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Abstract

:

This paper studies hydraulic cylinder position adjustment controlled by an on–off valve. The aim of this paper is to develop a method of position control for a hydraulic cylinder based on input and output pressure under the mutual coupling feedback of the load and flow, especially in multi-actuator coupling control scenarios. This method can solve the problem of position evaluation and hydraulic cylinder tracking in relation to position detection without a displacement sensor and provide the possibility of automatic adjustment of hydraulic support in the process of intelligent mining. First of all, according to the flow continuity equation and Navier–Stokes equation, a flow model with inlet and outlet pressure is derived. Secondly, the effectiveness of the flow resistance characteristic curve of differential valve is verified by experimental and theoretical analysis. Finally, through experimental verification, when the system pressure is larger than 10 MPa, the error between the actual experimental data and the data calculated by the fitting algorithm is within 5%, which is consistent with the derived formula and proves the validity of the simulation model.
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1. Introduction


Intelligent mining is a new stage in the development of fully mechanized coal mining technology and also an inevitable requirement of the technological revolution and development of the coal industry [1,2,3,4]. In recent years, China’s intelligent construction of coal mines has shown positive progress, and the intelligent transformation of the working face has been promoted rapidly. There were only three intelligent working faces in China’s coal mines in 2015; the number reached 275 in 2019 and 494 in 2020, with an increase of 80% each year. Nineteen kinds of robot, such as coal mining, anchor drilling and patrol inspection robots, have been implemented and applied in coal mines [5], as shown in Figure 1.



Based on inertial navigation technology, an automatic alignment system of a fully mechanized mining face was developed. The detection error of the straightness of the system was less than 100 mm, and the whole working face alignment error was less than 300 mm [6,7]. The position control of the underground hydraulic support was mainly based on position detection and controlled by a large-flow on–off valve. Although a control valve with switchable large and small flow was developed, it still could not achieve rapidity and accuracy of control [8,9]. Aside from this, the logic cartridge could not effectively remove the need for manual intervention and compensation of hydraulic support in the production process. The main reason was that the displacement sensor could not be installed due to the limitations of the field’s applicable conditions, and the position control of the hydraulic cylinder based on the time control of an on–off valve could not be accurately realized, which, thus, became a bottleneck restricting the development of coal mining automation.



At present, position control systems in the engineering field are mainly electro-hydraulic position servo systems and have been widely used in aerospace [10,11], pump stations [12], water conservancy [13], hydraulic manipulators [14,15] and other fields. Some researchers have also studied high-speed on/off valves in the field of hydraulic engineering [16,17]. However, little research on the position control of hydraulic cylinders based on pressure detection has been conducted [18,19]. In recent years, in order to reduce the cost of valves used in position control systems and improve the scope of application, many scholars have carried out new explorations. Digital hydraulics were integrated into the cylinder, valve, feedback and control to form a fully digital motion characteristic. Digital hydraulic pressure is controlled by electric signal, and digital power amplification is based on hydraulic pressure [20], as shown in Figure 2. Santhosh Krishnan Venkata developed a technique to detect faults in the valve which can lead to better stability of the control loop [21]. Ruan Jian proposed a digital on–off valve based on a stepping motor to convert the rotary motion of the valve spool into axial motion [22], as shown in Figure 3. Zhou Chuanghui put forward an idea to realize the output position control of a hydraulic cylinder through a two-stage, parallel electro-hydraulic position control system based on an electromagnetic directional valve [23]. Jin Liyang studied the control method of hydraulic cylinders with electromagnetic directional valves as the main control element mainly from the perspective of control component modeling, control structure analysis and control algorithms [24]. Pan Min proposed a four-port, high-speed switching valve configuration and investigated the system dynamics and performance [25]. Khayyam Masood implemented a control algorithm to control the speed of a motor with the application of a single sensor [26]. However, the above core technical mechanism was mainly controlled by a feedback control solenoid valve formed by displacement detection, and the system pressure and load were not analyzed, as shown in Figure 4. When the displacement sensor failed, it could not function properly.



