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Abstract

:

The torque mode is more suitable for the direct drive 6 degree of freedom (6-DOF) parallel mechanism than the speed mode that both dynamic coupling and current coupling among motors are easily solved, but its key parameters and dynamic characteristics have never been studied, which are important and are the goals of this paper. First the hydraulic system of the direct drive 6-DOF parallel mechanism is simplified. Then the transfer function of the direct drive hydraulic system with the torque mode is deduced together with that of the speed mode. Finally, comparative experiments are conducted. Results show that the dynamic characteristics of the system with the torque mode which are generally worse than those with the speed mode, are mainly determined by the parameters of the motor-pump second-order element of the transfer function composed of two under-damped second-order elements, proportion differentiation (PD) control strategy and dynamic pressure feedback (DPF) control strategy are useful for the system with the torque mode, but practical and effective methods are still needed.






Keywords:


direct drive; torque mode; speed mode; transfer function; experimental study












1. Introduction


Energy is important in any societies [1,2,3]. Direct drive hydraulic system has been widely used for the advantages of high energy efficiency, easy installation, high reliability and so on [4,5,6,7,8,9]. In general, the dynamic characteristics of the direct drive hydraulic system are not satisfied, since the speed helps the modeling and design of the control system and is usually adopted as the drive mode of the servo motor of the direct drive hydraulic systems, structure and control methods of the direct drive hydraulic system with the speed mode attract increasing interest. Schmidt et al., 2017 developed a Speed-variable Switched Differential Pump (SvSDP) drive for asymmetric cylinders [10]. Minav et al., 2017 proposed a fuzzy controller for a direct drive hydraulic system aiming at the speed of the servo motor, and excellent control capabilities of speed and position were accomplished [11]. Helian et al., 2019 designed an adaptive robust controller for a direct drive system, where a servomotor pump was adopted as the drive part [12]. A triple-loop feedback control strategy was developed by Tianyi et al., 2018 to extend the pressure bandwidth of the driving element in a humanoid robot [13,14]. It’s also very convenient to apply adaptive control strategy, intelligent hybrid control strategy, predictive control strategy and sliding mode control strategy to the direct drive hydraulic systems with the speed mode [15,16,17,18,19]. Li et al., 2018 analyzed the natural frequency characteristics of an electro-hydrostatic actuator (EHA), and the influence of the moment of inertia of the motorpump unit on its dynamic performance was also discussed [20]. Although the torque-loop locates inside the speed-loop with a faster response, and the torque mode is also provided in all servo motors with vector control, few papers of the direct drive hydraulic system with the torque mode can be found.



Both dynamic coupling and current coupling among motors exist in the direct drive 6-DOF parallel mechanism. Combined with modal space coordinate transformation, the speed mode can only solve the dynamic coupling, while the torque mode can solve both dynamic coupling and current coupling with modal space coordinate transformation. So, the torque mode is more suitable for the direct drive 6-DOF parallel mechanism [21]. However, the key parameters and the dynamic characteristics of the direct drive hydraulic system for the direct drive 6-DOF parallel mechanism with the torque mode have never been studied, which are important and are studied by the combination of the transfer function and the experiment of the direct drive hydraulic system with the torque mode, compared with those with the speed mode in this paper.




2. Introduction to the Direct Drive Hydraulic System


The structure and the direct drive hydraulic system of the direct drive 6-DOF parallel mechanism in [21] are shown in Figure 1.



The motion of the upper platform which is usually made of steel is generated by six symmetrical direct drive legs. Usually, smooth joints which can eliminate the effects of the joint friction on its dynamics characteristics are often adopted in the parallel mechanism, so the load of the parallel mechanism is mainly composed of the inertia load. Since the hydraulic system of each leg of the direct drive 6-DOF parallel mechanism is the same, and the complete coupled transfer function with the torque mode can be transformed into six independent single DOF control systems with modal space coordinate transformation, which are quite similar to that of a single DOF direct drive hydraulic system with inertia load [21], the hydraulic system of the direct drive 6-DOF parallel mechanism can be simplified to a single DOF hydraulic system which costs much less and the study of this paper can also be carried out with the simplified system, which should be exactly the same with the hydraulic system of each leg of the direct drive 6-DOF parallel mechanism. It is worth noting that the hydraulic and electric components of the single DOF hydraulic system should be selected according to the requirements of the direct drive 6-DOF parallel mechanism. The schematic diagram of the simplified single DOF direct drive hydraulic system is shown in Figure 2.



