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Abstract

:

Electro-hydraulic excitation systems are key equipment in various industries. Electric motor driving rotary valves are mostly used in existing systems. However, due to the separate design of the driving and hydraulic parts, highly compact integration cannot be achieved by these type of systems. Moreover, investigation on the influence of relevant parameters on the system has been insufficient in previous studies. To overcome these problems, a novel full electro-hydraulic excitation system scheme as well as a parameters analysis are presented in this paper. Theoretical models of the flow areas for valve orifices of different geometric shapes are obtained, based on which an AMESim® simulation model of the system is established. The effects of the main parameters are analyzed using numerical simulations, and the coupling relationship of the parameters is revealed. The results demonstrate the feasibility and effectiveness of the proposed method. Experimental studies were conducted to verify the effectiveness of the proposed system scheme and the analysis results. We found that a highly compact integration can be obtained while maintaining a high reversing frequency. We also found that the proposed system has a certain level of load adaptability, which is superior to the existing methods.
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1. Introduction


Electro-hydraulic vibration technology is an indispensable basic technology widely used in the automation, aerospace, construction machinery, and military fields [1,2,3,4]. The working process of the electro-hydraulic vibration exciter (EHVE) is as follows. Drive signals are input to the electromagnetic directional valve to achieve high-speed reversing, whereas the hydraulic cylinder is controlled to reciprocate with high speeds to realize vibration. According to the working principle of the EHVE, the control valve is the key component, whose performance directly determines the operational quality of the EHVE.



Servo valves have been widely used in most EHVEs before 2006 [5,6,7]. However, there are several limitations on the servo valve in the context of EHVE, such as serious waveform distortion and limited vibration frequency (less than 50 Hz). Electric motor driving rotary valve based solutions are widely considered by researchers in the literature as the most important approach to overcome these problems [8,9,10,11,12,13,14,15,16,17,18]. Sallas [8] developed a low inertia servo valve that set the reversing frequency to 160 HZ. However, the structure of the valve core was complex for processing and the rotational inertia was large when the valve’s cavity was filled with hydraulic oil. Leonard et al. [9] proposed a rotary shaft type hydraulic valve, which reduced the spool’s driving torque and pre electromechanical converter power. However, this structure also reduced the vibration frequency’s efficiency and controllability. Griffin et al. [10] designed a rotary plate type valve that achieved a high reversing frequency, but the valve was only suitable for cases where pressures were not very high. Lu [11] contributed a limited-angle rotating of an electro-hydraulic servo-valve, which had a simple structure and set the reversing frequency at up to 120 HZ. Zhang et al. [12] developed a balanced stepped hydraulic rotary valve that obtained a higher reversing frequency and reduced the hydraulic oil leakage, but it is mainly applied to situations with high pressures and large flows. Ruan et al. [13,14,15] proposed an electro-hydraulic exciter controlled by a two dimensional valve that greatly improved the excitation frequency up to 200 HZ. However, the exciter had to design a special drive motor controller, which made the motor control circuits and the control algorithms more complex and only analyzed the influence of parameters including supply pressures and spool structures on the vibration waveform. Haidegger et al. [16] proposed a proportional-integral-derivative fuzzy controller’s application solution and Precup et al. [17] developed a stable fuzzy logic controller’s concept, which are useful for the controller’s design of the electric motor. Han et al. [18] developed a new electro-hydraulic exciter with different spools, showing advantages including a simple structure, a design free of a motor controller, and a high frequency up to 300 Hz.



In the existing systems, most of the high speed rotary directional control valves are driven by the electric motor to rotate the spool to achieve a high frequency switching of the flow port. These electro-hydraulic excitation systems overcome the limitation of the spool reciprocating structure on the bandwidth, based on previous study [19]. However, practical engineering applications require more simplified and integrated drive and control system structures, and the separate design of the driving and hydraulic parts cannot achieve a highly compact integration with this type of systems. Moreover, the importance of parameters analysis to the vibration waveform control is far beyond the scope of system development, and the investigation regarding the effects of relevant parameters on the system has been insufficient in previous studies, which mainly focused on structural parameters’ effects. Additionally, parameters’ relationships are not motivated by the above observations. This paper aims to propose a novel full electro-hydraulic excitation system scheme. Many parameters affect the system’s output vibration waveform, such as the valve spool rotation speed, orifice number, supply pressure, orifice shape, orifice axial length, transient flow torque, and load, to mention but a few. To achieve accurate waveforms, the effects of the main parameters are analyzed, and the coupling relationship of the parameters is revealed.



