic diagram. The names and distri-
bution locations of the components of the hydraulic system
are clearly indicated by the mutual correspondence of the
schematic diagram and the model diagram. The hydraulic
component size setting reference is shown in Table 1. In (a),
the data coupling module is used to exchange data with the
mechanical system module, and the dimension gain module

TABLE 1. Key variables of support.

is used to match the units between different variables. Fig. 3B
shows the flowchart of simulation modeling. After the above
process, the established mechanical system and hydraulic
system variables are imported into Simulink, which can gen-
erate and connect the two system modules, completing the
data exchange between different software. Before the simu-
lation, the key parameters are set as follows. The compilation
environment is set to C++, and the analysis type is nonlinear.
Animation mode is interactive, simulation mode is discrete,
and the communication interval is 0.0001 s. The Simulink
solver selects the variable step size ode45. Simulation results
of different systems can be obtained after completing the
simulation.

C. HYDRAULIC SUPPORT LIFTING PROCESS RESULTS
ANALYSIS
This section analyzes the lifting movement of the hydraulic
support by considering the influence of its gravity and ignor-
ing the external load. The positions of the first stage cylinder
and second stage cylinder in the column system are shown
in Fig. 2. To facilitate the reader’s understanding, the height
change process of the hydraulic support is divided into three
stages: 0 s to 2 s for stage 1, which is the process of the first
stage cylinder piston rising; 2 s to 8.61 s for stage 2, which is
the process of the second stage cylinder piston rising; 8.61 s
to 12 s for stage 3, which is the stage when the pressure of
the lower chamber of the column reaches the pumping station
pressure (37.5 MPa).

According to Fig. 4A, the column inlet switch is always
open. Furthermore, the balance jack inlet switch is always
closed, which is in the adaptive balance state. According to
Fig. 4 (B-E), In stage 1, the high-pressure oil enters the first
stage cylinder (1500L/min). With the increase of oil pressure,
the first stage cylinder piston is pushed up (the rising distance
is 2.11 m). The height of the support increases from 6.9 m
to 7.15 m. In stage 2, when the first stage cylinder piston
moves to the end of the stroke, the oil enters the second
stage cylinder (1500L/min) smoothly and continues to push
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FIGURE 3. (a) Hydraulic system diagram. (a): Hydraulic system sub-model. (b): Hydraulic system schematic diagram. (b) The flowchart of
simulation modeling.
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FIGURE 4. (a) Column and balance jack control signal. (b). Column hydraulic cylinder pressure. (c) Column hydraulic cylinder flow.
(d). Column rodless cavity length and hydraulic support height. (e) Balance jack rodless cavity length and hinge point load.
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FIGURE 5. (a) Roof rotary load adding method. (b). Different roof rotary velocities.

the second stage cylinder piston up (the rising distance is
2.19 m). The height of the support increases from 7.15 m
to 8.15 m in this process. In stage 3, after the height of the
support reached themaximum, the pressure inside the column
chamber gradually increased and finally reached the pumping
station pressure (37.5 MPa). The height of the support no
longer varies. The length of the rodless cavity of the balance
jack is also gradually stretched with an increase in the support
height (the longest is 0.56 m at 3.84 s). Due to the stop of the
balance jack piston movement, the overall motion state of the
hydraulic support also changed. At 3.84 s, the flow curve of
the column lower chamber fluctuates. In addition, with the
change in the lengths of the column, the hinge point load also
shows a significant change. The hinge point load is the largest
(40 kN) at 3.84 s.

Based on the above analysis, this section takes the column
system as the active member and other structural members
as the follower. The influence law of column piston motion
on the change of support height is obtained. This shows that
the method of mechanical-hydraulic co-simulation adopted
is reasonable. Moreover, the results of the mechanical system
and hydraulic system can be obtained after the simulation.
This can provide the analysis model for the subsequent acqui-
sition of the dynamic response of the support under different
working conditions.

III. RESPONSE ANALYSIS OF HYDRAULIC SUPPORT
UNDER ROOF ROTATION
A. THE METHOD OF ROOF ROTARY LOADING ADDITION
Under working conditions, the hydraulic support is in the’
basic roof - upper immediate roof - hydraulic support -floor’
coupling system [28], [29]. Influenced by the rock stiffness
and support strength, the rotary speed of the roof after fracture
is different, and the impact effect on the support is also
different. The direct roof and the basic roof are uniformly

defined as the rigid roof to simplify the model establishment.
The position of the roof in space is above the top beam and
behind the coal wall, where the collision force is set between
the top beam and the roof, and the rotating pair is set between
the roof and the coal wall. The roof rotation loading method
is shown in Fig. 5A.

