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In practical engineering, it is very difficult to obtain data on the slipper wear of hydraulic pumps, especially under high-speed, high-pressure conditions, which limits the development of fault diagnosis technology for hydraulic pumps. At present, a test method that can accurately simulate the operating state of the slipper pair under high-speed and high-pressure conditions does not exist. The reliable load-bearing design of the slipper pair is difficult to carry out effectivetest verification, which limits the development of high-speed and high-pressure piston pumps. Therefore, an experimental design method was proposed to directly simulate the high-speed, high-pressure friction state of the slipper pair based on the change law of reprinting residual pressing force.
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1 INTRODUCTION
The hydraulic pump is the core power component of major hydraulic equipment fields, such as aerospace (Zhang et al., 2021), large engineering and construction machinery (Tang et al., 2021a), and ships (Du et al., 2021). Once failure occurs, the system will be paralyzed, causing potentially serious consequences of destruction and even death. At present, scholars attach great importance to the fault diagnosis of high-speed, high-pressure hydraulic pumps, which has become an important research direction in the field of fault diagnosis (Tang et al., 2022a; Zhu et al., 2022). As a moving component with the most complex motion mechanism and the most severe working environments (Chao et al., 2018; Wang and Shi, 2021), the slipper pair easily leads to wear failure (Wu and Yu, 2018; Guo et al., 2020). However, due to the closure of the hydraulic pump structure, the fault concealment is extremely strong, and the fault data are difficult to obtain, especially under high-speed and high-pressure conditions (Tang et al., 2021b; Tang et al., 2022b; Tang et al., 2022c). At present, fault data are mostly acquired by collecting the fault signals during the actual operation of the pump, resulting in the required fault data collection being difficult and rare. An effective simulation method for slipper wear faults could be designed to simulate the friction state of slipper wear and obtain the complete characteristic information of slipper wear faults. The difficulty of obtaining slipper wear fault data in high-speed, high-pressure piston pumps is reduced to solve the problem of uneven sample data in fault diagnosis of the hydraulic pumps.
Much research has been performed on the design and development of piston pump slipper pair test rigs. Iboshi and Yamaguchi proposed a rotating swashplate test rig to measure oil film thickness and the pressure between the slipper and the swashplate at a pressure of 7 MPa (Iboshi and Yamaguchi, 1982). Markus and Koskinen from Finland built a test rig in the field of water hydraulics and investigated the relationship between oil film thickness and swashplate tilt angle (Markus et al., 2008). In Korea, Hong and Kwon designed a test bench simulator with a similar height to the actual pump swashplate and investigated the power loss, leakage, and friction characteristics of the swashplate at a low-speed range (Hong and Kwon, 2014). Hashemi et al. designed a single plunger pump test bench to test and analyze the friction characteristics at 500 rpm and 17 MPa (Hashemi et al., 2017). A new test rig was designed at Purdue University, USA, to maintain a high degree of similarity to a real pump and to measure the oil film thickness of the slipper pair at 1,000–2000 rpm (Schenk, 2014; Spencer, 2014; Ivantysyn and Weber, 2016; Beale, 2017). Zhang et al. built a test rig to detect the spin of the sliding shoe based on a conventional pump and creatively measured the spin of the slipper pair (Zhang et al., 2017). J. H. Jiang et al. designed a test rig for friction power loss between the slipper and the swashplate and analyzed the influence of slipper microstructure on the lubrication performance of the slipper–swashplate interface in depth (Jiang et al., 2020). Tang of Wenzhou University and colleagues improved the original structure of the slipper pair and swashplate of the piston pump to measure the oil film thickness and temperature of the slipper pair (Tang et al., 2016a; Tang et al., 2016b; Tang et al., 2018). Ai of Zhejiang University and others built a test bench to explore the lubrication characteristics of the slipper pair by simulating the real pump structure. The formation and variation of lubrication film at 31.5 MPa and 3,000 rpm were investigated (Ai et al., 2004). Chao et al. designed a piston structure with a cover that can effectively alleviate the problems of volume loss, pressure fluctuation and cavitation during the operation of a high-speed, high-pressure axial piston pump (Chao et al., 2023). This investigation found that the high-speed, high-pressure state of the pump will lead to a very high compression force of the slipper pair, and the simulation of this high pressure is difficult. In the current research, the working conditions of the high-speed, high-pressure slipper pair test bed are set between 3000 rpm and 31.5 MPa, and there is still a lack of simulation test devices with higher pressure and speed (Zhou and Jing, 2020).
