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Abstract

:

Pump-controlled motor hydrostatic system (PCMH) is widely applied for rotary driving in heavy industry and construction machinery due to its high-power density and efficient speed regulation performance. However, the contradiction of the PCMH system between energy saving and speed control appears when it deals with negative loads. To address this contradiction, an energy-efficient speed regulating method based on electro-proportional counterbalance valves (EPCBVs) is designed, along with the corresponding controller. The working principle of the proposed scheme is that under a negative-load operation mode, determined by the supervisory controller according to system states and reference inputs, the speed of the hydraulic motor is controlled by a velocity controller through adjustment of the control signal of the EPCBV, and that the inlet pressure of the hydraulic motor is maintained at a defined low point by a pressure controller through pump displacement control. Comparative experiments between the EPCBV and T-CBV (a PCMH system based on a typical CBV) systems are conducted to verify the superiority of the proposed scheme in energy-efficient speed regulation under negative loads. The results show that, in most of the working conditions, the EPCBV system shows better adaption than the T-CBV system to varying negative loads and maintains higher stability than the T-CBV. Moreover, the speed accuracy of the EPCBV system can be maintained above 95%, which is greater than that of the T-CBV system, varying from 48% to 90%. Furthermore, the maximum power consumption is only about 4 Kw and is far less than that of the T-CBV system, which is about 13.79 Kw. The power-saving ratio changes from 20% to 82%, but it goes beyond 50% in most of the working conditions. The proposed method is easy to implement in practical application and is of great significance to the PCMH system for energy-efficient speed control under negative loads.
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1. Introduction


The pump-controlled motor hydrostatic drive system (PCMH) functions as a superior driving method for rotary motion due to its high-power density, easy overload protection, and self-lubrication, making it a super-duper choice for the driving system of the industrial and construction machinery, such as heavy manipulator [1], wind power [2], heavy transportation vehicle [3], PAT oil transmission equipment [4], etc. The PCMH system has smooth and efficient performance of speed regulation [5]. There are many factors that affect its performance, such as the efficiency of pumps and motors [6], dynamic of hydraulic hoses [7], etc. However, the performance will be greatly affected when it comes to dealing with negative-load conditions where the direction of the speed is the same as that of extra loads, such as lowering heavy objects [8], vehicle travelling downhill [9], etc. Under negative loads, on the one hand, the hydraulic pump needs to consume energy to drive the motor to a certain speed. On the other hand, the system also needs to consume enough energy to balance the negative loads of the motor to maintain the stability of the motor speed, which induces extra energy dissipation and causes low energy efficiency. The contradiction of the PCMH system between energy saving and speed regulation is highlighted when it deals with negative loads. What is worse, the hydraulic motor will accelerate by itself with the negative loads if the prime power, such as the internal combustion engine or electric motor, could not provide enough braking forces to the system, causing a severe threat to the safe operation of the system. Thus, an energy efficient counterbalancing speed regulation method is imperative for safe and efficient speed control of the machines under negative loads.



Backpressure control is a common method for dealing with negative loads in hydraulic system. For example, Li proposed a counterbalancing speed control method for the heavy transportation vehicle under long down-slope by adjusting the backpressure of a hydraulic motor connected to the engine [9]. Ho designed a braking speed control method with kinetic energy recovery for a hydraulic motor of the PCMH system by connecting the motor back pressure to a high-pressure accumulator [10]. Ansari conducted an experimental and numerical investigation into using a hydropower plant on oil transmission lines. The hydropower plant replaced the control valves with a gear pump as a turbine to efficiently maintain the backpressure of the oil transmission line and reuse the energy from the oil transmission lines in electric form [4]. Bury investigated the performance of a proportional directional valve controlling the motor starting pressure of a hydrostatic transmission with simulating and experimental methods [11]. The above methods can counterbalance negative loads with pressure control effectively; however, they suffer from the problem of complexity of control and structure.



