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Abstract

:

A common consensus is that an optimized curve profile of the stroke ring in the multiple-stroke piston motor can make the output torque more stable. However, the ring generates elastic deformation during operation, which causes the piston component movement trajectory to deviate from the ideal design curve. To address this issue, first, a liquid–solid coupling simulation model was established to obtain the deformation of the ring, and the accuracy of the model was verified through experiments. Second, a stroke ring curve design method based on elastic deformation pre-compensation was proposed. Through this method, a compensated curve can be obtained to make the actual working curve more in line with the ideal curve. Finally, the dynamic characteristics of three different types of multiple-stroke piston motor curves were analyzed—the ideal design curve, the uncompensated working curve, and the compensated working curve. The results showed that the motor torque pulsation rates are 0.821%, 4.723%, and 0.986%, respectively, and the compensated working curve has a relatively reduced pulsation rate of 79.12% compared to the uncompensated working curve, which verifies that this design method can effectively improve motor performance.
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1. Introduction


Hydraulic drive plays an important role in modern industry [1,2,3]. The multiple-stroke piston motor has the characteristic of high output torque at low speed and is widely used in military, engineering machinery, shipbuilding, and other industries [4,5,6]. Its typical structure is shown in Figure 1. When the bottom of the piston is forced by high-pressure oil, the roller is pressed on the inner surface of the stroke ring, and a reaction force is provided by the stroke ring. The tangential component of the force rotates the rotor, and the hydraulic energy converts to mechanical energy. During the movement process, the stroke ring, as a core component of the multiple-stroke piston motor [7,8], determines the motion characteristics of the piston assembly and affects the output characteristics of the motor. Therefore, many scholars have conducted research on optimizing the ring curve.



Recently, Dasgupta et al. [9] analyzed the output stability of the multiple-stroke piston motor, which showed that the motor had good output characteristics at low speed and high torque. In order to further optimize the curve, Yu et al. [10] carried out theoretical research on its optimization design and accuracy. An improved heart-shaped contour stroke ring curve was proposed to reduce its impact pulsation, and the influence of the equivalent piston number, calculated using piston numbers and cycle numbers on the pulsation rate of the motor, was obtained. Liu et al. [11] studied the impact of different full flow coefficients on the pressure of piston chamber and output torque of the motor. When the full flow coefficient is 0.3, the output torque of the motor has better stability. Zhang et al. [12] studied inertial force and friction force on the stroke ring and proposed an optimization design method based on a genetic algorithm to design a special stroke ring with a high-order function curve. The result indicated that the motor pulsation rate is lower than the original curve. Nguyen et al. [13] proposed a general method for designing cam mechanisms using nonuniform rational B-spline curves (NURBS). The results show that the NURBS curve is superior to the polynomial one in terms of vibration and inertial force and can achieve any movement of the cam mechanism. Xin [14] proposed a new generalized elliptical stroke ring curve, and the effects of various factors on its output torque pulsation were studied to obtain a stroke ring curve with a lower pulsation rate. Related scholars have made great progress in studying the stroke ring curve to reduce the output torque pulsation rate. But actually, the output results deviate from the ideal results, because the high-pressure deformation [15,16,17] on the stroke ring surface causes the contact line between the piston assembly and the ring to deviate from the ideal curve.



At present, there is relatively little research on the elastic deformation compensation for the multiple-stroke piston motor, but in other fields with high precision requirements, the use of deformation compensation design has already achieved an improvement in mechanical performance. For example, Li et al. [18] proposed a deformation error compensation strategy for cutting tools to solve the problem of reduced machining accuracy caused by the deformation of cutting tools during the machining process. Huang et al. [19] developed a new elastic deformation compensation interpolation algorithm, and experimental simulation results showed that this algorithm solved the problem of low tracking accuracy caused by elastic deformation in the feed drive system. Wang et al. [20] proposed a deformation compensation method based on higher-order convergence to solve the machining errors caused by deformation in the end-milling process of large thin-walled parts and verified the effectiveness of the method through experiments. In addition, other factors can also have an impact on torque pulsation, such as the elastic modulus of the oil [21]. But this study focuses on curve pre-compensation for stroke ring deformation to optimize the output stability of hydraulic motors.