Much of the current research on frictional pairs has been focused on the direct simulation of their frictional state for load-bearing and lubrication characterization (Belov et al., 2021; Liang and Yang, 2021; Wang et al., 2022). Szczypinski-Sala et al. simulated the sleeve-bearing friction pair using ring specimens from Poland and investigated the lubrication performance of a TiB2 coating under different oil lubrication conditions by comparing the variation curve of the friction coefficient with the relative movement speed of the friction pair (Szczypinski-Sala and Lubas, 2018). Mao et al. from Tsinghua University used the UMT-3 tribometer to conduct steel/copper and steel/steel friction tests to investigate the tribological properties of graphene as a lubricant additive for friction substrates (Mao et al., 2021). J. Wang et al. from the China University of Geosciences measured the friction coefficients of PDC bearings under different operating conditions and proposed a theoretical model for friction measurement (Wang et al., 2020). X. Wang et al. from Shanghai Jiaotong University studied the load bearing and lubrication performance of CuAl10Fe3 sliding bearings under chromium plating and diamond-like carbon coating by comparing the torque and friction coefficient parameters (Wang et al., 2019). The afore-mentioned tests were conducted by directly simulating the friction state of the friction pair to study their tribological properties. The research is still lacking on the experimental methods and devices used to simulate high-pressure and high-speed conditions through the friction state of the slipper pair.
In this study, a friction-state simulation test rig of the slipper pair is built through the tribometer based on the change rule of the residual pressing force of the slipper pair based on the static pressure balance principle. In this test, the test piece is designed to undulate in the circumferential direction of the friction area, and several convex peaks and valleys are artificially processed. Using the mutual conversion of peaks and valleys, the periodic high-pressure difference alternating process of the residual pressing force in the suction area and the oil discharge area is simulated under the high-pressure condition of the actual pump. By increasing the number of peaks, the impact frequency of each week of rotation of the specimen increases, and the alternating frequency of the residual pressing force in the suction and drainage area is simulated under the high-speed condition. The test rig is verified to reproduce the alternating law of residual pressing force of the slipper pair of the real high-speed, high-pressure piston pump and can accurately simulate the friction state of the slipper pair under high-speed, high-pressure conditions.
2 PRINCIPLE AND STRUCTURAL COMPONENTS OF THE TEST RIG
The test rig is divided into three main parts: the oil supply system for a stable oil source, the slipper pair friction-state simulation device, and the data acquisition system. The test rig and its schematic diagram are shown in Figures 1, 2. The stable pressure oil supply system provides a constant pressure oil source for the test bed to ensure that the test results are not affected by a change in oil supply pressure. The data acquisition system is equipped with an eddy current displacement sensor and torque sensor to collect the displacement, friction torque, and other data.
[image: Figure 1]FIGURE 1 | Test rig.
[image: Figure 2]FIGURE 2 | Schematic diagram of the test rig.
The slipper pair friction simulation device mainly consists of the upper specimen and the lower specimen, shown in Figure 3. The upper specimen is a surface simulation piece of the plunger pump swashplate, shown in Figure 4. The contact surface of the annular area is designed perpendicular to the surface direction, and the trajectory is a periodically changing surface structure. The lower specimen component is the slipper simulation specimen, shown in Figure 5. When it is in contact with the upper specimen and along the upper specimen’s concave and convex surface relative sliding process, the vertical direction of the force relationship is shown in Figure 6, from which the remaining compression relationship between the force [image: image] and the amount of undulation change [image: image] is
[image: image]
where [image: image] is the compression force provided by the test machine, [image: image] is the oil film support force, [image: image] is the disc spring stiffness, and [image: image] is the initial compression of the disc spring.