Affected by factors such as fracture location and rotary
space; roof fracture will produce impact loads at different
speeds. Therefore, it is meaningful to consider the influence
of roof movement on hydraulic support. Since there is no
regularity in the time and magnitude of the load acting on
the support, it is difficult to accurately capture the transient
response of the hydraulic support under the impact load.
Therefore, this paper controls the rotary motion of the roof by
applying the slewing function and then obtains the dynamic
law of the support. To ensure the safety of the coal mining
process, the hydraulic support should give the coal seam
active support force in 0 s ∼ 1.7 s. This process keeps the
spatial position of the roof fixed. The oil from the pumping
station enters the column’s lower chamber and when the
support reaches the initial force, hydraulic oil is no longer
required to enter the rodless column chamber. From 1.7 s
to 1.9 s, five roof rotary velocities are set, and these veloc-
ities are named sequentially Velocity1, Velocity2, Velocity3,
Velocity4, and Velocity5. The peak velocity increases from
0.1 rad/s to 0.5 rad/s (interval is 0.1 rad/s,). From 1.90 s to
1.91 s, the rotary velocity is reduced to 0, and the position of
the roof remains unchanged after rotation [14]. Furthermore,
the simulation operation time of the process is set to 5 s.
Different roof rotary velocity curves are shown in Fig. 5B.

B. EFFECT ON THE PRESSURE AND FLOW OF THE
COLUMN SYSTEM
According to Fig. 6, the hydraulic support provides active
support force in 0 s ∼ 1.7 s. During this period, the oil enters
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FIGURE 6. (a) Column pressure under different roof rotary velocities. (b) Column flow under different roof rotary velocities.
(c). Column pressure and flow peak under different roof rotary velocities.

the rodless cavity of the column and pushes the piston of the
column to rise. Due to the small impact on the support system
when the oil enters, the curve has no large fluctuation and
finally stabilizes at 37.5 MPa. The column pressure does not
reach the opening pressure of the relief valve (the opening
pressure is 45 MPa). Therefore, the flow curve does not
change.

According to Fig. 6C, the pressure and flow peaks show
an increasing trend as the rotary velocity increases. The
peak pressure increases from 58.4 MPa to 130.3 MPa (with
an increase of 123%), and the peak flow rate increases
from 1776.5 L/min to 2683.8 L/min (with an increase of
51%). After the roof rotary velocity disappears, the cham-
ber pressure and flow carve show a regular decrease and
stability. When the impact load comes, the insufficient flow
of the relief valve makes the high-pressure oil inside the

column system unable to be released in time. Taking the
Pressure(46 MPa) of the column as the reference pressure,
the required time to reach Pressure (46 MPa) when Velocity1
(0.1 rad/s) is 2.94 s, while the required time for Velocity5
(0.5 rad/s) is extended to 3.83 s.

With the increase of the rotary speed of the roof, the impact
load acting on the support increases, which makes the pres-
sure and flow rate of the column rise gradually. Due to the
small relief capacity of the relief valve, there is an extended
unloading time.

C. EFFECT ON CENTROID DISPLACEMENT OF EACH
STRUCTURAL COMPONENT
The spatial position of each structural component of the
mechanical system is affected by the lengths of the col-
umn. Furthermore, the extension length of the column is
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FIGURE 7. (a) Top beam centroid displacement under different roof rotary velocities. (b). The remainder of centroid displacement variation
under different roof rotary velocities.

determined by the oil volume of the rodless cavity. Therefore,
the migration states of each structural component will also
alter with the change of the column system overflow volume
under the action of roof rotation. The centroid displacement
changes of each structural component in the vertical direction
can be obtained from Fig. 7. The centroid displacement of
the top beam in Fig. 7A is negative, which indicates the
downward distance of the top beam centroid relative to the
initial position. The value of the center of mass displacement
in Fig. 7B is positive, which indicates the change of the
other structure centroids relative to the initial position (the
absolute value of the downward displacement). From 0 s to
1.7 s, the oil from the pump station enters the column lower
chamber, and the piston starts to rise and drive the spatial
position of the structural components to change. Since the
roof and the top beam are in close contact, the roof height
remains unchanged, and the upward movement of the top
beam is blocked. Therefore, the centroid positions of each
structural component do not change significantly during this
period.

From 1.7 s to 1.9 s, an increase in rotary velocity makes the
variation of each component centroid different after stabiliza-
tion. The greater the rotation velocity, the greater the overflow
volume of the column and the change in each component
centroid. By comparing the variation of each structural com-
ponent centroid, it can be found that the variation of these cen-
troids increases five times when the rotary velocity increases
to Velocity5(0.5 rad/s). The above results show that when the
load impacts the hydraulic support, the pressure in the lower
chamber of the column begins to rise and gradually rises to
45MPa. At this time, the high-pressure oil begins to flow out
through the relief valve, the elongation of the column piston
decreases, and the spatial position of the structural parts also
changes.