Another common method for dealing with negative loads is the introduction of counterbalance valves (CBVs). The CBVs have been widely configured in an open-loop hydraulic circuit [12], or pump-controlled cylinder closed-loop circuit [13] to prevent the actuators from uncontrolled movements due to negative loads. Research has been conducted to improve the stability of the system configured with CBVs, such as pilot pressure reconstruction methods [14], external pilot supply method [15], etc. These methods can effectively improve the system stability. However, they cannot guarantee energy efficiency simultaneously. Retelli quantified the energy consumption of the CBVs with different pilot ratios in a systematic manner and showed that there was a high energy-saving potential with a higher pilot ratio, while a higher pilot ratio tends to make the system unstable [16]. It is believed that both stability and energy saving can be improved by separating the pilot pressure from the actuator inlet and adjusting the pilot pressure with an external flow supply [17]. Sciancalepore proposed an energy-efficient speed control method by changing the pilot pressure of the CBV with an external flow source [15]. Jin replaced the CBV with an adjustable orifice to gain extra flexibility for the controller to obtain energy-efficient speed control for systems with negative loads [18]. Thus, the contradiction between stability and energy saving can be addressed by the extra flexibility obtained by independently adjustable pilot pressure. However, to the knowledge of the authors, the studies mentioned above are mainly concerned with the performance of the CBV configured in the open-loop hydraulic circuits, but that used in PCMH systems has not been reported yet.



Inspired by the work of [15,18], this paper proposes an energy-efficient speed regulating system for the PCMH system under negative loads based on an electro-proportional CBV (EPCBV), where the pilot pressure of the CBV is adjusted by a reducing valve powered by an external flow source, thus eliminating the instability problem of CBVs. When the PCMH system works under negative loads, the speed of the motor is adjusted by controlling the input voltage of the EPCBV to obtain better speed control accuracy. In the meanwhile, the inlet pressure of the motor is maintained at a predefined low operation pressure point by adjusting pump displacement control signal to reach the purpose of energy saving. Then, with the coordinate control of the pump and EPCBV, the PCMH system can simultaneously achieve better speed control accuracy and high energy efficiency under negative loads.



A hierarchal controller is designed to ensure the proper work of the proposed system, which is composed of a supervisory controller and a plant controller. The supervisory controller selects the corresponding operation mode from the four-quadrant operation modes defined with the four combinations of the hydraulic motor speed and torque by collecting the reference speed inputs and pressure signals of the system. The plant controller includes a velocity controller (VCOR) for the EPCBV and a pressure controller (PCOR) for the pump. The VCOR adopts feedforward control method combined with feedback control to enhance both the response and accuracy of the system. The EPCBV flow model and the hydraulic motor leakage model are established based on offline experimental mapping to be employed as the feedforward part. A typical PID controller based on speed signal feedback is employed as the feedback part to decrease the control error caused by the modelling error and other system uncertainties. As for the PCOR, a modified integral controller is designed to deal with the flow mismatch problem induced by the model error of the pump and maintain the inlet pressure of the hydraulic motor at the predefined low pressure operation point. The effectiveness of the PCOR is verified by theory analysis.




2. System Formulation


The structure of the PCMH system based on typical configuration with CBV is introduced first, along with the analysis of the cause of contradiction between energy efficiency and stability. Then, the PCMH system based on EPCBV is proposed, and its working principles are presented.



2.1. Typical Configuration with CBV


Although there are kinds of commercially designed architectures of CBV in the market, the one presented in Figure 1a is among the most familiar design. Among all the commercially designed CBVs, there are two common characteristic parameters, the pilot ratio  α , and cracking pressure    p  c r    , which are defined as in [15].


      α =    S k     S r         p  c r   =    F  C B V      S r        ,  



(1)




where    S r  ,  S k    are area differences defined in Figure 1b (   m 2   ),    F  C B V     is the force of the bias spring ( N ),    p  c r     is the cracking pressure of CBV   ( Pa )  .



The cracking pressure    p  c r     can be adjusted through the compression of the bias spring in Figure 1a to determine the maximum pressure allowed when the CBV opens.



In Figure 2a, the PCMH system is configured with CBVs in a typical way just as those in the open-loop hydraulic circuits. Since the motor can experience negative loads in both directions, the system is configured with two CBVs, i.e., CBV1 and CBV2. For ease of analysis, the working principle and the influence of CBV on the system are introduced along the direction as the arrow indicates (shown in Figure 2a). Along with the direction of the arrow, the oil pumped out by the pump flows into motor inlet through the check of the CBV2 and at the same time arrives at the port 3 of CBV1. When the motor experiences resistive loads (   T s  > 0  ), the pump outlet pressure    p  A p     is greater than pump inlet pressure    p  B p    . Hence, once    p  A p     and motor outlet pressure    p  B m     are high enough to force the orifice of CBV1 to open, the oil of the motor outlet will pass through the throttling orifice of CBV1 and circle back to pump inlet. Then, the motor will rotate with the pressure difference between motor inlet pressure    p  A m     and motor outlet pressure    p  B m    . However, when    T s    declines to below zero, pump outlet pressure    p  A p     and the pressure of port 3 in CBV1 will also decline, causing the reduction of the throttling orifice area in CBV1 and the increase in motor outlet pressure    p  B m    . Eventually, the rising motor outlet pressure    p  B m     will balance the negative torque    T s   , prohibiting the motor from self-accelerating.