In this paper, we built a flow model with inlet and outlet pressure to estimate the position of the hydraulic cylinder. Then, the effectiveness of the flow resistance characteristic curve of differential valve was verified by experimental and theoretical analysis. Finally, the flow model was verified by a valve-controlled cylinder system. The displacement fitting control method based on pressure detection can work normally even when there is no displacement sensor or the displacement sensor fails. It can calculate and estimate the displacement change in real time under the conditions of the existing hydraulic system architecture according to the load change. It is especially suitable for the scenarios where multiple hydraulic cylinders act together under variable load conditions and it is inconvenient to install displacement sensors.




2. Working Principle of Hydraulic Cylinder System


The working principle of a hydraulic cylinder is similar to that of an underground mining hydraulic support system, which can be simplified as a valve-controlled cylinder model. The working schematic diagram of the system is shown in Figure 5.



The force balance equation of a hydraulic cylinder when it is under extension and retraction is:


   p 2   A 2  −  p 1   A 1  − F = m a  



(1)







The valve port flow equation is:


  Q =  C V  A    2 ρ  ∆ p   =  k p    ∆ p    



(2)







Powered on the solenoid valve on the left, the following formula can be derived:


   Q 2  /  Q 1  =  A 2  /  A 1   



(3)






   p  i n   −  p 2  ″   = ∆  p 2  ″    



(4)






   p 2  ″   −  p 2 ′  = ∆  p 2 ′   



(5)






   p 2 ′  −  p 2  = ∆  p 2   



(6)






   Q 2  =  k 2  ″       ∆  p 2  ″     =  k 2 ′      ∆  p 2 ′    =  k 2    ∆  p 2     



(7)







Combining the above formulas obtains:


   Q 2  =  k 2 x      ∆  p 2 x     



(8)






  ∆  p 2 x  =  p  i n   −  p 2   



(9)






   k 2 x  =    1       1   k 2  ″        2  +      1   k 2 ′       2  +      1   k 2       2       



(10)




where    Q 2    and    Q 1    are the unit inlet and outlet flow, respectively;    A 1    is the area of the rod-less chamber of the piston;    A 2    is the area of the rod chamber of the piston;    p  i n     is the inlet pressure of the system;    p  o u t     is the outlet pressure of the system;  Q  is the inlet flow;    p 1 ′   ,    p 2 ′    and    p 2   ″      are the pressure behind the return circuit breaker, check valve and filter, respectively;    k 2   ″     ,    k 2 ′    and    k 2    are the comprehensive flow coefficient of filter, directional valve and the check valve, respectively;    k 2 x    is the comprehensive flow coefficient from the inlet to the rod chamber when the hydraulic cylinder extends;   ∆  p 2   ″     ,   ∆  p 2 ′    and   ∆  p 2    are the pressure difference of filter, directional valve and check valve, respectively; and   ∆  p 2 x    is the pressure drop from the inlet to the rod chamber when the hydraulic cylinder extends.



Similarly, with Equation (7), the outlet flow equation can be deduced as shown below:


   Q 1  =  k 1 x      ∆  p 1 x     



(11)




where   ∆  p 1 x    is the pressure drop from the rod-less chamber to the main return when the hydraulic cylinder extends.    k 1 x    is the comprehensive flow coefficient from the rod-less chamber to the main return when the hydraulic cylinder extends.


  ∆  p 1 x  =  p 1  −  p  o u t    



(12)






   k 1 x  =    1    (   1   k 1 ′     )  2  +   (   1   k 1     )  2       



(13)







By solving Equations (1), (3), (8) and (11), the system flow equation can be obtained as follows:


   Q 2  =   (  p  i n    A 2  −  p  o u t    A 1  − F ) ∕ [     A 1 3      (  k 1 x  )  2  (  A 2 2  )   +    A 2      (  k 2 x  )  2     ]   =  k s  ·  f s     p  i n   ,    p  o u t      



(14)




where


   f s     p  i n   ,    p  o u t     =   (  p  i n    A 2  −  p  o u t    A 1  − F )    



(15)






   k s  =   1 ∕ [     A 1 3      (  k 1 x  )  2  (  A 2 2  )   +    A 2      (  k 2 x  )  2     ]    



(16)







The hydraulic cylinder displacement is the following equation:


  L =   ∫    t 1     t 2       Q 2     A 2      d t  



(17)







Based on the above hydraulic cylinder extension analysis, for a hydraulic cylinder system unit, the directional valve, hydraulic control check valve and pipeline can be regarded as fixed damping structures when the hydraulic cylinder is under extension or retraction. The system inlet flow can be calculated by the inlet and outlet pressure    p  i n     and    p  o u t     of the system. Accordingly, the position of the hydraulic cylinder can be predicted by flow integration.