The rest of this paper is organized as follows: Section 2 presents the system design overview; Section 3 presents the modeling of the system; Section 4 presents the simulation results and parameters analysis; Section 5 presents the experimental tests; and Section 6 presents conclusions.




2. System Design Overview


A prototype model of the hydraulic controlled rotary valve (HCRV) excitation system is shown in Figure 1. Component 10 represents the HCRV prototype model, which consists of elements 11, 12, and 13. The 3D diagram indicated by the blue arrow shows the designed HCRV [20]: the hydraulic oil enters the high pressure oil chamber and a portion of the oil enters the drive end of the HCRV to actuate the rotary valve spool to rotate (the drive end equals to a motor), while the other enters the rotary valve part of the HCRV and then enters the micro-displacement double-functioned hydraulic cylinder to realize excitation. The HCRV prototype model consists of a hydraulic motor and a rotary valve, which are connected through a coupler.



The working process of the HCRV exciter is shown in Figure 2. The exciter controlled by the HCRV is composed of a HCRV and a micro-displacement double-functioned hydraulic cylinder. Taking the rotary valve with rectangular orifice as an example: there are two identical spool lands on the rotary spool. Each land has four identical rectangular grooves evenly distributed along the circumference direction. The valve sleeve is fitted with a rectangular window corresponding to the spool groove, and the valve ports are formed by the overlapping part between the valve sleeve windows and spool grooves, which are labeled as ports I, II, III, and IV. Valve ports I and IV are meter-in ports while ports II and III are meter-out oil ports. The variation of the flow area of valve ports I and III is the same as that of ports II and IV. Defining α as the central angle of one groove, 4α could be considered as the central angle between two adjacent grooves in geometry. On one spool land, the central angle between adjoining grooves belonging to different groups is 2α. The cylinder is controlled by the HCRV. When the hydraulic system starts to work, the hydraulic oil enters the high pressure oil chamber, a portion of the oil enters the HCRV drive end to actuate the rotary valve spool to rotate (the drive end is similar to a hydraulic motor), while the other enters the rotary valve part of the HCRV; the cylinder barrel is then driven to perform a reciprocating motion. The oil ports are set in the piston rod of the cylinder. The waveform of the HCRV excitation system is formed by the displacement change of the cylinder barrel.



The specific working process of the HCRV exciter is as follows. The valves port flow area changes periodically in the process of spool rotation. When the angular displacement θ increases from 0 to α, valve ports II and IV remain open and their flow areas increase from zero to the maximum, while valve ports I and III remain closed. When the angular displacement increases from α to 2α, the flow area of valve ports II and IV decreases from the maximum to zero, while ports I and III remain closed. In this process, supply port P is connected to port A, whereas port B is connected to meter-out port T. The hydraulic oil enters the high pressure oil chamber (port P), and a portion of the oil enters the drive end of the HCRV to rotate the rotary valve spool (the drive end is similar to a hydraulic motor); the remaining oil enters the rotary valve through port P, valve port II, port A, and oil port L, and then enters the left cylinder chamber successively. The load mass driven by the cylinder barrel moves to the left side along the linear guides, and the oil in the right cylinder chamber flows back into the fuel tank through oil port R, port B, port IV of the value, and port T, successively.



Similarly, when the angular displacement θ changes from 2α to 3α, valve ports I and III remain open and their flow areas increase from zero to the maximum, while valve ports II and IV remain closed. When the angular displacement increases from 3α to 4α, the flow areas of valve ports I and III decrease from the maximum to zero, while ports II and IV remain closed. In this process, port P is connected to port B, whereas port A is connected to meter-out port T. One part of the hydraulic oil still enters the motor and drives the rotary valve spool to rotate, and the remaining oil enters the rotary valve successively through port P, valve port III, port B, and oil port R, and then enters the right cylinder chamber. The load mass driven by the cylinder barrel moves to the right along the linear guides and the oil in the left cylinder chamber flows back to the fuel tank through oil port L, port A, valve port I, and port T, successively.