Although the scheme shown in Figure 2a can address the problem of the motor self-acceleration under negative loads with the help of CBVs, the introduction of CBVs will result in extra energy dissipation. The detailed influence of the CBVs on the system is analyzed as follows. For brevity, the pressure drop of the check valve of the CBVs is neglected, and the equilibrium function of the CBVs can be expressed with Equation (2), which assumes negligible frictional and flow forces, and uniform motion of the motor [19].


       F  C B V   =  p  c r    S r  =  p  A m    S k  +  p  B m    S r       T s  =  D m  (  p  A m   −  p  B m   ) / 2 π     ,  



(2)




where    T s    is the effective torque of the motor   ( N ⋅ m )  ,    D m    is the displacement of the motor (   m 3   ). Equation (2) can be applied to both resistive loads (   T s  > 0  ) and negative loads (   T s  < 0  ). Combining with Equation (1), Equation (2) can be rearranged as follows.


       p  A m   =    D m   p  c r   + 2 π  T s     D m  ( 1 + α )        p  B m   =    D m   p  c r   − 2 π α  T s     D m  ( 1 + α )        



(3)







The influence of the CBVs on the system is presented in Figure 2b. It can be seen that under negative loads (   T s  < 0  ), the CBV introduces a counterpressure to balance the negative torque of the motor, which is very important for uniform speed control of the motor. However, when    T s  <  D m   p  c r   / 2 π α  , this counterpressure leads to over-pressurization of the flow supply, making the supply pressure (   p  A m    ) higher than the ideal value (interval point 1 to point 3), which brings extra energy dissipation. It can also be noted from Equation (3) that a higher pilot ratio  α  will decrease both    p  A m     and    p  B m    , whereas a higher    p  c r     will increase    p  A m     and    p  B m    . Then, from the view of energy conservation, it will be appropriate to choose a higher pilot ratio  α . Unfortunately, a higher  α  will induce system oscillation and instability, as mentioned in Section 1. To solve the contradictory problem in terms of stability and energy efficiency of the typical configuration of CBV, this work puts forward an alternative solution by the design of EPCBV for the PCMH system to obtain both better speed control accuracy and higher energy efficiency.




2.2. Principle of the Proposed Scheme Based on EPCBV


The schematic of the proposed control system based on electro-proportional CBV (EPCBV) is shown in Figure 3a. Different from the typical configuration of CBV in PCMH systems, this scheme uses two EPCBVs instead of traditional CBVs. The EPCBV adopts an electro-proportional reducing valve (EPRV) supplied by an external power source to adjust the pilot pressure of CBV to make the system more flexible and to obtain control performance and energy saving simultaneously. In order to make the PCMH system work effectively, a controller is designed to control the EPCBV and the pump displacement. The controller collects system working signals such as the inlet and outlet pressure of pump    p  A p   ,  p  B p    , the inlet and outlet pressure of motor    p  A m   ,  p  B m    , rotational speed of the pump and motor    ω p  ,  ω m   , and the reference speed and predefined operating pressure of motor    ω  r e f   ,   p ^  m   . Then, the controller determines and sets the output signal    u 1  ,  u 2  ,  u p    according to the operation mode of PCMH system to control EPCBV1, EPCBV2, and pump, respectively. The operation work modes of PCMH can be classified into four quadrants as shown in Figure 3b. In quadrant Ⅱ and Ⅳ operation modes, the system works under resistive condition (positive loads), and the motor works to drive the loads. While, in quadrant Ⅰ and ⅡⅠ operation modes, the system works under negative loads, and the motor will be driven by the loads and works as a pump. Take quadrant Ⅰ and Ⅱ operation modes as examples to illustrate the basic working principle of the proposed scheme.