2.1. Analysis of the Electro-Hydraulic Control Directional Valve Model


The key of the above theoretical analysis is to equate all hydraulic components to a fixed-orifice model. At present, the electro-hydraulic control directional valve structure in the mining hydraulic system is the most superior. The mechanism is analyzed below, and its schematic diagram is shown in the Figure 6.



Working principle: The electro-hydraulic control directional valve is mainly composed of a pilot valve and a main valve. Under initial conditions, the conical surface in the middle of the inlet valve spool 3 is sealed with the right conical of the valve seat 4. When the solenoid valve acts, the inlet at the pilot side enters the control chamber of the directional valve. The pressure in the control chamber first drives the inlet valve spool to the right, which is sealed with the left conical surface of the valve seat and isolates the working chamber from the return chamber. Then, the pressure drives the return valve spool to move to the right. At this time, the inlet chamber is connected with the working chamber to supply the liquid to the working port. When the solenoid valve is powered off, the pressure in the control chamber gradually drops to zero. Due to the hydraulic pressure of the working port and the spring return force acting on the return valve spool, the inlet valve spool and return valve spool are reset.



The ordinary directional valve (also called the ordinary valve) was modeled and analyzed separately, and its equivalent model is shown in Figure 7.


   p  t r a      A D  −  A  w r k     +  p  c t l    A  c t l   =  p  i n      A D  −  A  w r k     +  p  w r k    A  c t l   +  F  s w   +  F  s p r i n g   + m   (    d x   d t    )  2   



(18)







Generally, the opening of the valve spool is relatively small and limited. As long as the hydraulic pressure of the control chamber is greater than those of the inlet chamber, working chamber, hydraulic force and spring return force, the opening can remain unchanged, which can meet the steady-state conditions.


   p  t r a      A D  −  A  w r k     +  p  c t l    A  c t l   =  p  i n      A D  −  A  w r k     +  p  w r k    A  c t l   +  F  s w   +  F  s p r i n g    



(19)







According to the continuity equation of the valve port flow, the following equation is:


  Q =  C V   A  11       2    p  i n   −  p  t r a      ρ    =  C v   A  22       2    p  c t l   −  p  w r k      ρ     



(20)







Hydrodynamic force mainly considers steady-state hydrodynamic force, which is mainly related to the change in direction. It is obtained according to the momentum theorem.


   F  S W   = ρ  Q v   v 4  + ρ  Q v   v 1  cos β = 2      c v   A  22      2     p  t r a   −  p  w r k     (   1   A d    +   cos β    A  11      )  



(21)







Under steady-state conditions, the control chamber pressure is equal to the inlet chamber pressure, and it can be seen that:


   C 1   A  11  3  − cos β ·  A  11  2  + (  A  22  2  − f    p  w r k     )  A  11   = cos β ·  A 2 2   



(22)




where


   C 1  =    A  c t l     2      c v   A  22      2    −  1   A d     



(23)






  f    p  w r k     =    A  22  2     p  i n   −  p  w r k        A D  −  A  w r k     +  F  s p r i n g     2      c v   A  22      2     p  c t l   −  p  w r k        



(24)







The meaning of all symbols is shown in Table 1.



In the general hydraulic control system, the working face is controlled by constant pressure, i.e.,    p  i n     is constant and set to 30 MPa. In order to verify the relationship between the valve spool opening and the inlet working pressure, when the working pressure gradually increases from zero to system pressure 30 MPa, the structural parameters of the electro-hydraulic control directional valve are substituted into it. The univariate cubic equation was solved by MATLAB, only the real solution was retained for analysis and the data was analyzed and sorted. The data diagram is shown in Figure 8.