[image: Figure 3]FIGURE 3 | Specimen for simulation.
[image: Figure 4]FIGURE 4 | Upper specimen assembly.
[image: Figure 5]FIGURE 5 | Lower specimen assembly.
[image: Figure 6]FIGURE 6 | Schematic diagram of the residual pressing force simulation.
The compression force [image: image] is essentially constant after the test machine load is set, and the constant pressure oil source provides a stable oil film support force [image: image]. The residual pressing force [image: image] of the simulated slipper will vary periodically with the heave variation, which in turn will cause the spring force generated by the disc spring to change periodically and alternatively. According to Eq. 1, the residual pressing force of the slipper shows a periodic variation pattern.
The relationship between the frictional force Ff and the residual pressing force [image: image] between the slipper and the swashplate is given by
[image: image]
where [image: image] is the coefficient of friction, and friction force [image: image] can be calculated from the friction torque M measured by the friction torque sensor.
3 SIMULATING THE HIGH-SPEED, HIGH-PRESSURE FRICTION STATE OF THE SLIPPER
The test rig is designed and theoretically calculated for the friction-state simulation specimen based on the variation law of the residual pressing force of the real slipper. The correctness of the simulation method will be verified by fitting the numerical simulation to the test results for comparison.
3.1 Residual pressing force of the real pump slipper pair
The following assumptions are made to solve the residual pressing force of the slipper pair of a real pump without considering the pressure pulsation of the plunger during the movement of the oil discharge area.
1) Each plunger chamber remains under constant pressure as the plunger moves in the suction and discharge state.
2) The plunger chamber pressure only changes with the change of suction and discharge state.
The force analysis of the slipper and plunger is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Force analysis of the slipper and plunger assembly.
It can be seen from Figure 7 that the main forces on the slipper are the axial thrust at the plunger end and the hydraulic counter thrust, while the secondary forces, such as spring force, frictional force and inertia force F′, are relatively small. This gives the magnitude of the residual pressing force as follows (Liu et al., 2017):
[image: image]
where [image: image] can be expressed as
[image: image]
where [image: image] is the oil supply pressure, [image: image] is the oil chamber pressure, [image: image] is the inner diameter of the sealing band, [image: image] is the outer diameter of the sealing band, [image: image] is the plunger diameter, [image: image] is the plunger mass, [image: image] is the angular speed of the pump, [image: image] is the swashplate tilt angle, z is the number of plungers, [image: image] is the center spring stiffness, [image: image] is the center spring pre-compression, [image: image] and [image: image] are the contact stresses between the plunger and the plunger chamber, and [image: image] is the friction coefficient.
As the primary force is much greater than the secondary force, the oil pressure is higher at high pressure, and the switching speed is faster at high speed. The secondary force will be ignored when designing the test rig. Thus, Eq. 3 can be further simplified as
[image: image]
3.2 Friction-state simulation of slipper
The real pump slipper pair residual pressing force variation law is obtained through the afore-mentioned comparison. The test specimen structure is designed as a concave and convex ring surface using the unevenness of the slanting disc. The height difference between the convex peak and the concave valley was used to simulate the alternating changes of the residual pressing force in the suction and discharge area, as shown in Figure 8. The trajectory equation for the amount of curve undulation variation within the concave and convex annular surface concerning the displacement of the actual slipper pair along the cylinder bore axis direction relative to the swashplate surface is assumed to be
[image: image]
[image: Figure 8]FIGURE 8 | Contact diagram of two specimens at q = 1.
The maximum amount of undulation is
[image: image]
Combining Eqs 6, 7 yields
[image: image]
where [image: image] is the radius of the distribution circle of the sliding shoe simulator, [image: image] is the angle of inclination of the contact surface of the slipper simulator and the swashplate simulator, q is the number of bumps and undulations, and [image: image] is the angle of rotation of the rotating shaft of the tribometer.
