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The existing hydraulic support attitude monitoring and control methods integrate multiple sensing technologies, but it is difficult to apply 
and promote due to unclear monitoring mechanisms, complicated types, and a large number of sensors. Aiming at the problem of attitude 
monitoring and control of hydraulic support, firstly, the kinematics mathematical model of hydraulic support is established by the key marker 
point method and the two-dimensional bar system model, and the forward and inverse solution algorithm of hydraulic support attitude based 
on the double-drive length of front and rear columns is proposed. Secondly, the rigid body dynamics simulation model of hydraulic support 
is constructed to verify the theoretical analytical model and prove the correctness of the algorithm. The rigid body simulation model can 
be used as the attitude monitoring system of hydraulic support. Thirdly, considering the influence of material elastic deformation, a rigid-
flexible coupling dynamic simulation model of hydraulic support is established to explore the influence of elastic deformation of components 
on the attitude of hydraulic support and its causes. On this basis, the rigid-flexible coupling dynamic simulation model of the hydraulic 
support with clearance is established by replacing the revolute pair in the simulation model with the solid axis pin connection unit. The 
influence of the axis pin connection clearance on the attitude of the hydraulic support and its causes are explored, and the actual attitude 
and change characteristics of the hydraulic support under simulated real conditions are obtained. Finally, considering the force compression 
of the hydraulic cylinder of the column, the rigid-flexible and machine-liquid coupling dynamic simulation model of the hydraulic support with 
clearance is constructed. The loading test proves that the force compression of the hydraulic cylinder has a great influence on the attitude 
of the hydraulic support, indicating that when adjusting the attitude of the hydraulic support, the theoretical flow calculation cannot be used, 
and the column length should be directly measured. In this paper, the analytic method of the hydraulic support attitude is studied and verified 
using numerical calculation and simulation analysis, and the rigid-flexible coupling dynamic simulation model is built to study the various 
factors affecting the hydraulic support attitude. The research results of this paper can provide a theoretical basis and technical support for the 
attitude monitoring and control of hydraulic support.
Keywords: analysis of hydraulic support attitude, simulation analysis, rigid-flexible coupling, axis pin connection clearance, hydraulic 
cylinder stiffness

Highlights
•	 The forward and inverse solution algorithm of hydraulic support attitude based on front and rear columns double drive length 

is proposed, and a method of hydraulic support attitude monitoring and control based on column length is proposed.
•	 The influence of material elastic deformation and axis pin connection clearance on the attitude of hydraulic support and its 

causes are explored, and the actual attitude and variation characteristics of hydraulic support under simulated real conditions 
are obtained.  

•	 Considering the force compression of the column hydraulic cylinder, the rigid-flexible and machine-liquid coupling dynamic 
simulation model of the hydraulic support with clearance is constructed, and the influence of the force compression of the 
hydraulic cylinder on the attitude of the hydraulic support is explored through the loading test.

0  INTRODUCTION

With the National Development and Reform 
Commission and eight other ministries and 
commissions jointly issuing “guidance on accelerating 
the intelligent development of coal mines”, China's 
intelligent coal mine construction has entered a new 
stage [1] to [3]. The intelligent mining technology of 
the working face, which is mainly characterized by 
intelligent, cooperative control of a fully mechanized 
mining equipment group, is the key to the construction 
of intelligent coal mines [4]. Hydraulic support is an 
important supporting equipment of fully mechanized 

mining face in the process of coal production. It is one 
of the key electromechanical equipment to realize the 
“few people” and “unmanned” of a fully mechanized 
mining face, which directly affects the production 
safety and mining efficiency of the whole fully 
mechanized mining face. Hydraulic supports play 
a crucial role in achieving automatic and intelligent 
mining on fully mechanized faces by providing 
adaptive support to the surrounding rock [5] and [6]. 
The ability of these supports to intelligently detect 
and precisely evaluate their position and attitude is 
fundamental to their effectiveness in adapting to the 
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surrounding rock. However, challenges in this area 
remain unresolved.

To promote the intelligent development of coal 
mining and ensure the normal support attitude of 
hydraulic support, many experts and scholars at home 
and abroad have carried out research on the monitoring 
and control technology of hydraulic support attitude. 
Ren et al. [7] used multi-sensor measurement 
technology to collect 15 independent parameters of 
the full-position attitude of a fully mechanized mining 
equipment group and designed a multi-parameter 
measurement system for a full-position attitude of a 
fully mechanized mining equipment group. Li and 
Ren [8] pointed out that the measurement effect of the 
existing measurement technology is greatly affected 
by the geological conditions of the working face, and 
the measurement accuracy, comprehensiveness, and 
automation of the measurement parameters need to 
be further improved. Most mines still need to adopt 
traditional manual measurement methods. Pang et 
al. [9] proposed an analytical method for the attitude 
and height of hydraulic support based on the column 
jack stroke and the balance jack stroke drive and used 
three calculation methods for attitude analysis. Wang 
et al. [10] used UNITY3D software to establish the 
multi-axis pin constraint model of hydraulic support 
and realized the attitude solution and monitoring of 
hydraulic support under different axis pin clearance. 
Chen et al. [11] applied the fusion technology of 
wide-angle ultrasonic sensors and inclination sensors 
to the attitude monitoring of hydraulic support. 
Zhang et al. [12] proposed a hydraulic support 
attitude detection method based on the principle that 
three points can determine a plane. Liang et al. [13] 
used a grating tilt sensor to realize online hydraulic 
support attitude monitoring and proposed an error 
compensation method for tilt monitoring. Zeng et al. 
[14] used automated dynamic analysis of mechanical 
systems) (ADAMS) software to construct a numerical 
simulation model of hydraulic support and study the 
position and dynamic response of hydraulic support 
under double impact load. Ge et al. [15] used the 
virtual software Unity 3D to construct the coal mining 
working environment and realized the adjustment of 
the supporting attitude of the hydraulic support to 
the surrounding rock of the coal seam in the virtual 
environment. Wang et al. [16] used three red-green-
blue-depth (RGB-D) cameras to obtain the point cloud 
of the hydraulic support from different angles to obtain 
the complete point cloud information of the hydraulic 
support and realize the attitude and straightness 
measurement of the hydraulic support group. Yang 
et al. [17] designed a novel method for measuring 