As can be seen, Figure 8 is divided into three zones according to valve spool structural characteristics. The first zone is normally open. In the initial stage, the working port pressure is zero, and the hydrodynamic force is zero. At this time, the hydraulic driving force of the control port is significantly greater than the hydraulic force of the valve spool closing, which causes the spool to open. When the system pressure is lower than 10 MPa, the driving force of the control chamber is significantly greater than the closing force of the working chamber. At this time, the valve spool opening is equal to 10 mm, which is a fully open area. As the working pressure of the system continues to increase, the opening of the valve spool gradually decreases to reduce the hydraulic force and reset force. This area is a variable opening area. The opening varies according to the working pressure of the system. When the working pressure increases to 29 MPa, the force of the control chamber is less than the combined force of the working chamber force, spring return force and hydraulic force, and the valve spool is nearly closed. When the working pressure of the system exceeds 29 MPa, the stroke is negative. Due to the limit function of the valve seat, it is a closed area. Thus, the opening of the directional valve is dependent on different loads and nonlinear factors such as friction and hydrodynamic force. The reason is that the action area of the control chamber is the same as that of the working port.



In order to solve the above problems, the differential directional valve (also called the differential valve) was proposed to replace the ordinary valve. The main differences of the differential valve are shown in Figure 9. The return valve spool and the inlet valve spool move at the same time when they are in open position, and their equivalent driving area is much larger than the hydraulic action area of the working port. Thus, it can effectively ensure that the hydraulic driving force is much larger than the force in the closing direction and ensure that the opening of the valve spool remains unchanged.


   p  t r a      A D  −  A  w r k     +  p  c t l    A  c t l   >  p  i n      A D  −  A  w r k     +  p  w r k    A  c t l   +  F  s w   +  F  s p r i n g    



(25)







By substituting the structural parameters of the directional valve spool for solution, the relationship between its working pressure and the opening of the valve spool can be obtained. It can be seen from the Figure 10 that, under the full pressure range, the theoretical opening of the system is much larger than the opening limit of the valve. Therefore, the valve is in fully open mode under the working pressure, which is equivalent to the fixed throttle port for modeling and calculation in the commutation process.




2.2. Test System of Valve-Controlled Cylinder


In order to analyze and verify the deduced model, a hydraulic cylinder test system was built. The schematic diagram of the experiment is shown in Figure 11. The liquid inlet of the directional valve was connected to the emulsion pump. The working port A1 of the directional valve was connected to the upper chamber of the hydraulic cylinder. The working port A2 of the directional valve was connected to the positive inlet of the hydraulic check valve. The control channel of the hydraulic check valve was connected to the hydraulic cylinder rod chamber. Pressure sensors were connected to the directional valve inlet, directional valve working ports A1 and A2, the upper chamber of the cylinder and the lower chamber of the cylinder to detect pressure changes under different test conditions. A flowmeter was set in the main return liquid to detect the system flow. A laser displacement sensor was installed 1000 mm in front of the hydraulic cylinder for displacement measuring. The acquisition frequency of the test system was 2 kHz. The test equipment parameters are shown in Table 2. The experimental pipeline connection is shown in Figure 12.





3. Results and Discussion


3.1. Verification of the Directional Valve Model


In order to verify the flow resistance characteristics of ordinary valve and differential valve, we collected inlet and outlet pressure and flow data at 5, 10, 15, 20, 25 and 30 MPa from the system under the extension and retraction states of hydraulic cylinder. The experimental results are shown in Table 3 and Table 4 below.



Figure 13 shows the relationship between the flow and the square root of the pressure drop of the ordinary valve and the differential valve when the hydraulic cylinder was tested under a DN10 diameter pipeline. When the hydraulic cylinder retracted and extended, for the ordinary valve, the linearity of the system flow and the square root of the inlet and outlet pressure drop had obvious randomness. The main reason is that the opening of the ordinary valve was different under different flow conditions. For the differential valve, the linearity of the system flow with the square root of the inlet and outlet pressure drop was high. The main reason is that the differential valve was in a fully open state, which can be modeled as a fixed damping hole. In order to perform the follow-up experiments, the differential valve was taken as the experimental object in the follow-up test and verification.




3.2. Analysis of System Flow and Inlet and Outlet Pressure of the Experiment Data


The data from under the DN10 pipeline were collected to verify the relationship of system flow, pressure and displacement. The system flow was taken as the x-axis, and the inlet and outlet function f(pin, pout) as the y-axis when the hydraulic cylinder extended and retracted. The test result is shown in Figure 14.