In quadrant Ⅱ operation mode, as the arrow indicates in Figure 3a, the oil flow pumped out by the pump is squeezed through the check valve of EPCBV2 and into the motor inlet. The outflow of motor is pushed through the orifice of the EPCBV1 and eventually circles back to the pump inlet. Thus, the motor will rotate under the pressure difference to drive the loads in a specific direction. The motor speed can be adjusted by pump displacement control signal    u p   , which depends on the reference input speed    ω  r e f    , and can be formulated as    u p  = f (  ω  r e f   )  . Hence, it is necessary for EPCBV1 to be fully opened to minimize the pressure drop of EPCBV1 and obtain higher energy efficiency. Then, the controller will set    u 1    to its maximum value    u  1 max    . As for EPCBV2, its function is not activated and set as    u 2  = 0  .



In quadrant Ⅰ operation mode, the system works under negative loads, the motor is driven by extra loads and tends to run out of control of the pump displacement signal    u p   , making the motor inclined to self-accelerate. However, the controller will force the motor to follow    ω  r e f     by adjusting voltage input    u 1    of EPCBV1. The control signal    u 1    depends on    ω  r e f   ,  p  B m     and    p  A m    , and can be calculated as    u 1  = f (  ω  r e f   ,  p  B m   ,  p  B p   )  . In the meantime, the inlet pressure of motor is maintained at the predefined low operation point     p ^   A m     through the adjustment of pump displacement control signal    u p    to achieve the purpose of energy saving. The pump displacement signal    u p    is connected with    ω  r e f   ,  p  A m     and     p ^   A m    , and can be expressed as    u p  = f (  ω  r e f   ,   p ^   A m   ,  p  A m   )  . As for quadrant ⅡⅠ and Ⅳ operation modes, the working process are the same as quadrant Ⅰ and Ⅱ operation modes, and the formulations of the control signals are shown in Figure 3b.





3. System Modelling


Mathematical models of the PCMH system based on an EPCBV are established to analyze in detail the working process of the proposed control scheme for the system under negative loads.



3.1. Model of PCMH System


The torch balance Equation [20] of the motor is expressed as follows.


   J m    ω ˙  m  +  B m   ω m  + Δ  p m   D m  / 2 π =  T s  ,  



(4)




where    J m    is the equivalent moment inertial   ( Kg ⋅  m 2  )  ,    ω m    is the angular velocity of motor   (  rad / s  )  ,    B m    is damping coefficient   ( N ⋅ s ⋅  m / rad  )  ,   Δ  p m    is the pressure difference between motor inlet and outlet   ( Pa )  , denoted as   Δ  p m  =  p  A m   −  p  B m    .



Under negative loads, the motor works as a pump, and the flow  q   (  m 3   / s  )   out of the motor can be calculated from Equation (5).


  q =  ω m   D m  − (  C t  Δ  p m  +  V 0  Δ   p ˙  m  /  β e  ) ,  



(5)




where    C t    is leakage coefficient   (  m 3   / s  ⋅ Pa )  , and    C t  Δ  p m    is referred to as flow leakage loss   (  m 3   / s  )  ,    V o    is the volume of the flow path   (  m 3  )  ,    β e    is the bulk modulus of oil   ( Pa )  , and    V 0  Δ   p ˙  m  /  β e    is referred to as flow compression loss   (  m 3   / s  )  .



When the flow  q  passes through the orifice of the CBV, according to the structure of the CBV shown in Figure 1a, the static force balance equation of the spool can be approximately calculated as Equation (6), referring to [15], in which friction and flow forces are negligible.


   p 3   S k  +  p 1   S r  =  k s  (  x 0  + x ) =  F  C B V   +  k s  x ,  



(6)




where    k s   ,   x 0    are the stiffness   (  N / m  )   and preset compression of the bias spring   ( m )  , respectively,  x  is the spool displacement   ( m )  ,    p 1  ,  p 3    are inlet and pilot pressure of CBV   ( Pa )  , respectively.



Neglecting leakage of the CBV, the flow passing through the orifice of the CBV will be equal to the flow out of the motor, and we have


  q =  C d  W x   Δ  p 0    ,  



(7)




where    C d    is the flow coefficient   (  m 2   / s  ⋅ Pa )  ,  W  is the area gradient of the orifice   ( m )  ,   Δ  p 0    is the pressure difference of the orifice   ( Pa )  , denoted as    p 1  −  p 2   .