the attitude and straightness of hydraulic support 
based on the “motion process recovery method” and 
established an automatic online measurement system. 
According to the complementary characteristics of a 
magnetometer, accelerometer, and gyroscope, Lu et 
al. [18] designed a supporting attitude sensing system 
composed of an inertial measurement unit and micro-
electro-mechanical system (MEMS). Wang et al. 
[19] and [20] proposed a real-time virtual monitoring 
method for intelligent, fully mechanized mining faces 
by using virtual reality monitoring technology and 
carried out intelligent monitoring of fully mechanized 
mining face driven by (VR) augmented reality (AR) 
and virtual reality (VR) fusion. Szurgacz et al. [21] 
introduced a new method for monitoring and detecting 
the cross-section geometry of hydraulic support based 
on a new measurement system for the torsion angle 
of mechanical elements of hydraulic support cross-
section. The posture of hydraulic support is calculated 
based on the tilt angle of the roof beam, base beam, 
shield beam, and four-bar mechanism obtained with 
the tilt sensor. Szurgacz et al. [22] proposed hydraulic 
support design and test methods based on predicted 
loads affecting roof supports, selected support types, 
support component testing, and allowable support 
operating conditions, and based on analysis of 
safety and control systems, develop an integrated 
method for testing and evaluating the possibility of 
using hydraulic supports under specific mining and 
geological conditions.

The above research provides theoretical and 
engineering practice support for the attitude detection 
of hydraulic support. However, most of the existing 
detection methods use sensors to directly detect the 
attitude of executive parts such as the roof beam 
and shield beam or use a variety of sensor signal 
fusion methods to obtain the attitude information of 
hydraulic support. This leads to the use of a variety 
of sensors, a large number of sensors, and a high 
cost, which is not conducive to wide application. 
Moreover, these studies did not consider the impact 
of stent deformation and other factors on stent attitude 
monitoring. 

To monitor and control the attitude of hydraulic 
support better and further explain the cause of attitude 
error of hydraulic support, an analytical model of 
hydraulic support attitude theory based on the length 
of front and rear columns is proposed. The attitude 
information of the whole hydraulic support can be 
obtained by the length of the front and rear columns. 
The support height and the inclination angle of each 
component can be calculated by the length of the 
front and rear columns. The length of the front and 
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rear columns can also be calculated using the support 
height and the inclination angle of the top beam 
to guide the attitude monitoring and control of the 
hydraulic support. The theoretical analytical model 
is verified by the simulation to ensure its accuracy 
and reliability, and three factors that may affect the 
monitoring and control accuracy are analysed to 
determine the influence of different factors on the 
analytical accuracy. The research results provide a 
more efficient method for attitude monitoring and 
control of hydraulic support, theoretical support for 
attitude analysis error analysis of hydraulic support, 
and in-depth technical support for attitude research of 
hydraulic support.

The main scientific contributions of this paper are 
as follows:
1. An algorithm for calculating the attitude of 

hydraulic support based on the double driving 
length of the front and rear columns is proposed, 
and a method for monitoring and controlling the 
attitude of hydraulic support based on the length 
of columns is further proposed.

2. The influence of elastic deformation of material 
and pin joint clearance on the attitude of hydraulic 
support and its causes are discussed, and the 
actual attitude and change characteristics of 
hydraulic support under simulated real conditions 
are obtained.

3. The hydraulic cylinder's force compression is 
considered and the rigid-flexible mechanical-
hydraulic coupling dynamic simulation model of 
hydraulic support with clearance is established.
The detailed work of this paper is as follows. 

Section 1 establishes the kinematics mathematical 
model of hydraulic support, puts forward the forward 
and inverse solution algorithm of hydraulic support 
attitude based on double drive length of front and 
rear columns, and puts forward a method of hydraulic 
support attitude monitoring and control based on 
column length. Section 2 establishes the rigid body 
dynamics simulation model of hydraulic support 
and verifies the theoretical analysis model. Section 
3 establishes the rigid-flexible coupling dynamic 
simulation model of hydraulic support to explore 
the influence of elastic deformation of components 
on the attitude of hydraulic support and its causes. 
Section 4 establishes the equivalent prototype of 
hydraulic support and further verifies the theoretical 
analysis model of hydraulic support attitude and the 
rigid body dynamics simulation model of hydraulic 
support through experiments. Section 5 establishes 
the rigid-flexible coupling dynamics simulation model 
of hydraulic support with clearance to explore the 

influence of pin clearance on the attitude of hydraulic 
support and its causes. Section 6 establishes the rigid-
flexible and mechanical-hydraulic coupling dynamic 
simulation model of hydraulic support with clearance 
considering compression of the hydraulic cylinder and 
studies the influence of compression of the hydraulic 
cylinder on the attitude of hydraulic support through a 
loading test. Section 7 provides conclusions.

1  ANALYTICAL MODEL CONSTRUCTION  
OF HYDRAULIC SUPPORT ATTITUDE THEORY

1.1  Hydraulic Support Kinematics Mathematical Model 
Construction

The main moving parts of the four-column top 
coal caving hydraulic support include the base, the 
top beam, the shield beam, the front column, the 
rear column, the front connecting rod, and the rear 
connecting rod. The components are connected by axis 
pins, as shown in Fig. 1. The front column and the rear 
column are the driving components. The hydraulic 
cylinders of the two can be regarded as two sliding 
joints because they belong to two different kinematic 
branches; the hydraulic support can be regarded as a 
parallel robot with a top beam as an actuator [23].