In this study, firstly, the force analysis of the stroke ring is carried out, and the hydraulic simulation model of the motor is developed to obtain the hydraulic pressure at the bottom of the piston. Secondly, the motor transient dynamic model established with CAE is co-simulated with the hydraulic simulation to complete the liquid–solid coupling simulation, and the correctness of the model is verified through testing. Finally, an iterative optimization design method is proposed to obtain the compensated curve, which makes the contact point trajectory of the stroke ring and piston approach the ideal curve during the working process. Through the liquid–solid coupling simulation, the output torques of three motors with different types of curves are analyzed to verify the effectiveness of the design method—the ideal design curve, the uncompensated working curve, and the compensated working curve.




2. Simulation Model


2.1. Force Analysis


In order to analyze the factors that affect the deformation of the stroke ring, it is necessary to understand the force exerted by the rollers on the stroke ring. Figure 2 is a schematic diagram of the force analysis of piston assembly and stroke ring. The piston assembly is driven by high-pressure oil, which presses the piston assembly against the stroke ring, causing the stroke ring to exert a reaction force on the piston assembly. The tangential component of the reaction force drives the rotor to rotate.



The hydraulic pressure       F   P     produced by the piston chamber pressure oil is:


    F   P   =   π   d   2     4   p  



(1)




where d is the piston diameter and p is the piston chamber pressure.



The inertial force     F   a     of the piston assembly relative to the rotor motion is:


    F   a   = m   ω   2       d   2   ρ     d   2   φ    



(2)




where   m   is the mass of the piston assembly,   ω   is the angular velocity of the motor rotor,   ρ   is the polar diameter from the pole center of the stroke ring to the center of the roller, and   φ   is the rotation angle of the rotor.



The centrifugal force     F   b     of the piston assembly relative to the rotor motion is:


    F   b   = m   ω   2     ρ   g    



(3)




where     ρ   g     is the polar radius from the pole center of stroke ring to the mass center of piston assembly.



The inertial force     F   c     caused by the angular acceleration of the motor can be obtained from:


    F   c   = m   ρ   g   ε  



(4)




where   ε   is the angular acceleration of the motor.



The motion of the piston assembly is bulk motion, and the Gauche inertial force     F   d     generated by Cauche acceleration is expressed as:


    F   d   = 2 m ω   d   ρ   g     d t    



(5)







The friction force     F   f 3     generated by the relative motion of the roller and the stroke ring is:


    F   f 3   =   f   2     F   n    



(6)




where     f   2     is the rolling friction coefficient between the two, and     F   n     is the reaction force of the ring to the roller.



The reaction force     F   n     can be decomposed into tangential force     F   t     and radial force     F   r     and the expressions are given by:


    F   t   =   F   n   s i n β  



(7)






    F   r   =   F   n   c o s β  



(8)




where   β   is pressure angle.



The friction force between the piston and the rotor determined by the force     N   1     and     N   2     is:


    F   f 1   +   F   f 2   = (   F   n   s i n β −   F   f 3   c o s β −   F   c   −   F   d   )   f   1         L   4   2   − 2   L   4   (   L   4   −   L   3   ) + 2 (   L   4   −   L   3     )   2       L   4   2   − 2   L   4   (   L   4   −   L   3   )      



(9)




where     f   1     is friction coefficient between the piston and the rotor,     L   3     is the action range of     N   2    , which can be expressed as     L   3   = ( 18   L   1     L   4   + 9 f d   L   4   − 10   L   4   2   ) / ( 12   L   1   + 6 f d − 6   L   4   )  .     L   4     is the contact length of the piston in the rotor piston chamber.



According to the balance of force and moment, the reaction force     F   n     can be calculated as follows [12]:


    F   n   =     F   b   −   F   a   +   F   p   +   f   1   (   F   c   +   F   d   ) K   c o s β +   f   2   s i n β +   f   1   K s i n β −   f   1     f   2   K c o s β    



(10)




where K can be expressed as   K =     L   4   2   − 2   L   4   (   L   4   −   L   3   ) + 2 (   L   4   −   L   3     )   2       L   4   2   − 2   L   4   (   L   4   −   L   3   )    .



In addition, the piston assembly is also affected by its own gravity G, the inertial force of the pressure oil in the piston chamber, and the viscous friction force of the oil, but these forces are generally small and negligible.