The pilot pressure    p 3     ( Pa )   is adjusted by the electro-proportional reducing valve (EPRV), and the relationship between its control pressure and voltage input  u   ( V )   is simplified as follows [21].


   p 3  =  k  p u   u ,  



(8)




where    k  p u     is pressure gain coefficient of EPRV   (  Pa / V  )  .



Combining Equations (6)–(8), the flow model of EPCBV can be obtained


  q =    C d  W (  k  p u   u  S k  −  p 1   S r  −  F  C B V   )    k s       p 1  −  p 2    = f ( u ,  p 1  ,  p 2  )  



(9)







Although parameters    S k  ,  S r  , W ,  k s    can be determined according to the manufacture’s design, and    F  C B V     can be adjusted according to specific application, it is still challenging to obtain the exact expression of Equation (9) due to modelling error, parameter uncertainties, and valve dead-band. To solve this problem, this paper establishes the flow model of the EPCBV based on flow mapping through testing experiments.




3.2. Flow Model of EPCBV


Mapping-based control methods have been widely used in independent metering system to describe the flow characteristic of the proportional flow valve to improve the control accuracy [22,23]. The basic idea of flow mapping can also be applied to identify the formula of flow model of EPCBV shown in Equation (9). To ensure the quality of the experimental data for the curve fitting, the pressure    p 1  ,  p 2   , voltage input  u , and flow rate  q  of the EPCBV are collected under different conditions to fully cover the working range of the system. According to Equations (6) and (8), it is noted that for a given    F  C B V    , the spool displacement  x  is linked to both the inlet pressure    p 1    and voltage input  u . Then, to establish a one-to-one corresponding relationship between  x  and  u , we suppose that    p 1    causes the dead-band of the valve. Thus, the voltage input  u  can be divided into two parts.


  u =  u e  +  u d  ,  



(10)




where    u e    is the effective control signal   ( V )  ,    u d    is the dead-band signal   ( V )  .



It can be inferred from Equation (6) that the relationship between    u d    and    p 1    is approximately linear, and it can be expressed as Equation (11), which is identified by linear curve fitting method based on least square.


   u d  =  f 1  (  p 1  ) = a  p 1  + b  



(11)




where   a , b   are fitting coefficients, and can be obtained by the following steps.



Step 1. Record the voltage input    u i    at the instant when the flow of CBV just starts to go beyond zero under different inlet pressure    p  1 i     and assume    u i    as dead-band signal    u  d i    . Then a series of data   (  p  11   ,  u  d 1   )  ,   (  p  12   ,  u  d 2   )   …   (  p  1 n   ,  u  d n   )   can be obtained.



Step 2. Based on the obtained data sets, the linear expression    f 1    can be identified with linear fitting method. The result is shown in Figure 4a.



After setting the effective control signal    u e    of the EPCBV fixed at different pressures and regulating the flow rate  q  through it, a set of points   (  u  e i   ,  q  i j   , Δ  p  i j   )   can be acquired. Define the flow gain    k q  = q /   Δ p     and rearrange the above obtained data sets, then data sets   (  u  e i   ,  k  q i   )   are obtained. The expression    f 2    between    u e    and    k q    can be formulated with polynomial fitting method, as shown in Equation (12).


   u e  =  f 2  (  k q  ) =   ∑  i = 0  n    β i   k q i     



(12)







The identified result of    f 2    is shown in Figure 4b. Combining Equations (10) and (11) with Equations (9) and (12), the flow model of the EPCBV can be formulated as.


  u =  f 1  (  p 1  ) +  f 2  (  k q  ) =  f  − 1   ( q ,  p 1  ,  p 2  )  



(13)







With the established flow model of the EPCBV, as for given values of   q ,  p 1  ,  p 2   , the voltage input  u  can be determined with Equation (13).