Fig. 1.  Four-column top coal caving hydraulic support main motion 
mechanism diagram

The formula for calculating the degree of freedom 
of parallel mechanism is [24] and [25]

 F s n m f v qi
i

m

� � � � � � �
�
�( ) ,1

1

 (1)

where s is the order of the mechanism, s = 6 – λ, λ 
the number of public constraints of the institution, 
n the number of components of the mechanism, m 
the number of motion pairs of the mechanism, fi 
the number of relative degrees of freedom of the ith 
motion pair, v the number of virtual constraint, and q 
local degree of freedom of the mechanism.

There are three common constraints in hydraulic 
support, so λ = 3, The order of the mechanism 
s = 6 – λ = 6 – 3 = 3. There are nine main moving parts 
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and 11 motion pairs in the hydraulic support, so 
n = 9,  m = 11. There are no virtual constraints and 
local degrees of freedom, so v = 0, q = 0. The degree 
of freedom of the main motion mechanism of the 
four-column top coal caving hydraulic support can be 
calculated by Eq. (1) as follows:

 F � � � � � �3 9 11 1 11 2( ) .  (1)

Since the hydraulic cylinders of the front and rear 
columns provide two drives, the number of drives is 
equal to the number of degrees of freedom, and the 
mechanism has a certain movement [26] and [27]. 
When the length of the front and rear columns is 
known, the support height and the inclination angle 
of each component can be calculated by the forward 
kinematics solution. When the support height and 
the inclination angle of the top beam are known, 
the length of the front and rear columns can also be 
calculated by inverse kinematics.

The virtual prototype of the hydraulic support 
is measured, and the axis pin connection clearance 
is not considered. According to the structural size, 
the equivalent two-dimensional bar diagram of the 
hydraulic support shown in Fig. 2 is drawn [28].

Fig. 2.  Hydraulic support equivalent two-dimensional bar diagram

There are three kinematic chains from the base to 
the top beam, and the vector loop equations are
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The nonlinear equations with S1, S2, and θ as 
variables can be obtained from this vector loop 
equation.
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The distance from the front end of the top beam to 
the ground is the support height h, and the relationship 
between the support height h and other variables can 
be expressed as
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The relationship between S1, S2 and h and other 
variables can be obtained by deformation.
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For the forward solution, under the premise that 
S1 and S2 are known, the forward solution equations 
of kinematics can be obtained by combining Eqs. (3) 
and (4).
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For the inverse solution, under the premise that 
the support height h and the top beam inclination 
angle θ6 are known, the inverse solution equations can 
be obtained by combining Eqs. (3) and (5).
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1.2  Forward and Inverse Attitude Solution of Hydraulic 
Support Based on Iterative Approach Principle

In science and engineering, the solution of nonlinear 
equations is a very important topic. The traditional 
Newton iterative method and the string cut method 
have serious initial value dependence and local 
convergence. Therefore, in the process of forward and 
inverse solutions, the traditional analysis method is 
not used, but the fsolve function in MATLAB is used 
to numerically solve the two nonlinear equations. The 
fsolve function defaults to the trust-region-dogleg 
algorithm, and its core is to use the trust region to 
compensate for the limitations of the Newton method 
[29].

The nonlinear equations of forward solution are 
written into MATLAB, and the fsolve function is used 
for calculation. The forward solution algorithm is as 
follows [30] and [31].
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After inputting the length S1 and S2 of the front 
and rear columns, the support height h, the top beam 
inclination angle qingjiao, and the inclination angle of 
each component are obtained.

Similarly, the nonlinear equations of the inverse 
solution are written into MATLAB, and the fsolve 
function is called to calculate. The inverse solution 
algorithm is as follows.
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After inputting the support height h and the top 
beam inclination angle p, the lengths S1 and S2 of the 
front and rear columns are obtained.

1.3  Attitude Monitoring and Control Method of Hydraulic 
Support Based on Theoretical Analysis

In practical application, the displacement sensor can 
be used to monitor the length of the column to realize 
the attitude monitoring and control of the hydraulic 
support. For example, if you want to control the 
hydraulic support with a top beam angle to a certain 
support height, you only need to input the required 
support height and top beam angle into the forward 
solution program to obtain the required length of the 
front and rear columns, and then control the hydraulic 
system according to the reading of the displacement 
sensor. Drive the front and rear columns to the 
calculated length to complete the hydraulic support 
attitude control. Similarly, if you want to monitor the 
attitude of the hydraulic support, you only need to 
read the length of the front and rear columns through 
the displacement sensor and enter the forward solution 
program to obtain the height and angle information 
of the current top beam and the inclination angle of 
each component. The process continues to achieve 
continuous monitoring of the hydraulic support, and 
its monitoring and control process is shown in Fig. 3.

Fig. 3.  Hydraulic support attitude monitoring and control process

2  VERIFICATION OF THEORETICAL ANALYTICAL MODEL OF 
HYDRAULIC SUPPORT BASED ON DYNAMIC SIMULATION

2.1  The Rigid Body Simulation Model of Hydraulic Support 
is Established

The three-dimensional model of the hydraulic support 
is imported into ADAMS through the “.xt” file 
interface. Rotating pairs are added at each hinge point 
of the hydraulic support, the direction is consistent 
with the direction of the hinge point rotation axis. 
Moving pairs are added between the piston rod and 

hydraulic cylinder of the column and the tail beam 
jack, and the direction is consistent with the axial 
direction of the piston rod. Ball pairs are added 
between the column sockets of the column and the 
top beam and the base, and fixing pairs are added 
between the base and the ground, as shown in Fig. 
4. Because this paper mainly studies the relationship 
between the front and rear columns and the attitude 
of the hydraulic support, a 0-size drive is added to 
the moving pair between the insert plate and the tail 
beam and between the insert plate and the tail beam 
to make it temporarily fixed, while the corresponding 
driving function is added to the moving pair on the 
four columns for simulation test.

Fig. 4.  Rigid body simulation model of hydraulic support

From 1700 mm to 2500 mm, a support height 
is taken every 10 mm, and the top beam inclination 
angle p = pi is taken. The theoretical and analytical 
data of front and rear column lengths S1 and S2 under 
different support heights are input into MATLAB, 
respectively.