According to the Hertzian contact theory [22], the contact between the roller and the stroke ring can be simplified as parallel contact between two cylinders, and the total deformation of the stroke ring can be calculated as follows:


  δ =     F   n     π   E   *   L   (     ln  ⁡    4 π   E   *     R   *   L         F   n     − 1 )  



(11)




where   L   is the contact length.     E   *     is the equivalent Young’s modulus, which can be expressed as     1     E   *     =   1 −   v   1   2       E   1     +   1 −   v   2   2       E   2      .     v   1    ,     v   2     and     E   1    ,       E   2    , respectively, are Poisson’s ratio and elastic modulus of roller and stroke ring.     R   *     is the equivalent curvature radius, which can be expressed as     R   *   =   R   R   1     ( R ±   R   1   )    . R is the radius of the roller and     R   1     is the curvature radius of stroke ring (the plus sign in the formula indicates external contact).



This study focuses on a low-speed and high-torque hydraulic motor. And due to the little inertial force and centrifugal force of the piston assembly generated by small speed, the hydraulic pressure at the bottom of the piston (related to the load size) and the pressure angle become the principal factors affecting the force of the stroke ring.




2.2. Transient Dynamic Model


In order to simulate the deformation of the stroke ring in actual work, it is necessary to build a transient dynamic simulation model in ANSYS/Workbench [23,24,25]. The steps are as follows:



Step 1: Simplify the 3D model. Chamfers, rounded corners, hole slots, etc., were removed. The comparison before and after simplification is shown in Figure 3. Its purpose is to avoid stress singularity and improve work efficiency. Meanwhile, the focus of this study is on the deformation of the stroke ring, and the impact of removed chamfers and other features on the research content can be ignored.



Step 2: Import the simplified 3D model into HyperMesh for hexahedral mesh generation, as shown in Figure 4. Compared to tetrahedral meshes, hexahedral meshes have fewer quantities, faster calculations, and higher accuracy. Therefore, the generated mesh model is imported into the dynamic simulation.



Step 3: Select the External Model module in ANSYS/Workbench to import the inp format file, and then connect it with the Transient Structural module to import the mesh model and use it for solving.



Step 4: Define material properties for different parts of the model, as shown in Table 1.



Step 5: Add constraints, as shown in Table 2.



Step 6: In the contact setting between the stroke ring and the roller, select a friction contact with a friction coefficient of 0.1, use the Augmented Lagrangian contact algorithm, and set the normal stiffness coefficient to 1.5.



Step 7: Apply pressure to each piston in the direction perpendicular to the bottom of the piston and apply rotational speed to the rotor (both pressure and rotational speed can be obtained through an AMESim simulation model).



Step 8: In the solver settings, select the implicit solver for transient solving.



Step 9: Perform mesh independence verification. Considering the simulation efficiency and periodic characteristics of the motor piston, a single-piston model was used to obtain a reasonable number of grids. The maximum deformation of the stroke ring was used as a characterization parameter to simulate, and the mesh refinement process is mainly aimed at the rollers and the stoke ring. The simulation results are shown in Figure 5; when the number of meshes exceeds 35,000, the maximum deformation of the stroke ring begins to fluctuate steadily, with a fluctuation error of less than 4.66%. Taking into account simulation quality and efficiency, a mesh partitioning method of approximately 41,000 meshes was used as an example to partition the multi piston model. The final mesh division result consists of 353,310 meshes, with an average grid quality of 0.8127.




2.3. Hydraulic Model


In order to simulate the elastic deformation of the stroke ring and its impact on the output characteristics of the motor, a hydraulic model of the motor was established to obtain the piston chamber pressure and the dynamic performance of the motor.



Through the motor structure parameters, a single-piston hydraulic model was established in AMESim [26], as shown in Figure 6. The model consists of a distribution module, a piston module, a stroke ring module, and a control module. The distribution module simulates the fluid distribution process of the valve plate by controlling the opening area of the throttle valve to realize the change of the flow area of the valve plate. The piston module simulates the trajectory of the motor piston, the volume change of the piston chamber, the leakage between the piston and the roller, and the leakage between the piston and the rotor piston chamber. The stroke ring module describes the stroke ring profile by inputting the curve function, so that the movement of the piston can be limited. The control module feedback the rotation angle of the motor through the angle sensor to control the opening area of the throttle valve and the motion characteristics of the piston and form a feedback loop. Finally, the torque output of the motor is obtained by multiplying the force acting on the piston by the degree velocity of the piston through the rotary–linear modulated transformer.



During the process of building a hydraulic model, the change in the flow area is one of the key factors. When the motor is working, the oil enters the piston chamber through the oil suction and discharge window of the valve plate. As the rotor rotates, the flow area changes, as shown in Figure 7. This change directly affects the pre-boost and pressure relief in the piston chamber, which seriously affects the noise and vibration of the motor.