From Figure 2, it can be seen that an inertia load which is used to imitate the load of the parallel mechanism is mounted on end of the vertical asymmetric cylinder driven by a single motor with a double gear pump. Pressures of the two cavities of the cylinder and the accumulators are designed equal to compensate the gravity of the system, and since the displacement ratio of the double pump is set to be the same as the area ratio of the two cavities of the hydraulic cylinder, the speed gains of the two direction movements of the hydraulic system are the same and the gravity load can be ignored during the motion. When the hydraulic system is stationary in the middle position, the pressure relationship between the two cavities of the hydraulic cylinder is as follows:


  G +  p 2   A 2  =  p 1   A 1   



(1)




where    p 1    and    p 2    are the pressures of the two cavities of the cylinder,    p 1  =  p 2   ,  G  is the gravity load of the system,    A 1    and    A 2    are piston areas of the two cavities of the cylinder.




3. Transfer Function of the Direct Drive Hydraulic System


Ignoring the influence of the accumulator and coulomb friction on the transfer function, the torque balance equation of the motor-pump unit in Figure 2 is as follows:


   K t   i q  = J  ω ˙  + B ω +    V p    2 π    p L   



(2)




where    K t    represents the motor torque coefficient,    i q    is the current of the q axis of the servo motor,  J  is the moment of inertia of the motor-pump unit, while  B  represents the viscous damping coefficient,    V p    is the sum displacement of the coaxial gear pump,    V p  =  D 1  +  D 2   ,    D 1    and    D 2    represent the two displacements of the two pump units and    p L    is introduced to represent the load pressure of the system,    p L  =  p 1  − e  p 2   ,   e =  A 2  /  A 1  =  D 1  /  (   D 1  +  D 2   )   . The flow continuity equation of the direct drive hydraulic system is as follows:


  η  V p  n −  A p   l ˙  −  K  c e    p L  =    V t     β e      p ˙  L   



(3)




where  η  represents the volume efficiency of the two pump units,  n  represents the speed of the motor-pump unit,   n = ω / 2 π  ,    A p  =  A 1   ,    K  c e     represents the leakage coefficient,    V t    is the equivalent volume of the direct drive system, and    β e    represents the bulk modulus of the hydraulic oil. The dynamic equation of the direct-drive hydraulic system is as follows:


   A p   p L  −  B c   l ˙  =  M t   l ¨   



(4)




where    B c    represents the viscous damping coefficient of the cylinder,    M t    is the load mass of the system. Combining Equation (3) with Equation (4), the open-loop transfer function of the system in Figure 2 with the speed mode can be obtained with    K  c e   ≈ 0   as:


    l  ( s )    n  ( s )    =     η  V p     A p      s  (     M t   V t     A p 2   β e     s 2  +    B c   V t     A p 2   β e    s + 1  )     



(5)




similarly, the open-loop transfer function of the direct drive hydraulic system with the torque mode can be obtained as:


    l  ( s )     i q   ( s )    =    1  2 π      K t   V p  η    A p      s  (    J    M t   V t     A p 2   β e     s 2  +    V t     A p 2   β e     (   M t  B + J  B c   )   s 2      +  (     M t   V p 2  η   4  π 2   A p 2    + J +   B  B c   V t     A p 2   β e     )  s +  (  B +    B c   V p 2    4  π 2   A p 2    η  )     )     



(6)







It is found that the open-loop transfer function of the direct drive hydraulic system with the speed mode is only composed of an integral element and a second-order element, while the open-loop transfer function of the direct drive hydraulic system with the torque mode is composed of an integral element, an inertia element and a second-order element. According to Equation (5) and Equation (6), the closed-loop transfer function of the system with the speed mode is composed of an inertial element and a second-order element with proportion control strategy, while the closed-loop transfer function of the system with the torque mode can be decomposed into two second-order elements with proportion control strategy. Combining Equation (2) with Equation (6), it can be known that the added second-order element of the transfer function with the torque mode is closely related to the parameters of the motor-pump unit. Therefore, the transfer function of the direct drive hydraulic system with the torque mode can be roughly divided into a motor-pump second-order element and a dynamic second-order element due to the mechanical parts. Since both Equation (3) and Equation (4) apply to the speed mode and the torque mode, the parameters of the second-order element with the speed mode and the dynamic second-order element with the torque mode are quite similar. According to [21], both proportion differentiation (PD) control strategy and dynamic pressure feedback (DPF) control strategy which are designed to increase the bandwidth of the direct drive 6-DOF parallel mechanism should also be adopted to improve the dynamic performances of the direct drive hydraulic system in Figure 2 with the torque mode, experimental verification is also carried out.