In ADAMS, a point drive is added to the top beam 
to make the top beam move downward horizontally. A 
reference quantity is taken every 10 mm from 0 mm 
to 800 mm to test, corresponding to the support height 
of 1700 mm to 2500 mm. The distance between the 
ball pairs at both ends of the front and rear columns is 
measured to obtain the simulation data of the length of 
the front and rear columns.

2.2  Verification of Theoretical Analytical Model of 
Hydraulic Support Based on Rigid Simulation

Some test data records the length of the front and 
rear columns at different support heights. Based on 
the simulation data, the inverse solution error of the 
theoretical analytical model is calculated, as shown in 
Fig. 5.
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Fig. 5.  Error analysis of theory analytical inverse solution

From the analysis of the results, the errors of 
the two are increasing with the decrease in support 
height. The maximum error of the length calculation 
of the front column appears when the support height 
is 1700 mm, which is –1.3397×10–4 %. The maximum 
error of the length calculation of the rear column 
appears when the support height is 1700 mm, which 
is 4.73114×105 %. The error is very small, which can 
meet the requirements of regulating the attitude of 
hydraulic support through inverse kinematics. It is 
proved that the theoretical analysis method of inverse 
kinematics is correct, and the rigid body simulation 
model is correct.

Table 1.  Theoretical analysis and rigid body simulation support 
height data under different front and rear column lengths

Length of 
front column 

[mm]

Length of 
rear column 

[mm]

Theoretical 
analysis data 

Rigid body 
simulation data

Support height 
[mm]

Support height 
[mm]

2100 2100 2467.1747 2467.1680
2000 2000 2365.7415 2365.7341
1900 1900 2265.1403 2265.1325
1800 1800 2164.7995 2164.7916
1700 1700 2064.3262 2064.3184
1600 1600 1963.4376 1963.4301
1500 1500 1861.9223 1861.9150
1400 1400 1759.6215 1759.6145

In MATLAB, the lengths S1 and S2 of multiple 
front and rear pillars are input into the forward solution 
algorithm to obtain the corresponding support height. 
In ADAMS, the drive is added to the moving pairs on 
the front and rear columns, respectively, so that the 
front and rear reach the corresponding length input 
in the forward solution algorithm, and the simulation 
data of the support height are measured, some data 

of support height under different column lengths are 
shown in Table 1.

Based on the rigid body simulation data, the 
forward solution error of the theoretical analytical 
data is calculated, as shown in Fig. 6.

Fig. 6.  Error analysis of theory analytical forward solution

From the analysis of the results, as the length 
of the front and rear columns decreases, the error of 
the support height increases; the maximum error is 
-3.9498×10-4 % when the length of the front and rear 
columns is 1400 mm. The error is very small, which 
can meet the requirements of regulating the attitude 
of hydraulic support through forward kinematics. It is 
proved that the theoretical analysis method of forward 
kinematics is correct, and the rigid body simulation 
model is correct.

The rigid body simulation model can be used as 
a hydraulic support attitude monitoring system. The 
real-time change of the hydraulic support attitude can 
be displayed by inputting the length data of the front 
and rear columns into the simulation system.

3  ATTITUDE ANALYSIS OF HYDRAULIC SUPPORT 
CONSIDERING DEFORMATION

3.1  Dynamic Simulation Model Construction of Rigid-
Flexible Coupling Hydraulic Support

In the actual production process, although the length 
of the front and rear columns can be accurately 
monitored and used as a known quantity to calculate 
the hydraulic support's attitude information, the 
hydraulic support will inevitably deform due to its 
own weight and the pressure from the roof, which 
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will negatively impact the hydraulic support's attitude 
control and monitoring.

To make the simulation closer to the real working 
condition and explore the influence of component 
deformation on attitude control and monitoring of 
hydraulic support, a rigid-flexible coupling dynamic 
simulation model of hydraulic support is established, 
as shown in Fig. 7. In hyper-mesh software, mesh 
division is carried out on the top beam, shield beam, 
front connecting rod, rear connecting rod, tail beam 
and plugboard of hydraulic support through its pre-
processing function [32] to [35]. Specific parameters 
of flexible body parts are as follows: mesh type: 
tetrahedral mesh, mesh size: 30 mm, material type: 
isotropic, elastic modulus E: 21000 MPa, shear 
modulus G: 81000 MPa, Poisson ratio: 0.3, density: 
7860 kg/m3, constraint mode number: 6. After mesh 
division is completed, a flexible volume file with suffix 
‘.mnf’ is generated. Based on the rigid simulation 
model of hydraulic support established in Section 2.1, 
rigid parts are accurately replaced by corresponding 
flexible body parts by the "three-point method" [36] 
to [38], and flexible body parts are linked by rigid 
nodes and rotating pairs. In the rigid-flexible coupling 
dynamics simulation model of hydraulic support, the 
base and column are rigid parts, and the column is 
connected with the top beam and the column socket of 
the base by ball pairs. The piston rods and hydraulic 
cylinders of the front and rear columns are connected 
by a moving pair, and drive is added to the moving 
pair to drive the columns to present different lengths.

Fig. 7.  Rigid-flexible coupling dynamic simulation model  
of hydraulic support

3.2  Attitude Error Analysis of Hydraulic Support Considering 
Material Deformation

The length of the front and rear pillars and the support 
height in the rigid body simulation data are taken, and 

the driving function of the front and rear pillars in the 
rigid-flexible coupling model of the hydraulic support 
is adjusted to make the front and rear pillars reach the 
multiple sets of test lengths in rigid body simulation in 
turn. The support height h is measured and recorded.

The attitude error of the rigid-flexible coupling 
simulation data is calculated based on the rigid body 
simulation data, as shown in Fig. 8.