The structure of the multiple-stroke piston motor used in this study is a double-row 6-acting 8-piston. The position of each piston on the stroke ring and the flow area of the piston chamber changes periodically, so the change in position and flow area of the single piston in the stroke ring can reflect the characteristics of all motor pistons. Then, the hydraulic model of the next piston can be obtained by increasing the rotation angle of adjacent pistons by 22.5°, and the overall hydraulic simulation model of the multiple-stroke piston motor can be obtained by analogy.





3. Influence of Elastic Deformation


3.1. Deformation Analysis


By using the liquid–solid coupling simulation model, the deformation of the stroke ring can be calculated. The coupling simulation refers to using the piston cavity pressure and rotor velocity obtained from the AMESim model as input conditions for dynamics, and then obtaining the deformation amount through the dynamic model. And the operating conditions were selected as rotor speed of 1 r/min and five different load pressures of 15 MPa, 20 MPa, 25 MPa, 30 MPa, and 35 MPa. The results are shown in Figure 8.



Figure 8 shows that in the high-pressure region (0–30°), as the rotor rotates, the elastic deformation of the stroke ring shows a trend of first increasing and then decreasing, and the rate of change of elastic deformation varies in different angle ranges. This phenomenon can be explained by Equation (11), where the reaction force and the curvature radius of the stroke ring are related to its deformation and vary with the rotation angle. Meanwhile, as the load pressure increases, the deformation at each point of the stroke ring also increases, but its overall trend of change is consistent. Among them, the main factors affecting elastic deformation are the load pressure of the motor, the pressure angle of the stroke ring, and the curvature radius.



In order to obtain the deformed stroke ring curve, the deformation is superimposed onto the ideal design curve, as shown in Figure 9. Bring it into the hydraulic simulation model, the output characteristics of the motor can be analyzed.




3.2. Deformation Test Verification


To verify the correctness of deformation calculation, a test bench was built, as shown in Figure 10. The design principle of the test bench is based on the actual working situation of the roller stroke ring. And the contact between roller stroke rings is simplified as the contact between two cylinders (based on the Hertz contact theory). The material of the two cylinders is the material of the stroke ring and piston.



As shown in Figure 10, the test bench is composed of a universal testing machine whose model is CMT5105/100 KN Machine Company, a side plate, a mounting base, a cylinder, and a piston assembly. The universal testing machine produced by Wanchen Testing Company in Jinan, Shandong, China and its measurement parameters are shown in Table 3. Among them, the universal testing machine includes a crossbeam, a lowering device, extensometer, etc. The extensometer model is YYS-25/5, produced by Beijing Central Iron & Steel Research Institute in Beijing, China, with an absolute error of 0.2 μm. And the universal testing machine integrates functions of force application, deformation measurement, and data acquisition. The crossbeam is used to achieve the up and down movement of the lowering device. The lowering device is used to apply force to the specimen. The extensometer is used to collect specimen deformation. The side plate simulates the rotor column piston chamber to limit the degree of freedom of the piston. The function of installing the base is to fix the simulated cylinder of the stroke ring. After the installation of the test piece, the contact force obtained from Equation (10) under a pressure of 35 MPa was applied to the piston assembly through a lowering device. The deformation of the stroke ring at six positions was tested and compared with the simulated deformation. The deformations and the diameters of two cylindrical bodies that replace the contact between the ring and the rollers at six different position is shown in Table 4.



The reasons for the errors in the experiment are as follows: 1. Error of universal testing machine in load application and deformation measurement. 2. The deformation of the side plate causes slight lateral displacement of the piston components, but when converted to longitudinal displacement, it can be ignored. Therefore, the maximum error between the experiment and simulation is acceptable and can truly reflect the actual deformation of the stroke ring.




3.3. Influence of Deformation on Motor Output Characteristics


In the multiple-stroke piston motor, the stroke ring curve mostly determines the output characteristics, noise, and life of the motor. Practically, the elastic deformation of the stroke ring curve causes the piston to deviate from the theoretically designed curve, causing a change in the pressure angle, and further affects the contact force between the stroke ring and the roller. The stroke ring curve after elastic deformation under different loads is imported into the hydraulic simulation model to analyze the piston chamber pressure and motor output characteristics before and after deformation of the ideal design curve (the actual working curve is formed after the ideal design curve is deformed).