4. Introduction to the Experimental System


Since the schematic diagram in Figure 2 is merely the basic diagram of the simplified direct drive hydraulic system, and a further expanding to facilitate experiments is also needed, the schematic diagram of the direct drive experimental system is shown in Figure 3.



In order to reduce the cost, a manual pump is adopted in the experimental system to adjust the initial pressure and the initial position of the system. A pump station is also added to wash and to exhaust the air of the system. Since the experimental system is actually a single DOF hydraulic system, an accumulator which connect the manual pump and the two cavities of the hydraulic cylinder with two on-off valves is designed to replace the two accumulators in Figure 2. This modification reduces both the complexity of the system and the difficulty of the experiment. Two cut-off valves are used to eliminate the influence of the leakage of the solenoid valve of the pump station. In order to get close to the actual situation, one hydraulic leg of a former hydraulic 6-DOF parallel mechanism is taken down and is applied in the experimental system. According to the above description, the prototype of the experimental system is shown in Figure 4.




5. Results and Discussion


In order to find the key parameters and the dynamic characteristics of the direct drive hydraulic system with the torque mode, the time domain experiments are carried out first and frequency domain experiments are also carried out for full verification. Square wave signals and sinusoidal signals are selected as the input signal of the time domain experiments, and experiments are carried out with both the torque mode and the speed mode for comparison. The response of the system with a square wave signal of 2 mm/0.25 Hz with the speed mode and different proportion control coefficients is shown in Figure 5.



From Figure 5, it is found that the response of the system with the speed mode is good in general, the rise time is quite short (0.08 s), and as the proportion control coefficient increases, the response is better with no overshoot (kp = 1.3, 1.5), and a little overshoot can be found with a larger proportion control coefficient (kp = 1.75), which is in agreement with the transfer function obtained above. It should be noted that although the response of the system moves down as a whole compared with the input signal, the peak-to-valley value of the response does not change, so the above phenomenon is caused by the analog to digital (AD) conversion offset of the servo controller, which will be weaken or even disappear with the complete digitization of the control system. The response of the system with the same input signal and the torque mode is shown in Figure 6.



As shown in Figure 6, the response of the system with the torque mode is not satisfied, the rise time is still short and almost the same with that in Figure 5, while large overshoots which magnify as the coefficient increases can be found in all response curves. By comparing Figure 5 and Figure 6, it can be concluded that the damping ratio of the motor-pump second order element is relatively small, which is the reason for the large overshoots. It should be noted that the response of the system with the torque mode does not move down as a whole and the peak-to-valley values of the response curves are smaller compared with the input signal, which is mainly caused by the coulomb friction of the motor-pump unit and is more obvious in the early stage of the system operation and gradually decreases along with time, and this phenomena will not disappear with the complete digitization of the control system. The response of the system with the torque mode and PD control strategy is shown in Figure 7.



An even stronger shock can be found in the response curve with PD control strategy in Figure 7, compared with that with only proportion control strategy, which is caused by the bad performance of differential operation on step errors, similar results can be found with DPF control strategy, so both PD control strategy and DPF control strategy are not suitable for the direct drive hydraulic system on square wave signals. The dynamic characteristics of the direct drive hydraulic system with the speed mode are shown with the response curve of a sinusoidal input signal of 0.5 mm / 10 Hz with only proportion control strategy and are shown in Figure 8.



From Figure 8, it is found that a sinusoidal signal of 10 Hz can be easily followed with the speed mode and only proportion control strategy, the dynamic characteristics of the hydraulic system for the direct drive 6-DOF parallel mechanism are very good and are far superior to the ordinary direct drive systems. Since the amplitude of the response curve is bigger than that of the input signal, the second-order element of the system with the speed mode is under-damped. In order to show the dynamic characteristics of the direct drive hydraulic system with the torque mode and the control effect of PD control strategy, a sinusoidal signal of 2 mm / 4.5 Hz is chosen, and the response of the system with the torque mode is shown in Figure 9.



As can be seen in Figure 9, the amplitude of the system response with only proportional control strategy increases gradually and the system is unstable, so the system with only proportion control strategy can not follow even a 4.5 Hz sinusoidal signal, although the amplitude is also increased as PD control strategy used, the stability of the system is guaranteed since the amplitude of the system response does not change over time. Much noise can be found in the signals of pressure sensors, the control effect of DPF control is not obvious. The control ability of PD control strategy and DPF control strategy is illustrated with the bode diagram with both two control strategies used and is shown in Figure 10.