The structures and working principles of the triangular and semicircular valves are the same as that of the rectangular valve.




3. Modeling of the System


To determine the rotation direction conveniently, the displacement of the cylinder is defined as positive when moving to the left and negative when moving to the right; thus, the range of the rotation angle displacement  θ  is changed from    [  0 , 4 α  ]    to    [   − 2  α , 2 α  ]   .



Therefore, when   θ ∈ [ 0 , 4 α ]  , the theoretical model of flow areas for the rectangular orifice is shown in Equation (1) [21]; when   θ ∈ [ − 2 α , 2 α ]  , Equation (1) is rewritten as Equation (2):


   A  v r   =  {    N  x  v r   r θ , θ ∈  [  0 , α  ]      N  x  v r   r  (   π N  − θ  )  , θ ∈  [  α , 2 α  ]      N  x  v r   r  (  θ −  π N   )  , θ ∈  [  2 α , 3 α  ]      N  x  v r   r  (    2 π  N  − θ  )  , θ ∈  [  3 α , 4 α  ]      ,  



(1)






   A  v r   =  {    N  x  v r   r  (  θ + 2 α  )  , θ ∈  [  − 2 α , − α  ]      − N  x  v r   r θ , θ ∈  [  − α , 0  ]      N  x  v r   r θ , θ ∈  [  0 , α  ]      N  x  v r   r  (  2 α − θ  )  , θ ∈  [  α , 2 α  ]      ,  



(2)




where    x  v r     is the axial width of the rectangular orifice, N is the number of the groove, r is the valve spool radius, and α is the central angle of one groove, according to the rotary valve’s geometric structure,   α = π / ( 2 N )  .



Rewriting the equation of flow areas change for triangular orifice as (4), corresponding to (3):


   A  v t   =  {       N 2   x  v t   r  θ 2   π  , θ ∈  [  0 , α  ]         x  v t   r    (  π − N θ  )   2   π  , θ ∈  [  α , 2 α  ]         x  v t   r    (  N θ − π  )   2   π  , θ ∈  [  2 α , 3 α  ]         x  v t   r    (  2 π − N θ  )   2   π  , θ ∈  [  3 α , 4 α  ]      ,  



(3)






   A  v t   =  {       N 2   x  v t   r   ( θ + 2 α )  2   π  , θ ∈  [  − 2 α , − α  ]         x  v t   r    (  N θ  )   2   π  , θ ∈  [  − α , 0  ]         x  v t   r    (  N θ  )   2   π  , θ ∈  [  0 , α  ]         x  v t   r    (  2 N α − N θ  )   2   π  , θ ∈  [  α , 2 α  ]      ,  



(4)




where    x  v t     is the axial width of the triangular orifice.



Reformulating the equation of flow areas for the semicircular orifice from (5) into (6):


   A  v h   =  {      N  r 2   4   [     (   π  2 N    )   2  arccos  (  1 −   2 N θ  π   )  −  (   π  2 N   − θ  )    θ  (   π N  − θ  )     ]  , θ ∈  [  0 , α  ]        N  r 2   4   [     (   π  2 N    )   2  arccos  (    2 N θ  π  − 1  )  −  (  θ −  π  2 N    )    θ  (   π N  − θ  )     ]  , θ ∈  [  α , 2 α  ]        N  r 2   4   [     (   π  2 N    )   2  arccos  (  3 −   2 N θ  π   )  −  (    3 π   2 N   − θ  )     (  θ −  π N   )   (    2 π  N  − θ  )     ]  , θ ∈  [  2 α , 3 α  ]        N  r 2   4   [     (   π  2 N    )   2  arccos  (    2 N θ  π  − 3  )  −  (  θ −   3 π   2 N    )     (  θ −  π N   )   (    2 π  N  − θ  )     ]  , θ ∈  [  3 α , 4 α  ]      ,  



(5)






   A  v h   =  {      N  r 2   4   [   α 2  arccos  (  − 1 −  θ α   )  +  (  θ + α  )    − θ  (  θ + 2 α  )     ]  , θ ∈  [  − 2 α , − α  ]        N  r 2   4   [   α 2  arccos  (   θ α  + 1  )  −  (  θ + α  )    − θ  (  θ + 2 α  )     ]  , θ ∈  [  − α , 0  ]        N  r 2   4   [   α 2  arccos  (  −  θ α  + 1  )  +  (  θ − α  )    θ  (  2 α − θ  )     ]  , θ ∈  [  0 , α  ]        N  r 2   4   [   α 2  arccos  (   θ α  − 1  )  −  (  θ − α  )    θ  (  2 α − θ  )     ]  , θ ∈  [  α , 2 α  ]      ,  



(6)




where    x  v h     is the axial width of the semicircular orifice, and    x  v h   =  1 2  α r =  π  4 N   r  .