Under the condition of 1 r/min speed and different load pressure, the effect of the elastic deformation of the stroke ring on the pressure in the motor piston chamber is shown in Figure 11. It can be seen that the pressure of the piston chamber of the actual working curve oscillates, which is caused by factors such as nonlinear elastic deformation of the stroke ring curve. And it is obvious from Figure 11f that the pulsation growth rate of the piston chamber pressure is slow, between 15 and 20 MPa. The pulsation growth rate is fast, between 20 and 30 MPa. Between 30 and 35 MPa, the pulsating growth rate gradually stabilizes. Among them, at 35 MPa, the pulsation growth rate is relatively large at 27.9%.



In order to analyze where the maximum pulsation of the motor occurs, the piston displacement motion curve needs to be obtained, as shown in Figure 12. Since the motor can be divided into two groups of equivalent pistons according to the phase angle, only eight pistons need to be simulated for the analysis.



The effect of elastic deformation on the motor output torque was analyzed under the working conditions of 1 r/min speed and different load pressure as shown in Figure 13.



Combined with Figure 12, it can be found that the maximum position of torque pulsation occurs in the conversion zone of high and low pressure. This phenomenon is caused by the impact of oil pressure in the conversion zone. This change also leads to the corresponding sudden change of stroke ring deformation and increases the pulsation of the piston chamber pressure, and finally leads to the large fluctuation of the motor output torque. And from the torque pulsation rate Figure 13f, it can be seen that as the load pressure increases, the motor output torque pulsation rate continues to increase. When the load pressure increases from 15 MPa, 20 MPa, 25 MPa, 30 MPa to 35 MPa, the output torque pulsation caused by the elastic deformation of the stroke ring gradually increases from 1.626%, 2.175%, 2.844%, 3.720%, and 4.723%. Obviously, for the multiple-stroke piston motor applied to high-pressure working conditions, the deformation of the stroke ring is a considerable factor in the design of a stroke ring curve.





4. Numerical Analyses Based on Deformation Compensation Optimization


A deformation compensation optimization design method is proposed to improve the dynamic characteristics of the multiple-stroke piston motor. This method is achieved by overlaying an offset along the normal direction on the ideal design curve in advance, so that the contact point trajectory between the piston component and the stroke ring during the working process approaches the ideal design curve, thereby reducing the output torque pulsation of the motor.



4.1. Compensation Method


The flow chart of the optimization method for compensating the deformation of the stroke ring is shown in Figure 14.



The optimization process is as follows: Firstly, the finite element simulation of the ideal design curve   ρ   is carried out to obtain the deformation value and fit it into a smooth curve, then the fitted curve is locally corrected. Secondly, the locally corrected fitted deformation value curve is superimposed on the theoretical design curve to obtain the compensation design curve     ρ   1    . Thirdly, introduce the curve after deformation compensation into finite element software for deformation calculation, and obtain the actual working curve     ρ   2    . Finally, if the condition is met,     ρ   2   − ρ < ε  , then output the compensation design curve     ρ   1    . Otherwise, continue iterative correction.




4.2. Result Verification


Due to the requirements of the main machine system, the iterative design of the motor stator guide curve is optimized at 25 MPa and 1 r/min operating conditions. The compensation design curve is imported into the simulation model to investigate its deformation and output characteristics at different load pressures. The compensation design curves and their deformation operating curves at different pressures are shown in Figure 15.



As shown in Figure 15, although there is a large gap between the compensating design curve and the ideal design curve when working without pressure, the actual working curve can be close to the ideal curve after the deformation of the high-pressure load. The deviation of the operating curve from the ideal curve at different pressures in different areas of the curve is not the same, and it is due to the nonlinear deformation of the curve and the discrete deviation of the fitted curve. Combined with the variation in the movement characteristics of the piston in different areas, the different distribution of this deviation further affects the output characteristics of the motor. The torque pulsation rate therefore needs to be further analyzed to verify the reasonableness of the curve.



In the hydraulic simulation model, the output torque pulsation rate of the stroke ring compensation working curve under different load pressures was simulated. The results are shown in Figure 16; note that the uncompensated working curve is an ideal curve that deforms during operation, but the ideal design curve does not. As shown, although the pulsation rate of the motor with the ideal design curve is small under the selected five working conditions, there is a significant deviation between the pulsation rate of an uncompensated working curve motor and the ideal due to deformation. The deviation in pulsation rate increases with the increase in pressure, with a maximum deviation of 3.902% at 35 MPa. Opposite to that, the deviation of pulsation rate of a motor with compensation working curve is only 0.165% at 35 MPa, and this motor exhibits good performance above 20 MPa. This further verifies the effectiveness of the design method.