Fig. 8.  Rigid-flexible coupling dynamics simulation error  
of hydraulic support

From the analysis of the results, the maximum 
error occurs when the length of the front column is 
1323.0649 mm, the length of the rear column is 
1323.0649 mm, and the error is -0.2412 mm. The 
minimum error is -0.1679 mm when the length of the 
front column is 2119.2297 mm, and the length of the 
rear column is 2112.7186 mm. The average error is 
-0.1948 mm. This error is only considering the weight 
of the hydraulic support, and the deformation of each 
component is small. If the hydraulic support is in the 
bearing state to bear the roof pressure, this error will 
be amplified. The error curve in Fig. 8. shows that as 
the length of the front and rear columns decreases, 
the error of the support height increases. To explore 
the causes of this trend, the force of the hinge points 
of each component at different heights is measured, 
and the force change curve is obtained, as shown in 
Fig. 9. From the curve, it can be seen that with the 
shortening of the front and rear columns, the height of 
the support decreases, and the force at the hinge point 
of the rear connecting rod-base, the rear connecting 
rod-shield beam and shield beam-top beam increases 
obviously. Due to the increase in force, deformation 
will inevitably increase, which will lead to an increase 
in error. This error is only considering the self-weight 
of the hydraulic support, and the deformation of each 
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component is small. If the hydraulic support is in the 
bearing state to bear the roof pressure, this error will 
be amplified. Therefore, in the process of monitoring 
or regulating the attitude of the hydraulic support, 
it is necessary to consider the error caused by the 
deformation of the hydraulic support.

Fig. 9.  Hydraulic support rigid-flexible coupling dynamics 
simulation hinge point force analysis

4  EXPERIMENTAL VERIFICATION OF ATTITUDE ANALYSIS 
BASED ON EQUAL SCALE PROTOTYPE  

OF HYDRAULIC SUPPORT

4.1  Establishment of Experimental System for Attitude 
Analysis of Hydraulic Support

According to the hinge position and component length 
of the two-dimensional rod system model of hydraulic 
support in Fig. 1, the equivalent prototype of each 
component of hydraulic support with equal scale of 
20:1 is obtained, as shown in Fig. 10. Four column 
lengths of 2100 mm, 1900 mm, 1700 mm, and 1500 
mm (the size in the equivalent prototype is 105, 95, 
85, 75, respectively) are selected to obtain equivalent 
column links of four lengths as shown in Fig. 11.

Fig. 10.  Attitude analysis experimental system  
of hydraulic support

Fig. 11.  Hydraulic support column equivalent links

4.2  Inverse Solution Experiment of Hydraulic Support 
Attitude

Respectively adjust the support height of hydraulic 
support to 2500 mm, 2300 mm, 2100 mm, and 1900 
mm (The size in the equivalent prototype is 125, 115, 
105, and 95, respectively), and the top beam is parallel 
to the base plate. A vernier caliper is used to measure 
the column lengths S1 and S2 under four different 
heights, as shown in Fig. 12.

Fig. 12.  Inverse solution experiment of hydraulic support attitude

4.3  Forward Solution Experiment of Hydraulic Support 
Attitude

The equivalent connecting rod for four kinds of 
column length is installed in the attitude analysis 
experimental system of hydraulic support, and the 
vertical distance (support height) from the front end of 
the top beam to the bottom of the base is measured by 
a vernier caliper. Thus, the support height parameters 
of hydraulic support under four kinds of column 
lengths are obtained, as shown in Fig. 13.
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support attitude is compared with the theoretical 
analysis value, and the error between them is analysed. 
The experimental analysis data are shown in Table 3.

Table 2.  Comparison of inverse solution results

Support 
height 
[mm]

Theoretical 
analysis [mm]

Experimental 
calculation [mm]

Error 
[%]

S1 S2 S1 S2 S1 S2
125 105.96 105.64 105.50 105.33 0.43 0.29
115 96.00 95.64 95.10 95.32 0.94 0.33
105 86.02 85.65 85.85 85.01 0.20 0.75
95 76.07 75.66 75.98 75.21 0.12 0.59

Table 3.  Comparison of forward solution results

Column  
length [mm]

Theoretical 
analysis [mm]

Experimental 
calculation [mm]

Error 
[%]

105 123.36 122.62 0.60
95 113.26 112.45 0.72
85 103.22 101.69 1.48
75 93.10 91.82 1.37

According to the experimental results of the 
hydraulic support forward solution, the theoretical 
analytical value is compared with the experimental 
value, and the error is less than 1.5 %.

5  ANALYSIS OF THE INFLUENCE OF CLEARANCE ON THE 
ATTITUDE OF HYDRAULIC SUPPORT

5.1 Construction of Rigid-Flexible Coupling Dynamics 
Simulation Model of Hydraulic Support with Clearance

Ideally, due to the four-link structure of the support, 
stable movement is achieved on the premise of 
maintaining stability. However, due to the constraints 
of production design, assembly error, friction, and 
wear, it is inevitable that there will be a clearance 
between the axis pin and the pinhole of each hinge 
point, which will affect the overall attitude of the 
support. In order to ensure the accuracy of attitude 
monitoring and control of hydraulic support [39] to 
[41], it is necessary to study it.

Based on the rigid-flexible coupling model of the 
hydraulic support in Fig. 7, in the third section, the 
revolute joints of the hinge points of each component 
are deleted, and then the axis pin is added at the 
shaft hole. The axis pin material, length, and size are 
shown in Table 4. Collision contact constraints are 
added between the axis pin and the two connected 
components, respectively. The rigid-flexible coupling 
dynamic simulation model of the hydraulic support 
with clearance is shown in Fig. 14.

a) 

b) 

c) 

d) 
Fig. 13. Forward solution experiment of hydraulic support attitude 
at column length: a) 105 mm, b) 95 mm, c) 85 mm, and d) 75 mm

4.4  Analysis of Experimental Results of Attitude Analysis 
of Hydraulic Support

The length of the front and rear columns obtained from 
the inverse solution experiment of hydraulic support 
attitude is compared with the theoretical analysis 
value, and the error between them is analysed. The 
experimental analysis data are shown in Table 2.