In the case of   θ ∈ [ 0 , 4 α ]  , the rectangular, triangular, and semicircular orifice flow areas as Equations (1), (3), and (5) are shown in Figure 3a. After reformulating   θ ∈ [ − 2 α , 2 α ]  , these flow areas under different orifices described through Equations (2), (4), and (6) are shown in Figure 3b. It can be seen that the flow areas of the rotary valve with different orifices remain unchanged, which reflects the correctness of Equations (2), (4), and (6).



Based on the Equations (2), (4), and (6), an AMESim® model of the HCRV excitation system was established. By referring to relevant literature [22,23], a slide valve model was selected to replace the rotary valve, and it was necessary to ensure that the change rule of the slide valve port flow areas is consistent with that of the rotary valve. The relevant parameters related to the valve port flow area in AMESim® are the diameter and the axial displacement of the spool, which can be described by the following equation:


   A v  = π d  | x |   



(7)







Assuming that the diameter of the slide valve is the same as that of the rotary valve,   d = 2 r  , the maximum displacement can be obtained by Equation (8).


   x  max   =    A  v r max     π d   =   N  x  v r   r α   π d    



(8)







The reversing period of the slide valve spool model should be the same as that of the rotary valve, so the relationship between the axial displacement x and the rotation speed n of the rotary valve spool can be calculated easily.



The simulation model of the HCRV excitation system constructed in the simulation platform AMESim® is shown in Figure 4 and the corresponding main parameters are given in Table 1.




4. Simulation Results and Parameters Analysis


Figure 5 and Figure 6 show pressures and flows of the hydraulic cylinder’s two chambers. In a steady state, the pressure and flow waveforms of the cylinder’s two chambers are symmetrical to each other and the phase difference is 0.002 s. However, as soon as the rotary valve reverses, the valve port flow will increase significantly, and such instantaneous flow will exceed the system oil supply flow even after several times, which can momentarily lead to a strong hydraulic impact. Therefore, a proportional flow control valve is introduced into the HCRV excitation system to damp the hydraulic impact.



The main parameters that influence the waveform of the HCRV excitation system include the spool rotation speed, oil supply pressure, orifice number, orifice shape, orifice axial length, transient flow torque, and load mass.



4.1. The Influence of Different Spool Rotation Speeds on the Excitation Waveform


From the formula   f  = (  n ⋅ N ) / 60   [21], when the orifice number is constant, the reversing frequency of the HCRV exciter is proportional to the spool rotation speed, that is, as the spool rotation speed increases, the reversing frequency of the HCRV exciter increases, and vice versa. It can be seen from Figure 1 that the spool rotation speed is positive in relation to the proportional flow control valve opening and the oil supply pressure; this is because the change in the valve opening or the supply pressure changes the flow rate, which in turn changes the hydraulic motor speed; thus the simulation analysis is carried out in two cases separately. When the proportional flow control valve port is fully open, the relationships of the rotation speed  n  with the displacement    y p   , velocity    v p   , and acceleration    a p    of the HCRV excitation system are shown in Figure 7, Figure 8 and Figure 9. When the supply pressure is 4 MPa, the relationships of the rotation speed  n  to the displacement    y p   , velocity    v p   , and acceleration    a p    of the HCRV excitation system are shown in Figure 10, Figure 11 and Figure 12. It can be seen that as the spool rotation speed increases, the amplitudes of    y p   ,    v p   ,    a p    decrease and the amplitude reduction gradually decreases.