5. Conclusions


In this study, the influence of the elastic deformation of the stroke ring curve on the output torque of the motor and the pressure pulsation of the piston chamber was analyzed, and the numerical verification method of deformation was proposed. The following conclusions can be obtained:




	
A finite element simulation model was established to calculate the elastic deformation value of the stroke ring curve, which was verified using tests;



	
The elastic deformation of the stroke ring curve has a significant effect on the output torque of the motor. Under the condition of 35 MPa, the pulsation rate of the uncompensated working curve is 3.902% higher than that of the ideal design curve;



	
An effective deformation compensation optimization method was proposed. The results show that the pulsation rate of the deformation-compensated working curve was significantly reduced compared with the uncompensated working curve, and the reduction rate of torque pulsation reached 79.12% under 35 MPa working conditions;



	
The research contents of this paper can provide reference for structural optimization and performance improvement of multiple-stroke piston motor used in military, marine, and engineering machinery and other occasions with high requirements for impact and noise;



	
In the future, based on this research, factors such as oil film thickness and fatigue stress can be considered to better optimize the service life and performance of the multiple-stroke piston motor.
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Figure 1. Typical structure of multiple-stroke piston motor. 
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Figure 2. Piston assembly force diagram. 
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Figure 3. Process of simplification of the rotor. 
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Figure 4. Mesh of multiple-stroke piston motor. 
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Figure 5. Mesh independence verification. 
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Figure 6. Single piston hydraulic model of multiple-stroke piston motor. 
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Figure 7. The change trend of single-piston flow area. 
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Figure 8. Elastic deformation diagram of stroke ring. 
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Figure 9. Comparison of ideal working curves under different pressures. 
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Figure 10. Picture of deformation value test. 
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Figure 11. Pressure comparison diagram of piston chamber before and after deformation of ideal design curve under different pressures: (a) 15 MPa; (b) 20 MPa; (c) 25 MPa; (d) 30 MPa; (e) 35 MPa; (f) pressure pulsation increase rate. 
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Figure 12. Displacement curves of different pistons. 
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Figure 13. Comparison of output torque before and after deformation of ideal design curve under different pressures: (a) 15 MPa; (b) 20 MPa; (c) 25 MPa; (d) 30 MPa; (e) 35 MPa; (f) torque pulsation rate comparison diagram. 
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Figure 14. Stroke ring deformation compensation method flow chart. 
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Figure 15. Stroke ring deformation compensation curve results. 
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Figure 16. Comparison of torque pulsation rate of each stroke ring curve under different pressures. 
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Table 1. Material properties.
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	Name
	Material
	Density/kg (m3)−1
	Young’s Modulus/MPa
	Poisson’s Ratio
	Yield Strength/MPa





	Piston
	38CrMoAl
	7870
	213,000
	0.286
	835



	Roller
	GCr15
	7810
	208,000
	0.3
	750



	Bearing bush
	PEEK
	1320
	3200
	0.41
	97



	Stroke ring
	42CrMo
	7850
	212,000
	0.28
	930



	Rotor
	QT700
	7300
	145,000
	0.3
	420










 





Table 2. Constraints.






Table 2. Constraints.





	
Constraint Type

	
Component 1

	
Component 2






	
Fixed support

	
Stroke ring

	
Ground




	
Bearing bush

	
Piston




	
Revolute support

	
Rotor

	
Ground




	
Roller

	
Bearing bush




	
Translation support

	
Piston

	
Rotor




	
Contact

	
Stroke ring

	
Roller











 





Table 3. Universal testing machine measurement parameters.
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	Experimental Force (kN)
	Displacement (μm)
	Deformation (mm)





	Error
	±0.2%
	±0.5%
	±0.5%



	Resolution ratio
	0.002
	0.04
	0.002



	Measurement range
	0.4–100
	\
	\










 





Table 4. Error between simulated deformation value and experimental deformation value.
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	Location/°
	Cylinder Diameter/mm
	Roller Diameter/mm
	Simulation Deformation Value/μm
	Test Deformation Value/μm
	Error/%





	0
	99.47
	40
	31.51
	32.8
	4.09



	7
	249.78
	40
	31.47
	32.7
	3.91



	15
	250.22
	40
	43.25
	45.2
	4.51



	20
	126.22
	40
	29.14
	30.2
	3.64



	25
	86.31
	40
	24.18
	25.1
	3.81



	30
	74.99
	40
	23.25
	24.7
	6.24
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