Based on the above analysis, the movement of the struc-
tural members is related to the elongation of the column
piston. With the increase of the rotary speed of the roof, the
pressure of the column reaches the opening pressure of the
relief valve. The increase in the flow of the relief valve makes
the piston retraction distance of the column rise, which leads
to the overall height of the support decreasing. The displace-
ment of the structural members’ centroid of the mechanical
system increasing.

D. EFFECT ON HINGE POINT LOAD
As a multi-link mechanism, the hinge points make the move-
ment of structural parts affect each other. Moreover, the
movement of the structure also changes the load of the hinge
point [30], [31]. The top beam and the shield beam hinge
point, the shield beam and the front link hinge point, and the
shield beam and the rear link hinge point are defined as hinge
point 1, 2, and 3, respectively. The positions of the hinge point
are shown in Fig. 2. The load curves of the hinge point are
shown in Fig. 8.

According to Fig. 8A, the force curves of the three hinge
points show a trend of gradually increasing to a stable state
from 0 s to 1.7 s. Loads of hinge points 1, 2, and 3 are stable
at 8500 kN, 11700 kN, and 4100 kN, respectively. From
1.7 s - 5 s, the load at each hinge point rapidly increases to
the peak and then gradually decreases to a stable value as
the impact force decreases (the stability time is about 4.1 s).
Under the given roof rotary velocity, the hinge point 2 has
the highest peak load and hinge point 1 has the lowest peak
load. According to Fig. 8B, the curve of changing trend of
the hinge point 1 is the same under different roof rotation
velocities. In a short period of rotation velocity change, the
peak load at hinge points 1 increased 2.15 times (increased
from 15,700 kN to 33,700 kN). The energy dissipation time of
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FIGURE 8. (a) Hinge point load of different positions at Velocity5 (0.5 rad/s). (b). Hinge points 1 load under different roof rotary
velocities. (c). Hinge point load growth rate of different positions under roof rotary velocities.
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FIGURE 9. (a) Column pressure and flow peak under different discharge flows. (b). Times of pressure reaching Pressure (46 MPa) under
different discharge flows.

FIGURE 10. (a) Hinge point peak under different discharge flows. (b). Times of load reaching Force (10720 kN) under different discharge
flows.

the column is prolonged under the existing relief valve flow
after the velocity disappears. This also leads to the relative
extension of the load stationary time of the hinge point 1.
Taking Force(10720 kN) as the reference load, the time when
a load of hinge point 1 reaches Force (10720 kN) is delayed
by about 1.5 s. The change law of the load curve of hinge
points 2 and 3 is the same as that of hinge point 1.

The ratio between the peak load and the stable load in the
initial support stage under the impact of the roof rotation
is defined as the load growth rate of the hinge point. This
parameter is used to observe the sensitivity of the hinge point
at different roof rotation velocities. According to Fig. 8C,

when the rotary velocity is Velocity1(0.1 rad/s), the load
growth rates of hinge points 1, 2, and 3 are 1.85, 3.51, and
7.46, respectively. When the rotation velocity increases to
Velocity5(0.5 rad/s), the load growth rates increase by 3.96,
6.88, and 14, respectively. Therefore, with an increase in the
rotary velocity, the load growth ratio of hinge point 3 is the
most obvious, and the load growth ratio of hinge point 1 is
the smallest. Therefore, hinge point 3 is the most sensitive to
the change in roof rotary velocity.

As the connection point in the mechanical system, the
load change condition of the hinge point is influenced by
the movement law of the structural parts. Based on the above
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analysis, the increase in the rotary speed of the roof changes
the spatial position of the structural members, making the
hinge point in the mechanical system a load-sensitive area,
which may shorten the normal service life of the hydraulic
support.

IV. EFFECT OF RELIEF VALVE NUMBER ON HYDRAULIC
SUPPORT ENERGY UNLOADING
When the pressure under the column cavity is too large, the
relief valve will overflow the flow to ensure the stability of the
column system. At the same time, the frequent occurrence of
mine anomalies also puts forward higher requirements for the
relief valve [32], [33]. The above simulation results show that
the relief valve connected with the lower chamber of the col-
umn has the problem of small overflow flow, which prolongs
the release time of high-pressure oil and hinders the energy
release of the system. Therefore, this section discusses col-
umn system changes by adjusting the flow of the relief valve
(the roof rotary velocity is selected as Velocity5(0.5 rad/s)).

A. EFFECT ON COLUMN SYSTEM ENERGY UNLOADING
When the roof rotation speed is the same, the column system
has the same overflowflow through the relief valve. However,
adding the discharge flow of relief valves can change the
overflow speed of the column to shorten the overflow time.