4.2. The Influence of Different Oil Supply Pressures on the Excitation Waveform


The relationships of the oil supply pressure    p s    with the displacement    y p   , velocity    v p   , acceleration    a p   , and reversing frequency  f  curves are shown in Figure 13, Figure 14, Figure 15 and Figure 16. Figure 13 and Figure 14 indicate that as    p s    increases, the amplitude of    y p    and    v p    decreases gradually, and the amount of reduction in amplitude also decreases. Figure 15 and Figure 16 show that    a p    and  f  increase as the oil supply pressure increases, because the motor branch and the rotary valve branch of the HCRV share the same hydraulic source. As the oil supply pressure increases, the flow into the motor branch also increases, causing the motor rotary speed to increase.




4.3. The Influence of Different Orifice Numbers on the Excitation Waveform


The relationships of the orifice number  N  with the displacement    y p   , velocity    v p   , acceleration    a p   , and reversing frequency  f  are shown in Figure 17, Figure 18, Figure 19 and Figure 20. Figure 17, Figure 18 and Figure 19 indicate that as  N  increases, the amplitudes of    y p   ,    v p   , and    a p    decrease gradually, and the amplitude reduction decreases too. Figure 20 shows that  f  increases with  N , and the reversing frequency’s increase is proportional to the variation of the orifice number. According to the structure and working principle of the rotary valve, when the orifice number is doubled, the center angle corresponding to a single groove on the shoulder of the valve core becomes halved, and the peak value of the single orifice flow area is also halved. Therefore, in a vibration period, the peak value and change law of the orifice flow area remain unchanged. However, from formula   f =   n · N   60    , when the spool rotation speed is constant,  f  is proportional to the orifice number  N  (in other words, the change of the orifice number will cause another system parameter’s change–the reversing frequency), which means that the spool rotation speed increases.




4.4. The Influence of Different Orifice Shapes on the Excitation Waveform


The relationships of the orifice shape with the displacement    y p   , velocity    v p   , acceleration    a p   , and reversing frequency  f  are shown in Figure 21, Figure 22, Figure 23 and Figure 24. Figure 21 indicates that the amplitude of    y p    under the triangular and semicircular orifice is larger than that under the rectangular orifice, and the amplitude difference between the two orifice shapes is negligible. Figure 22 shows that the peak values of    v p    under the three orifice shapes are close to each other. Figure 23 indicates that the peak value of    a p    under the rectangular orifice is the maximum, and the peak value of    a p    under the semicircular orifice is the minimum. Figure 24 shows that  f  under the rectangular orifice is greater than that under the triangular and semicircular orifices, and  f  values under the triangular and semicircular orifices are not much different. From Equations (2), (4), and (6), when the supply pressure is constant, the flow under the rectangular orifice is the largest, which leads to the amplitudes of    y p   ,    v p   , and    a p    under the rectangular orifice being larger than under the triangular and semicircular orifice. Moreover, in this case, the flow into the hydraulic motor branch also increases, which leads to a higher reversing frequency under the rectangular orifice.




4.5. The Influence of Different Orifice Axial Lengths on the Excitation Waveform


The relationships of the orifice axial length    x  v r     with the displacement    y p   , velocity    v p   , acceleration    a p   , and reversing frequency  f  are shown in Figure 25, Figure 26, Figure 27 and Figure 28. It can be seen from Formula (3) that the greater the orifice axial length, the larger the flow area of the valve port. Therefore, when the spool rotation speed and oil supply pressure are constant, the amplitudes of    y p   ,    v p   , and    a p    increase as the orifice axial length increases. Figure 28 shows that  f  is not affected by the orifice axial length. In this case, the flow in the rotary valve branch increases as the orifice axial length increases, which leads the amplitudes of    y p   ,    v p   , and    a p    to increase, while the flow in the hydraulic motor branch is almost unchanged.




4.6. The Influence of Different Transient Flow Torques on the Excitation Waveform


The spool rotation process of the HCRV is affected by the transient hydraulic torque  T , and the direction of the transient flow torque is constantly changing. The relationships of the transient flow torque  T  with the displacement    y p   , velocity    v p   , acceleration    a p   , and reversing frequency  f  are shown in Figure 29, Figure 30, Figure 31 and Figure 32. The transient flow torque has little effect on the excitation waveform.