According to the experimental results of the 
hydraulic support inverse solution, the theoretical 
analytical value is compared with the experimental 
value, and the error is less than 1 %.

The length of the front and rear columns obtained 
from the forward solution experiment of hydraulic 
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Table 4.  Axis pin parameter

Position
Axis pinhole 

diameter 
[mm]

Axis pin 
diameter 

[mm]

Axis pin 
length 
[mm]

Axis pin 
material

Top beam
Shield beam

101 100 500 40Cr

Shield beam
Front connecting rod

101 100 380 40Cr

Shield beam
Rear connecting rod

140 139 550 40Cr

Base
Front connecting rod

101 100 380 40Cr

Base
Rear connecting rod

140 139 550 40Cr

Fig. 14.  Rigid-flexible coupling dynamics simulation model  
of hydraulic support with clearance

The lengths of the front and rear pillars are 
changed to the corresponding lengths of the support 
height of 2490 mm, which are 2109.2965 mm and 
2102.7118 mm, respectively.

5.2  Analysis of Hydraulic Support Attitude Error Considering 
Axis Pin Connection Clearance

The change of support height with the length of the 
front and rear columns are shown in Fig. 15. From 
Fig. 15 it can be seen that the error between it and the 
rigid body simulation support height is about 2 mm. 
When the length of the front column is 2109.2965 
mm, and the length of the rear column is 2102.7118 
mm, the rigid-flexible coupling dynamics simulation 
support height of the hydraulic support with clearance 
is 2492.2649 mm, while the rigid body simulation 
support height is 2490 mm, and the error is 2.2649 
mm. When the length of the front and rear columns 
just begins to decrease, the blue curve is below the 
red curve and then rises rapidly to the top of the 
red curve. The two curves intersect briefly. This is 
because the hydraulic support model is flexible except 
for the base. At the beginning of the simulation, the 
components are drooped by gravity, resulting in a 
decrease in the support height. Subsequently, because 

the influence of the axis pin connection clearance on 
the attitude of the hydraulic support is much greater 
than the influence of the elastic deformation due to 
gravity, the support height increases rapidly. The tail 
end of the top beam is reduced due to the height of 
the axis pin clearance, and the length of the column 
is temporarily unchanged, resulting in the “head-up” 
phenomenon of the hydraulic support. This simulation 
model proves that the axis pin connection clearance 
has a great influence on the attitude monitoring and 
control of the hydraulic support, which is a factor that 
must be considered.

Fig. 15.  Comparison of support height between rigid-flexible 
coupling dynamics simulation and rigid body simulation of 

hydraulic support with clearance

6  STUDY ON DYNAMIC PERFORMANCE OF RIGID-FLEXIBLE 
AND MACHINE-LIQUID COUPLING OF HYDRAULIC SUPPORT 

WITH CLEARANCE

6.1  Construction of Rigid-Flexible and Machine-Liquid 
Coupling Dynamics Simulation Model of Hydraulic Support 
with Clearance

When the attitude adjustment of the hydraulic 
support is carried out by calculating the theoretical 
flow, the force compression of the column hydraulic 
cylinder will lead to the deviation between the actual 
attitude and the expected attitude of the hydraulic 
support. Therefore, it is necessary to study the force 
compression and variable stiffness of the hydraulic 
cylinder before and after the hydraulic support.

In the hydraulic cylinder system of the front and 
rear columns, the volume of the hydraulic oil in the 
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hydraulic cylinder is not immutable when subjected 
to external pressure, and it is gradually compressed 
with the increase of external pressure, similar to the 
compressed spring, so the hydraulic oil in the rod 
cavity and the rodless cavity of the hydraulic cylinder 
can be equivalent to a certain stiffness spring. The 
stiffness of the hydraulic cylinder can be composed of 
two parts, one is the emulsion stiffness, and the other 
is the piston rod stiffness. Because the bulk modulus 
of the hydraulic oil is Kv = 1.4 GPa to 2 GPa, and the 
bulk modulus of the steel is between 196 GPa to 206 
GPa, which is 100 to 150 times that of the hydraulic 
oil, the piston rod can be treated as a rigid body [42] 
to [44]. The structural characteristics of the hydraulic 
cylinder are shown in Fig. 16.

Fig. 16.  Column hydraulic cylinder structure diagram

In Fig. 16 each symbol means: A1 is  the cross-
sectional area of the rodless chamber piston of the 
hydraulic cylinder,

A2 the cross-sectional area of the hydraulic 
cylinder rod cavity, L effective stroke of hydraulic 
cylinder, L1 the current oil height of hydraulic 
cylinder rodless cavity, x vibrational displacement 
of the system, V1 the volume of oil in rodless cavity 
of hydraulic cylinder, V2 the volume of oil in the rod 
cavity of hydraulic cylinder, Va the volume of oil in 
hydraulic cylinder rodless cavity hydraulic pipeline, 
and Vb the volume of oil in hydraulic cylinder rod 
cavity hydraulic pipeline.

The total equivalent stiffness of the hydraulic 
cylinder is

 k k k� �1 2 ,  (8)

where k1 is the equivalent stiffness of oil in the rodless 
cavity and k2 is the equivalent stiffness of oil in the 
rod cavity.

 k pA
x

= .  (9)

The bulk modulus βe of hydraulic oil is an 
important reference index for the classification and 
selection of hydraulic oil, which indicates the degree 
of compressibility of hydraulic oil in the hydraulic 
cylinder cavity. The larger the βe, the more difficult 
the hydraulic oil in the hydraulic cylinder is to be 
compressed; the smaller the βe, the easier the hydraulic 
oil in the hydraulic cylinder to be compressed. 
According to the compressible characteristics of 
hydraulic oil, the bulk modulus of hydraulic oil can 
be obtained as

 �e
pV
dV

pV
Ax

� � .  (10)

Substituting Eq. (10) into Eq. (9) can get:

 k
A
V
e�
� 2

.  (11)

According to the structural characteristics of 
hydraulic cylinder

 V L x A Va1 1 1� � �( ) ,  (12)

 V L L x A Vb2 1 2� � � � �( ) .  (13)

Substituting Eqs. (12) and (13) into Eq. (11) can 
get

 k
A

L x A V
e

a
1

1

2

1 1

�
� �
�

( )
,  (14)
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A

L L x A V
e

b
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.  (15)

Substituting Eqs. (14) and (15) into Eq. (8) can 
get

k k k
A

L x A V
A

L L x A V
e

a

e

b

� � �
� �

�
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1

2

1 1
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1 2
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.  (16)

Since the values of x, Va, and Vb are so small that 
they can be neglected in the calculation, Eq. (16) can 
be simplified to

 k
A
L

A
L L

e e� �
�

� �1

1

2

1

.  (17)

The structural parameters of the column hydraulic 
cylinder are shown in Table 5.