From Figure 10, it can be seen that two second-order elements can be found from Figure 10, which is in agreement with the transfer function model obtained above, and the dynamic characteristics of the system with the torque control mode are mainly determined by the parameters of the motor-pump second-order element of the transfer function, the maximum bandwidth of the direct drive hydraulic system with the torque mode is about 8 Hz with PD control strategy and DPF control strategy. It should be noted that since the maximum bandwidth of the system with proportion control strategy and the torque mode is under 4.5 Hz, the bandwidth of the direct drive system with the torque mode is increased a lot(from under 4.5 Hz to 8 Hz), but the resonant frequencies of the two second-order elements are still far apart, the dynamic characteristics of the system with the torque mode can still be improved, which is not achieved due to the instability of the differential operation of PD control strategy and DPF control strategy, and the signal noise in the data acquisition, but can probably be realized with the complete digitization of the control system and equivalent but more stable and practical control strategies of speed negative feedback and pressure feedback. It is important that sinusoidal signals of 10 Hz can be easily followed with the speed mode with only proportion control strategy which is bigger than the maximum bandwidth with the two control strategies, so the dynamic characteristics of the direct drive hydraulic system with the speed mode which are also very convenient to be realized are generally better than those with the torque mode. This is largely due to the good dynamic characteristics of the speed mode which are guaranteed by the speed closed-loop control of the servo controller, and nether dynamic coupling nor current coupling exists in the single DOF direct drive hydraulic system, this is also the main reason for the wide application of the speed mode.




6. Conclusions


The key parameters and the dynamic characteristics of the direct drive hydraulic system for the direct drive 6-DOF parallel mechanism with the torque mode are studied by the combination of the transfer function and the experiment of the direct drive hydraulic system with the torque mode, compared with those with the speed mode in this paper. The conclusions organized are as follow. The closed-loop transfer function of the direct drive system with the torque mode is composed of two second-order elements and is increased by one order, compared with that with the speed mode. The dynamic characteristics of the system with the torque mode are mainly determined by the parameters of the motor-pump second-order element of the two second-order elements of the closed-loop transfer function, which are both under-damped, the dynamic characteristics of the system with the torque mode can be improved with PD control strategy and DPF control strategy, but practical and effective control methods are still needed. Although the torque-loop locates inside the speed-loop with a faster response, the high-quality dynamic characteristic of the direct drive hydraulic system with the speed mode which is also very convenient to be realized is generally better than those with the torque mode.
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Nomenclature




	   p 1    and    p 2   
	pressures of the two cavities of the cylinder (Pa)



	   A 1    and    A 2   
	piston areas of the two cavities of the cylinder (m2)



	  G  
	gravity load (N)



	    K t    
	motor torque coefficient (N × m/A)



	    i q    
	current of the q axis (A)



	  J  
	moment of inertia of the motor-pump unit (kg × m2)



	  B  
	viscous damping coefficient of the motor-pump unit (N × m × s/rad)



	    V p    
	sum displacement of the coaxial gear pump (m3)



	   D 1    and    D 2   
	displacements of the two pump units (m3)



	    p L    
	load pressure (Pa)



	  η  
	volume efficiency



	  n  
	speed of the motor-pump unit (rpm)



	    K  c e     
	leakage coefficient (m3/Pa)



	    B c    
	damping coefficient of the cylinder (N × s/m)



	    M t    
	load mass (kg)
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Figure 1. The structure and the direct drive hydraulic system of the direct drive 6-DOF (6 degree of freedom) parallel mechanism. 
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Figure 2. Schematic diagram of the simplified single DOF(degree of freedom) direct drive hydraulic system. 
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Figure 3. Schematic diagram of the direct drive experimental system. 
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Figure 4. Prototype of the experimental system. 
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Figure 5. The square wave signal response diagram of the system with the speed mode. 
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Figure 6. The square wave signal response diagram of the system with the torque mode. 
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Figure 7. The response diagram of the system with the torque mode and PD (proportion differentiation) control strategy. 
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Figure 8. The sinusoidal signal response diagram of the system with the speed mode and proportion control strategy. 
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Figure 9. The sinusoidal signal response diagram of the system with the torque mode. 
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Figure 10. Bode diagram of the system with both PD control strategy and DPF (dynamic pressure feedback) control strategy. 
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