From Eq. 1, it follows that
[image: image]
where [image: image] is the plunger radius, [image: image] is the oil supply pressure, [image: image] is the center chamber pressure, [image: image] is the seal band’s internal diameter, and [image: image] is the seal band’s external diameter.
According to Eq. 9, the magnitude of the residual pressing force can be simulated by varying the amount of undulation change [image: image].
Combining Eq. 8 with Eq. 9 yields
[image: image]
The relationship between the residual pressing force Fr, the compression force FN, and the oil film support force F0 in the real pump (as in Figure 8) is
[image: image]
Figure 9 shows that the increase in compression force and oil film support force is much greater than the increase in the residual pressing force as the working pressure increases. When the working pressure is 16 MPa, 31.5 MPa, and 60 MPa, respectively, the pump clamping force is 10,359 N, 20,394 N, and 3,846 N, while the residual clamping force is only 60 N, 1,222 N, and 2,327 N. Therefore, although it is difficult to directly simulate the working pressure of the larger system, an estimate can be generated by simulating the smaller residual pressing force.
[image: Figure 9]FIGURE 9 | Relationship between residual pressing force, compression force, oil film support force, and working pressure.
The rated speed of the motor of the test device is set to n1. The swashplate is driven to simulate the rotation of the specimen for 1 week, then the number of changes in the undulation of the curve ρ in the concave and convex ring surface is q times. At this point, the corresponding simulated speed of the slipper is
[image: image]
4 EXAMPLE ANALYSIS
Taking the Rexroth A11VLO190 swashplate axial piston pump as an example, the numerical simulation analysis is used to compare the proposed simulation method with the results of the actual pump.
4.1 Simulation results of the actual pump
The key structural parameters of the A11VLO190 swashplate axial piston pump slipper pair are shown in Table 1.
TABLE 1 | Main operating parameters of the slipper pair of the Rexroth A11VLO190 swashplate axial piston pump.
[image: Table 1]According to Eq. 5, the oil chamber pressure P0 should be determined before the numerical simulation of the pump residual pressing force. The pressure drop through the fixed damping is first simulated according to the A11VLO190 swashplate axial piston pump structure, and the oil chamber pressure P0 is determined in conjunction with the oil film thickness.
The flow continuity equation gives the relationship between the oil chamber pressure and the supply pressure as
[image: image]
where h is the oil film thickness.
In the slipper pair, the oil film thickness is too small and could cause severe wear, greatly reducing the life of the pump. If the oil film thickness is too large, the oil leakage will be large, and the volumetric efficiency of the hydraulic pump will be reduced. Therefore, the oil film thickness h is generally designed to be between 10 μm and 40 μm. When the oil film thickness is 40 μm, the pore pressure drop with fixed damping is the largest. Eq. 13 is used with an oil film thickness of 40 μm for the simulation. The simulation results are shown in Table 3.
Combining Eq. 5 and the parameters in Tables 1 and 2, the numerical solution is carried out using MATLAB, and the simulation results are shown in Figure 10.
TABLE 2 | Fitting parameters.
[image: Table 2][image: Figure 10]FIGURE 10 | A11VLO190 swashplate axial piston pump residual pressing force size and variation pattern.
Figure 10 shows that the average residual pressing force in the oil pressure zone at 16 MPa, 25 MPa, 31.5 MPa, and 60 MPa is 1002 N, 1530 N, 1912 N, and 3583 N, respectively. When the pump rotation angle exceeds 180°, that is, after switching from high to low pressure, the residual pressing force of the pump approaches 0.
4.2 Simulation of high-pressure operating conditions
The convex peak height of the swash plate was calculated according to the simulation results in Figure 10, and Table 3 was obtained. The simulation and fitting results using MATLAB are shown in Figure 11. When the working pressure is 16 MPa, 25 MPa, 31.5 MPa, and 60 MPa, respectively, the real residual compression force of the pump is 1021 N, 1549 N, 1930 N, and 3602 N, and the maximum simulated residual compression force is 1024 N, 1554 N, 1938 N, and 3610 N. It can be seen that the variation trend of the residual pressing force of the test rig is essentially the same as that of the pump. The simulation results show that the residual pressing force of the real slipper pair can be simulated by appropriately changing the swash plate of the test rig to simulate the height of the convex peak of the specimen.