Table 5.  Column hydraulic cylinder structure parameters

Hydraulic 
cylinder type

Hydraulic 
cylinder inner 

diameter

Piston rod 
diameter

Hydraulic cylinder 
effective stroke

Single 
stretching

230 210 1071
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Eq. (17) is input into MATLAB, and the effective 
stroke L1 is 1071 mm. According to the piston rod 
diameter of 210 mm and the hydraulic cylinder 
diameter of 230 mm, A1 = 41547.5621 mm2, A2 = 
6911.5037 mm2 is calculated. Taking 5 º% emulsion as 
an example, βe = 1.82×103 MPa. Through MATLAB 
calculation, the oil height of the rodless cavity and 
the total equivalent stiffness curve of the column 
hydraulic cylinder are obtained, as shown in Fig. 17. It 
can be seen from the diagram that with the increase of 
the height of the rodless cavity oil, the total equivalent 
stiffness of the column hydraulic cylinder shows a 
trend of decreasing first and then increasing, and the 
slope is small and stable in the middle of 300 mm 
to 900 mm interval, while the slope is large and the 
change is fast in the 100 mm to 300 mm and 900 mm 
to 1000 mm intervals at both ends.

Fig. 17.  The change of total equivalent stiffness of column 
hydraulic cylinder

The formula of oil height and column length can 
be obtained from the structure of the column hydraulic 
cylinder.

 L L1 0 1193� � ,  (18)

where L0 is the total length of the column.
After measurement, the length of the front column 

is 2119.2297 mm, and the length of the rear column is 
2112.7186 mm. The front column L1 is 923.2297 mm, 
and the rear column L2 is 919.7186 mm. Substituting 
L1 and L2 into Eq. (17), the equivalent stiffness of the 
front and rear columns is 168528.1897 N/mm and 
165366.3258 N/mm.

Based on the rigid-flexible coupling dynamic 
simulation model of the hydraulic support with 
clearance in Fig. 14, the four columns of the front 
and rear groups are replaced by the spring damping 
system.

The stiffness of the spring damping system 
that replaces the front and rear columns is set to the 
calculated value of the current height, and the rigid-
flexible and machine-liquid coupling dynamics 
simulation model of the hydraulic support with 
clearance is completed, as shown in Fig. 18.

Fig. 18.  Rigid-flexible and machine-liquid coupling dynamics 
simulation model of hydraulic support with clearance

The hydraulic support is statically loaded to 
test the attitude change of the support system under 
static load. Therefore, the static loading model of the 
hydraulic support is established as shown in Fig. 19.

Fig. 19.  Static loading model of hydraulic support

The rated working resistance of the hydraulic 
support studied in this paper is 5200 kN, so the 
vertical static load should be set to 5200 kN. Because 
the top beam is a flexible body, loading the working 
resistance directly at one point will cause abnormal 
deformation. Therefore, it is loaded with 21 loading 
positions at equal intervals. The force at each loading 
position is the same as 247619.0476 N, and the sum 
is the rated working resistance. The loading method 
is shown in Fig. 19. In order to avoid the formation 
of sudden load, the spring damping system makes 
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it difficult to restore the equilibrium state. The step 
function STEP (time, 0, 0, 0.5, 247619.0476) is used 
to increase the resultant force from 0 to the rated 
working resistance within 0.5 s, and the simulation 
time is set to 1 s.

6.2 Attitude Error Analysis of Hydraulic Support Considering 
Elastic Deformation of Hydraulic Cylinder

The change of the support height of the hydraulic 
support in the loading test is shown in Fig. 20. 
The support height begins to decrease from 2500 
mm under the action of self-weight and working 
resistance, and finally stabilizes at 2409.1314 mm, 
and the reduction of the support height is 90.8686 
mm. If it is loaded at other support heights, due to 
the change in hydraulic cylinder stiffness, the support 
height will change differently. The results show that 
in the process of attitude monitoring and regulation 
of hydraulic support if the length of the column is 
indirectly calculated by monitoring the flow, the 
actual attitude of the hydraulic support will have a 
great error with the expected attitude, which will 
have a negative impact on the attitude adjustment of 
the hydraulic support. Therefore, the theoretical flow 
calculation cannot be used when adjusting the attitude 
of the hydraulic support, and the length of the column 
should be directly measured.

Fig. 20.  The change of support height in the loading test

7  CONCLUSIONS

In this paper, a theoretical, analytical model of 
hydraulic support attitude based on the length of the 
front and rear columns is proposed, and a rigid body 
simulation model of hydraulic support is established 

to verify the theoretical, analytical model. Three 
factors that may affect the attitude monitoring and 
control accuracy of hydraulic support, such as 
material elastic deformation, Axis pin connection 
clearance, and hydraulic cylinder force compression, 
are analysed. The influence of various factors on 
the attitude of hydraulic support is studied, and the 
following conclusions were obtained:
1. The theoretical analytical model of hydraulic 

support attitude is proposed, which can solve the 
attitude of hydraulic support through the length 
of the front and rear columns. Based on this 
algorithm, a method of attitude monitoring and 
control of hydraulic support based on column 
length is proposed.