4.7. The Influence of Different Loads on the Excitation Waveform


The relationships of the load  m  with the displacement    y p   , velocity    v p   , acceleration    a p   , and reversing frequency  f  are shown in Figure 33, Figure 34, Figure 35 and Figure 36. As the external load increases, the amplitude of    y p    and the peak values of    v p    and    a p    decrease. Figure 36 shows that the load has little effect on the reversing frequency  f , which reflects the load adaptability of the proposed system.





5. Experimental Tests


The experiments were conducted to verify the effectiveness of the proposed system scheme and the analysis results. In order to study more parameters’ relationships, the numerical simulation method was adopted, because the numerical simulation has the advantage of having more adjustable parameters and a lower cost than experiments. The experimental prototype bench of the HCRV excitation system is shown in Figure 37. The prototype model of the HCRV is shown in Figure 38, and is mainly composed of a hydraulic motor, a torque speed sensor, and a rotary valve. The electro–hydraulic vibration exciter is shown in Figure 39, and it includes a micro-displacement double functioned hydraulic cylinder, linear slide, and mass block. The hydraulic cylinder is equipped with an integrated circuits piezoelectric (ICP) acceleration sensor, which is used to measure the real time acceleration of the cylinder. The acquired acceleration signals are sent to the computer by the signal converter. The velocity and displacement waveforms of the HCRV excitation system are obtained by integrating and double integrating the acceleration. The specifications of the experimental setup are shown in Table 2.



When the supply pressure is set to 4 MPa, experimental and theoretical curves of vibration waveforms of the HCRV excitation system with different orifice shapes are shown in Figure 40. The experimental and theoretical comparison of vibration waveforms of the HCRV excitation system at the rectangular valve orifice under different supply pressures is shown in Figure 41. The experimental and theoretical comparison of vibration waveforms at the rectangular valve orifice under different spool rotation speeds is shown in Figure 42. Meanwhile, the different mean square errors (MSE) between theoretical and experimental curves are given in Figure 40, Figure 41 and Figure 42. Comparing the experimental and theoretical curves under different conditions, it can be found that the experimental curve and theoretical curve are similar to each other. The comparison demonstrates the effectiveness of the proposed system scheme and the theoretical results.




6. Conclusions


In this paper, a novel full HCRV excitation system was proposed and a corresponding simulation model was developed. Many parameters affect the system’s output vibration waveform, such as the valve spool rotation speed, orifice number, supply pressure, orifice shape, orifice axial length, transient flow torque, and load, to mention but a few. The effects of the main parameters were analyzed, and the coupling relationship of parameters was revealed. Finally, experimental studies were conducted to show the effectiveness of the proposed system scheme and the analysis results.



	
The proposed HCRV excitation system can achieve a high reversing frequency (300 HZ) and integrate the system more tightly. It is appropriate for electro-hydraulic excitation systems.



	
The spool rotation speed is positive relative to the proportional flow control valve opening and the oil supply pressure.



	
Parameters such as the spool rotation speed, oil supply pressure, orifice number, orifice axial length, and load have relatively obvious effects on the vibration waveform, while the orifice shape and transient flow torque have little influence on the waveform.



	
The supply pressure, orifice number, and orifice shape have greater effects on the vibration reversing frequency, and the reversing frequency is proportional to the variation of the orifice number. The orifice axial length, transient flow torque, and load have almost no effects on the vibration reversing frequency.



	
The external load has little effect on the vibration reversing frequency, which reflects the load adaptability of the HCRV excitation system.






Future work will be focused on the improvement of the proposed system and its parameters’ optimization.
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Figure 1. Hydraulic controlled rotary valve excitation system. 
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Figure 2. Working process of the hydraulic controlled rotary valve exciter. 






Figure 2. Working process of the hydraulic controlled rotary valve exciter.