According to Fig. 9A, the flow of relief valves changes
from 1000 L/min to 4000 L/min. The pressure peak differ-
ences between the adjacent curves are 8.33 MPa, 7.91 MPa,
and 7.51 MPa. The flow peak differences are 2503.7 L/min,
2322.8 L/min, and 2167.4 L/min, and the differences in the
required time to reach Pressure (46 MPa) are 1.01 s, 0.31 s,
and 0.2 s. The column system can greatly reduce the pres-
sure and increase the overflow by adding the discharge flow.
However, the change in the energy dissipation of the column
system is weakened. The flow of relief valves is added to
6000 L/min to further analyze the effect of the relief valve
flow on the energy consumption of the column. According to
Fig. 9B, the time when the rodless chamber pressure reaches
the Pressure (46 MPa) is reduced, but the reduction is lower.
Therefore, adding the discharge flow of the relief valve can
reduce the pressure, increase the flow rate, and shorten the
required time for the pressure to reach Pressure(46 MPa).
However, when the impact load is constant, the overflow
effect of the rodless cavity gradually weakens with the addi-
tion of the discharge flow of the relief valve.

Based on the above analysis, when the relief valve flow
is insufficient, it cannot quickly overflow the oil from the
column, which will hinder the release of energy. Increasing
the relief valve relief flow not only speeds up the over-
flow of the column cavity but also increases the overflow.
It changes the situation that the pressure in the column cham-
ber is too high.

B. EFFECT ON LOAD PEAK OF HINGE POINT
The deflection angle of the roof at the same rotary velocity is
constant; thus, the positions that each structural component

of the hydraulic support can migrate in space are determined.
Adding the discharge flow of the relief valve can change the
overflow speed of the column. Therefore, the speed of each
structural component to the specified position becomes faster.
The variation trend of hinge point load also changes. Accord-
ing to Fig. 10A,with an increase in the discharge flow of relief
valves, load reduction amplitudes of hinge points 1, 2, and
3 are 17.5%, 17.6%, and 17.8%, respectively. According to
Fig. 10B, adding the discharge flow of relief valves makes
the time of hinge points 1 reaching Force(10720 kN) shorter
by about 1.77 s. When the roof rotary velocity is constant,
the discharge flow of the relief valve increases greatly, while
the change in the time required to reach Force (10720 kN)
decreases gradually. Therefore, the discharge flow of relief
valves should be selected according to the actual working
conditions.

The load at the articulation point reflects the force of
the hydraulic support. The increase of the relief valve relief
flow changes the load distribution of the mechanical system,
making the load at the critical position less sensitive to the
sudden change of load. The working reliability of the support
is enhanced.

V. CONCLUSION
This paper took the two-column hydraulic support and estab-
lished the co-simulation model. The dynamic response char-
acteristics were analyzed by changing the roof rotary velocity
and the discharge flow of relief valves.

1. Based on the establishment of the co-simulation model,
themovement process of the hydraulic support was discussed.
Furthermore, the system pressure, flow variation character-
istics, and hinge point load were analyzed. Compared with
the analysis of a single hydraulic system and mechanical sys-
tem, the mechanical-hydraulic co-simulation model can more
comprehensively observe the cooperative work of hydraulic
support.

2. With an increase in the roof rotary velocity (from
0.1 rad/ s to 0.5 rad/ s), the pressure peak of the rodless cavity
at the adjacent two rotary velocities increases almost steadily,
and the flow peak increases by 51%. The limited discharge
flow of the relief valve slowed down the overflow speed of
the column rodless cavity. Lastly, the energy release time of
the column system was also extended by more than 1 s.

3. With an increase in the rotary velocity, the centroid
position of each structural component changed in the vertical
direction and increased by five times. Furthermore, the hinge
point loads at different positions also changed differently.
Among them, the load peak of hinge point 2 was the highest.
The load peak of hinge point 3 was more sensitive (the load
growth rate is 14). Therefore, the dangerous zone of structural
parts appeared in the connection position of the front and rear
connecting rod and shield beam under the action of rotating
roof load.

4. The pressure peak in the column decreased by 18.5%,
the flow peak increased by 260%, and the required time
to reach the reference pressure was about 1.5 s shorter by
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adding the discharge flow of the relief valve. The load of
hinged points at different positions decreased significantly
by 17% on average. However, the discharge effect of the
hydraulic system changed little. Therefore, the type of relief
valve should be selected reasonably according to the size of
the mine pressure.

Due to lack of time, the flexible treatment of the hydraulic
support was not accounted for in this paper. Moreover, minor
deformation of hydraulic support structural components due
to load impact that alters force transfer characteristics was
also not considered. Therefore, the above deficiencies can be
discussed in the follow-up work.
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