By analyzing Figure 14, it can be seen that the function of inlet/outlet pressure and system flow behaved linearly with a DN10 diameter pipeline. The linearity error was mainly due to friction between the piston and cylinder bore, the change of elastic modulus under different pressure areas and nonlinear operation loads [27]; however, the nonlinearity factors only affected a small portion of the system calibration, so can be ignored.




3.3. Data Verification


According to the measured values of the inlet and outlet pressure sensors, we assigned a value to Equation (15) and calculated the fitting flow of the DN10 diameter pipeline layout under different working conditions. Then, the fitting flow and actual flow were statistically analyzed. Finally, the relative error was calculated. The actual and fitting results are shown in Table 5. The actual and fitting results between flow and pressure are shown in Figure 15.



As is shown in Table 5 and Figure 15, the correlation degree of the fitting flow and actual flow under the DN10 pipeline was good. When the system pressure was over 10 MPa, the relative error of the system flow was within 5%. However, the relative error of system flow reached up to 20% when the system pressure was less than 10 MPa. The reason is mainly due to the change of the elastic modulus under low system pressure. When the system pressure was over 10 MPa, the elastic modulus was approximate to a certain constant. In the next step, we will conduct a quantitative study on nonlinear factors, such as the elastic modulus of the low-pressure zone, to ensure fitting accuracy within the full pressure difference range.





4. Conclusions


A theoretical model of flow and displacement control based on inlet and outlet pressure detection was deduced, and the feasibility in the application scenario without displacement sensor was preliminarily verified. In order to prove the relationship between system flow and inlet and outlet pressure, a test platform was built, and a comparative verification was carried out. The result shows that, compared with an ordinary directional valve, a differential valve has better linearity with regard to pressure and flow characteristics and can be analyzed as fixed damping. When the system pressure is larger than 10 MPa, the system flow can be well fitted with the inlet and outlet pressure drop within 5% of the actual error. This experiment verifies the feasibility of position control through pressure detection of the control hydraulic system by implementing an on–off valve. The verification of this principle provides a new solution for the precise control of the hydraulic support on a fully mechanized working face.
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Figure 1. (a) Development plan of intelligent working faces; (b) Market scale of China’s coal industry. 
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Figure 2. Structure diagram of a digital hydraulic cylinder. 1. Electrically controlled stepping motor/servo motor; 2. Valve spool; 3. Nut bushing; 4. Nut; 5. Rod; 6. Screw stem. 
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Figure 3. Structure diagram of a large-flow digital development valve. (a) Structure diagram of digital valve; (b) Sectional view of digital valve. 
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Figure 4. Schematic diagram of a hydraulic cylinder controlled by a traditional servo valve. 
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Figure 5. Working principle of a hydraulic cylinder system. 1. Hydraulic cylinder; 2. Liquid control check valve; 3. Directional valve; 4. Filter; 5. Return circuit breaker. 






Figure 5. Working principle of a hydraulic cylinder system. 1. Hydraulic cylinder; 2. Liquid control check valve; 3. Directional valve; 4. Filter; 5. Return circuit breaker.



[image: Processes 10 01167 g005]







[image: Processes 10 01167 g006 550] 





Figure 6. Principle working diagram of a directional valve for hydraulic support. 1. Inlet valve sleeve; 2. Spring; 3. Inlet valve spool; 4. Valve seat; 5. Return valve spool; 6. Fixed orifice; 7. Return valve sleeve. 
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Figure 7. Structural diagram of the ordinary directional valve. 
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Figure 8. Relationship between working pressure and valve spool opening of the ordinary valve. 
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Figure 9. Schematic diagram of the differential directional valve. 
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Figure 10. Relationship between working pressure and valve opening of the differential valve. 
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Figure 11. Hydraulic schematic diagram of the test system. 
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Figure 12. Connection of the hydraulic cylinder system. 
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Figure 13. The relationship between flow and square root of pressure drop of ordinary valve and differential valve when hydraulic cylinder is operated; (a) Retracted; (b) Extended. 
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Figure 14. System flow and pressure relationship under DN10 pipeline. 
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Figure 15. Comparison diagram of fitting flow and actual flow under DN10 diameter pipeline when the hydraulic cylinder extended and retracted. 
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Table 1. Formula variable table.
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	Symbol
	Name
	Unit
	Remark