[image: Energies 13 03905 g002]







[image: Energies 13 03905 g003 550] 





Figure 3. Orifice flow areas: (a) in   θ ∈ [ 0 , 4 α ]  , (b) in   θ ∈ [ − 2 α , 2 α ]  . 
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Figure 4. Simulation model of the hydraulic controlled rotary valve excitation system. 
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Figure 5. Pressures of hydraulic cylinder’s two chambers. 
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Figure 6. Flows of hydraulic cylinder’s two chambers. 
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Figure 7. Displacements of different valve spool rotation speeds when the proportional flow control valve port is fully open. 
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Figure 8. Velocities of different valve spool rotation speeds when the proportional flow control valve port is fully open. 
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Figure 9. Accelerations of different valve spool rotation speeds when the proportional flow control valve port is fully open. 
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Figure 10. Displacements of different valve spool rotation speeds when the supply pressure is 4 MPa. 
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Figure 11. Velocities of different valve spool rotation speeds when the supply pressure is 4 MPa. 
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Figure 12. Accelerations of different valve spool rotation speeds when the supply pressure is 4 MPa. 
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Figure 13. Displacements of different supply pressures. 






Figure 13. Displacements of different supply pressures.



[image: Energies 13 03905 g013]







[image: Energies 13 03905 g014 550] 





Figure 14. Velocities of different supply pressures. 
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Figure 15. Accelerations of different supply pressures. 
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Figure 16. Reversing frequencies s of different supply pressures. 
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Figure 17. Displacements of different orifice numbers. 
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Figure 18. Velocities of different orifice numbers. 
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Figure 19. Accelerations of different orifice numbers. 
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Figure 20. Reversing frequencies of different orifice numbers. 
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Figure 21. Displacements of different orifice shapes. 
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Figure 22. Velocities of different orifice shapes. 
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Figure 23. Accelerations of different orifice shapes. 
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Figure 24. Reversing frequencies of different orifice shapes. 
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Figure 25. Displacements of different orifice axial lengths. 
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Figure 26. Velocities of different orifice axial lengths. 
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Figure 27. Accelerations of different orifice axial lengths. 
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Figure 28. Reversing frequencies of different orifice axial lengths. 
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Figure 29. Displacements of different transient flow torques. 
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Figure 30. Velocities of different transient flow torques. 
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Figure 31. Accelerations of different transient flow torques. 
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Figure 32. Reversing frequencies of different transient flow torques. 
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Figure 33. Displacements of different loads. 
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Figure 34. Velocities of different loads. 
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Figure 35. Accelerations of different loads. 
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Figure 36. Reversing frequencies of different loads. 






Figure 36. Reversing frequencies of different loads.



[image: Energies 13 03905 g036]







[image: Energies 13 03905 g037 550] 





Figure 37. The experimental bench of the hydraulic controlled rotary valve excitation system. 
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Figure 38. Prototype model of the hydraulic controlled rotary valve. 
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Figure 39. Electro-hydraulic vibration exciter. 
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Figure 40. Vibration waveforms of different orifice shapes (MSErec. = 9.21 × 10−4, MSEtri. = 8.67 × 10−4, MSEtri. = 2.71 × 10−4). 
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Figure 41. Vibration waveforms of different oil supply pressures (MSE4MPa = 5.33 × 10−4, MSE6MPa = 4.12 × 10−4, MSE8MPa = 2.24 × 10−4). 
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Figure 42. Vibration waveforms of different spool rotation speeds (MSE1000rpm = 1.57 × 10−3, MSE2000rpm = 1.87 × 10−4, MSE4000rpm = 1.69 × 10−4). 
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Table 1. Main parameters of the simulation model.
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	Parameter
	Value





	Proportional speed regulating valve
	90 L



	Accumulator
	20 L



	Piston diameter
	80 mm



	Cylinder’s length of stroke
	200 mm



	Valve spool radius r
	0.0155 m



	Flow coefficient Cd
	0.67



	Fluid density ρ
	880 Kg/m3



	Effective bulk modulus βe
	8 × 108 Pa



	Chambers volume Vt
	9.71 × 10−4 m3



	Piston effective area Ap
	4.06 × 10−3 m2
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Table 2. The specifications of the experimental setup.






Table 2. The specifications of the experimental setup.










	Device
	Specification
	Title 3





	Variable pump
	Maximum flow rate
	375 L/min



	Proportional speed regulating valve
	Maximum flow rate
	90 L/min



	Motor
	Maximum speed
	7500 r/min



	ICP acceleration sensor
	Full scale
	1000 g



	Flowmeters
	Full scale

Measurement error
	315 L/min

±0.3%



	Torque and speed sensor
	Full scale

Measurement error
	10 N·m 6000 r/min

0.1%



	Arduino
	Mega 2560
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