TABLE 3 | Height of the convex peak of the simulated specimen on the inclined disc.
[image: Table 3][image: Figure 11]FIGURE 11 | Fitted plot of the magnitude and variation of the test setup compression force at q = 1.
The fitting parameters of different pressures are shown in Table 3. The fitting simulation, according to Table 3, is shown in Figure 12. Under different simulated pressures, the variation trend of the real pump residual pressing force is the same as that of the simulated compression force, which can be well fitted.
[image: Figure 12]FIGURE 12 | Fitted diagram of pump and test set compression force.
4.3 Simulation of high-speed operating conditions
From Eq. 9, the test rig is based on the number of convex peaks and troughs of the simulated swashplate specimen to simulate the high speed of the slipper pair. Therefore, with the number of convex peaks q as the independent variable, the simulation was fitted to the change in the residual pressing force and the change in the compression force of the simulated device. The simulation parameters are shown in Table 4, and the results are shown in Figure 13.
TABLE 4 | High-speed simulation parameters.
[image: Table 4][image: Figure 13]FIGURE 13 | High-speed simulation results of the test setup.
As can be seen from Figure 13, as q increases, the residual pressing force alternation period of the simulation device shortens to that of a real pump [image: image]. By varying the number of concave and convex peaks q, it is possible to simulate q times the motor speed and achieve a high-speed simulation of the pump.
5 TEST PERFORMANCE VERIFICATION
5.1 High-speed test verification
The test results for the m = 2 and m = 3 cases using the parameter data in Table 3 are shown in Figure 14.
[image: Figure 14]FIGURE 14 | Fitted graph of the magnitude and variation of the compression force of the test setup at ρ = 950.
As can be seen from Figure 14, the fit between the test results and the simulation results is better when m = 2 until the turning angle reaches 90°. A phase difference is observed when the turning angle is above 90°, but the trend is the same. When m = 3, the fit between the test results and the simulation results is better until the angle of rotation reaches 180° and then becomes slightly worse after 180°. This result is greatly influenced by the machining accuracy of the test piece.
5.2 High-pressure service test verification
The different pressure test parameters are shown in Table 5, and the test results fitted to the simulation results are shown in Figure 15.
TABLE 5 | Test parameters.
[image: Table 5][image: Figure 15]FIGURE 15 | Test results on the magnitude and variation pattern of the compression force of the q = 1 test rig.
Figure 15 shows that the trend of the test curve is very close to the simulation curve. However, the test curve shows a small fluctuation after the angle of rotation exceeds 180°. The experimental results are also limited by the precision of the machining of the test piece. The above results show good magnitude fitness between the test rig and the actual pump compression force. Therefore, the test rig can simulate the magnitude of the residual pressing force of the slipper pair and then simulate the friction state of the slipper pair through the relationship between the residual pressing force and the friction force.
6 CONCLUSION
This paper proposes an accurate simulation method and test rig that can individually simulate the friction state of the slipper pair under high-speed, high-pressure conditions. Its implementation principle is numerically simulated and experimentally verified, and the specific conclusions are as follows.
1) The different pressure conditions of the slipper pair can be simulated by changing the fluctuation variation [image: image] of the upper specimen. The simulation and test results correspond well with the real pump slipper pair
2) By changing the number of convex peaks q of the upper specimen, different speed conditions of the slipper pair can be simulated. The simulation and test results present a high fitting degree with the real pump slipper pair.
3) The simulated pressure of the device can be adjusted arbitrarily by the magnitude of the change in the heave of the upper specimen ρ. The simulated speed can only be varied in q times of the motor speed according to the number of convex peaks q of the upper specimen.
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