	    A  11     
	Sealing cross-sectional area
	mm2
	



	    A  22     
	Area of inlet valve spool liquid through holes
	mm2
	



	    F  s p r i n g     
	Spring pre-compression force
	N
	



	    A D    
	Outer hole area of inlet valve spool
	mm2
	



	    A d    
	Inner hole area of inlet valve spool
	mm2
	



	    p  i n     
	Inlet pressure
	MPa
	



	    p  w r k     
	Working port load pressure
	MPa
	



	    p  c t l     
	Control port pressure
	MPa
	



	    p  t r a     
	Transition pressure
	MPa
	



	  β  
	Coaxial angle of liquid inlet direction
	°
	Degree



	    c v    
	Valve port flow coefficient
	1
	



	  Q  
	Inlet flow
	L/min
	



	  x  
	Valve spool displacement
	mm
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Table 2. Equipment parameters.
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	Equipment
	Parameter
	Model





	Pump
	Nominal flow 200 L/min,

nominal pressure 37.5 MPa
	BRW200/37.5



	Pressure sensor
	Measurement range 0–40 MPa,

measurement accuracy 0.25%
	HDA4846-A-400-000



	Return circuit breaker
	Nominal flow 200 L/min,

nominal pressure 16 MPa
	FD200/16



	Directional valve
	Nominal flow 200 L/min,

nominal pressure 31.5 MPa
	FHS200/31.5



	Hydraulic control check valve
	Nominal flow 200 L/min,

nominal pressure 50 MPa
	FDYA200/31.5



	Laser displacement sensor
	Measurement 1600 mm,

precision ±1 mm
	DAN-10-150



	Hydraulic cylinder
	Cylinder/rod diameter 180/120 mm,

stroke 900 mm
	TMQTC(180/120*900)










[image: Table] 





Table 3. Hydraulic cylinder retraction data between ordinary valve and differential valve.
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System Pressure

(MPa)

	
System Flow

(L/min)

	
Square Root of Pressure Drop (MPa)




	
Ordinary Valve

	
Differential Valve






	
6

	
21.57

	
1.37

	
0.37




	
10.5

	
41.50

	
1.36

	
0.51




	
17

	
64.20

	
0.88

	
0.64




	
21.4

	
72.99

	
1.11

	
0.68




	
26.8

	
83.81

	
1.16

	
0.73




	
31

	
92.48

	
0.79

	
0.77
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Table 4. Hydraulic cylinder extension data between ordinary valve and differential valve.
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System Pressure

(MPa)

	
System Flow

(L/min)

	
Square Root of Pressure Drop (MPa)




	
Ordinary Valve

	
Differential Valve






	
6

	
20.62

	
1.31

	
0.36




	
10.5

	
35.08

	
1.32

	
0.47




	
17

	
49.94

	
1.23

	
0.56




	
21.4

	
56.65

	
1.40

	
0.60




	
26.8

	
64.84

	
1.61

	
0.64




	
31

	
70.23

	
1.75

	
0.67
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Table 5. Comparison between fitting flow and actual flow under DN10 pipeline.
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System Pressure (MPa)

	
5

	
10

	
15

	
20

	
25

	
30






	
Hydraulic cylinder extends under DN10 pipeline

	
Actual flow (L/min)

	
20.62

	
35.08

	
49.94

	
56.65

	
64.84

	
70.23




	
Fitting flow (L/min)

	
23.16

	
39.04

	
49.89

	
56.15

	
62.90

	
67.72




	
Relative error (%)

	
12.32

	
11.29

	
0.11

	
0.88

	
2.99

	
3.57




	
Hydraulic cylinder retracts under DN10 pipeline

	
Actual flow (L/min)

	
21.57

	
41.5

	
64.2

	
72.99

	
83.81

	
92.48




	
Fitting flow (L/min)

	
25.894

	
47.234

	
64.53

	
72.656

	
81.738

	
87.952




	
Relative error (%)

	
20.05

	
13.82

	
0.51

	
0.46

	
2.47

	
4.90
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