2. The rigid body simulation model of hydraulic 
support is established to verify the theoretical 
analytical model. The maximum error of 
forward and inverse solutions is not more than 
4.73114×10–5 %, which proves that the theoretical 
analytical results are accurate and reliable and 
also proves the correctness of the rigid body 
simulation model. The rigid body simulation 
model can be used as a hydraulic support attitude 
monitoring system without considering the elastic 
deformation of the material and the clearance of 
the pin connection unit.

3. The rigid-flexible coupling dynamic simulation 
model of hydraulic support is constructed. 
When the support height is 1700 mm, the elastic 
deformation of hydraulic support components 
leads to the error of support height of hydraulic 
support of -0.2412 mm. As the length of the front 
and rear columns gradually decreases, the hinge 
point force under the self-weight condition of 
the hydraulic support gradually increases, which 
leads to an increase in the support height error. 
The elastic deformation factor has a smaller 
impact on the support attitude when the support 
height of the hydraulic support is higher.

4. The rigid-flexible coupling dynamic simulation 
model of hydraulic support with clearance is 
constructed; the support height is 2490 mm, 
compared with the rigid body simulation results, 
the support height error is 2.2649 mm, and the 
axis pin connection clearance is a factor that 
must be considered in the attitude solution of the 
hydraulic support.

5. The rigid-flexible and mechanical-hydraulic 
coupling dynamics simulation model of the 
hydraulic support with clearance is established. 
In the loading test with a support height of 2500 
mm, the hydraulic support's height is reduced by 
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90.8686 mm. When the hydraulic support attitude 
is adjusted, the theoretical flow calculation cannot 
be used, and the column length should be directly 
measured.

6. Through the comparative analysis of the support 
height error of hydraulic support under three 
different influencing factors of material elastic 
deformation, axis pin connection clearance, and 
hydraulic cylinder force compression, it can 
be concluded that among the three influencing 
factors, the hydraulic cylinder force compression 
has the greatest influence on the attitude of 
hydraulic support, and the material elastic 
deformation has the least influence. Compared 
with the other two factors, the influence of 
material elastic deformation is only 1/9 or less.
The research provides theoretical support for the 

monitoring and control of hydraulic support attitude, 
which is of great significance to promoting intelligent 
mining in coal mines.

The limitation of this paper lies in only studying 
the position and attitude of hydraulic support and 
cannot obtain the position and attitude information 
of the whole hydraulic support in space, such as yaw 
angle, roll angle and pitch angle, and only studies a 
single hydraulic support. There are two directions 
for future research. Direction 1: Study the attitude of 
a base or hydraulic support in space and obtain the 
attitude information of the whole support in space 
through a single component. Direction 2: Calculate the 
overall position and attitude of the hydraulic support 
group and monitor the overall position and attitude of 
the support group through the geometric relationship 
of the adjacent frame.

The changing working attitude of hydraulic 
support significantly affects the support's bearing 
characteristics and may even damage its structural 
components. To ensure efficient, safe, continuous, 
and stable production in a comprehensive mechanized 
coal mining face, intelligent monitoring and proper 
control of the wave pressure support attitude are 
crucial to prevent shearer top beam cutting, balance 
jack breakage, and excessive top beam inclination. 
Many scholars have studied the attitude of hydraulic 
support deeply, such as the design of mine hydraulic 
support height measurement system based on an 
inclination sensor published by Huang et al. [45], 
the design of hydraulic support posture dynamic 
monitoring and control system published by Lu et al. 
[46], the sensing and data processing technology of 
hydraulic support state published by Pang et al. [47], 
and the support posture and driving jack in the initial 
supporting stage published by Hu et al. [48]. These 

studies try to use different inclination sensors and 
different filtering algorithms to analyse the support 
attitude perception results of hydraulic support, 
develop hydraulic support attitude and support height 
monitoring system, improve the perception accuracy 
of inclination sensors and the analysis efficiency of 
hydraulic support attitude. These researches are based 
on a large number of sensors for information fusion, 
which is costly and difficult to apply and popularize. 
The attitude analysis method of hydraulic support 
proposed in this paper only needs two groups of 
sensors to measure the length of the front and rear 
columns, and the attitude information of hydraulic 
support can be obtained, which is less in the number 
of sensors and low in cost and easy to popularize.

8  DISCUSSION

Much research has been conducted on the position and 
attitude monitoring of hydraulic support, but there are 
differences in the types, numbers, and installations of 
sensors, as well as research priorities and directions.

For example, Chen et al. [11] studied the fusion 
technology of wide-angle ultrasonic sensor and 
inclination sensor in Research on attitude monitoring 
method of advanced hydraulic support based on multi-
sensor fusion, which was applied to attitude monitoring 
of advanced hydraulic support in harsh underground 
environments. They established a measurement model 
based on advanced hydraulic support kinematics and 
then proposed yaw angle and roll angle calculation 
algorithms based on ultrasonic ranging data to achieve 
multi-sensor-based advanced hydraulic support 
attitude monitoring. Chen's research [11] calculates 
the position of hydraulic support through a variety of 
sensors, and the number of sensors is large, the variety 
is large, and the cost is high, which is not conducive 
to practical application. This paper only needs two 
groups of sensors to measure the length of the front 
and rear columns. The number of sensors is small, 
the cost is low, and it is easy to be popularized. Lu 
et al.  [18] proposed a method for attitude monitoring 
of hydraulic support in A portable support attitude 
sensing system for accurate attitude estimation of 
hydraulic support based on an unscented Kalman 
filter. According to the complementary characteristics 
of a magnetometer, accelerometer, and gyroscope, a 
supporting attitude sensing system composed of an 
inertial measurement unit and MEMS was designed. 
The attitude of hydraulic support is improved by 
the multi-sensor information fusion method, but the 
emphasis is on the yaw angle, roll angle, and pitch 
angle of hydraulic support in space. Both this paper 
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and Lu's research are aimed at the attitude of hydraulic 
support, but the object of this paper is the posture of 
hydraulic support itself, which has not been studied by 
Lu et al.  [18].
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