3.3. Motor Leakage Estimator (LEOR)


Under negative loads, the motor works as a pump and forces the oil through EPCBV then eventually to the pump. According to Equation (5), the speed of motor can be adjusted through EPCBV by controlling the voltage input  u . However, this open-loop control accuracy will be affected by motor leakage loss and oil compression loss, which must be compensated for accuracy improvement. Considering the fact that the compression flow loss is relatively much smaller than leakage flow loss under pressure blow 300 bar [24]. Considering the load conditions of the motor, this work neglects the compression flow loss and only establishes the leakage flow model to compensate the flow loss of the motor. In terms of the leakage of pump or motor, there are many influencing factors, such as displacement, oil temperature, rotating speed, pressure, and so on [20,24]. What is more, there exiting nonlinear relationship between pressure and leakage [25]. Many researchers have adopted pump flow compensation methods based on flow mapping to address the nonlinearity of the pump flow [25,26,27], which is very inspiring for our research work. Then a motor flow mapping method based on response surface methodology is adopted to establish the motor leakage model. To improve the accuracy of the motor leakage model, the model is separated into two parts, the low-speed region and the high-speed region, which is distinguished by a predefined speed margin.



The motor leakage response surface is designed based on Design-Expert software. The specific application of the software can be referred to the literature [28]. Let the motor work under the combinations of different speeds and different pressures specified by the software, rich data sets can be obtained, including pressure difference   Δ p  , leakage flow    q L    and motor speed    ω m   . Then, the motor estimation model can be identified with the software. The identification results are expressed as Equation (14), and the fitting curves are shown in Figure 5.


       q L  = 1.59 + 6.15 ×  10  − 3   Δ p − 1.06 ×  10  − 3    ω m  + 3.13 ×  10  − 5    ω m  Δ p  .     ω m  <  1000   r / min       q L  = 16.7 + 0.12 Δ p − 0.044  ω m  − 1.3 ×  10  − 4   Δ p  ω m  + 6.05 ×  10  − 5   Δ  p 2  + 3.68 ×  10  − 5    ω m 2      + 1.23 ×  10  − 7   Δ  p 2   ω m  + 4.22 ×  10  − 8   Δ p  ω m 2  − 8.35 ×  10  − 7   Δ  p 3  − 9.88 ×  10  − 9    ω m 3   .     ω m  > =  1000   r / min       



(14)









4. Controller Design


The concept of pump-valve coordinate control has been a hot research topic in recent years for an electro-hydraulic independent metering system to simultaneously achieve high control accuracy and high energy efficiency [22,29,30]. These references present numerous experiences and techniques for the coordinate controller design, which brings great help for the controller design of the proposed control system. Combined with the characteristics and requirements of the PCMH system based on an EPCBV, a two-level controller is introduced. The upper level is the supervisory controller, which is designed to select efficient operating modes according to the system states and reference inputs, and to control the transitions between the two modes.



The lower-level controller comprises two parts, a velocity controller (VCOR) and a pressure controller (PCOR). Velocity controller (VCOR) is aimed to regulate the motor speed through EPCBV control signal    u 1  ,  u 2    to force the motor to follow the reference speed    ω  r e f    . The pressure controller (PCOR) is designed to maintain the inlet pressure of the motor at the defined low operation pressure     p ^   A m     by control pump displacement    u p    to save energy. The overall control scheme is shown in Figure 6a.



4.1. Supervisory Controller


The supervisory controller selects the operation mode based on the four-quadrant operation modes, as shown in Figure 5, which are defined based on the four combinations of the directions of static torque and speed of the motor. The negative load is defined as the case that the direction of the torque and speed of motor are the same, otherwise, it is called resistive load. The direction of the motor is determined by the reference speed input    ω  r e f     instead of motor actual speed    ω m   , and the torque of the motor can be calculated as    T s  =  D m  (  p  A m   −  p  B m   )  . After above definitions, the controller can select the operation mode automatically. Since this work only focuses on the motor speed control under negative loads, the speed control methods for resistive loads are not in our analysis scope.




4.2. Velocity Controller (VCOR)


The velocity controller, which is composed of the feedforward part and the feedback part, is designed to guarantee both fast response and stability of the PCMH system. The control scheme is shown in Figure 6b.



4.2.1. Feedforward Control


The feedforward control signal    u f    is calculated based on the flow model of EPCBV. According to the collected pressure signal    p  B m   ,  p  B p     and the desired flow    q d   , the control signal    u f    is determined with Equation (13) and can be expressed as.


   u f  =  f  − 1   (  q d  ,  p 1  ,  p 2  ) ,  



(15)




where the desired flow    q d  =  D m   ω  r e f   −   q ^  L   .




4.2.2. Feedback Control


For the easy implementation of the control system in practical application, a typical PID controller based on motor speed feedback signal is introduced to compensate the speed error introduced by modelling error, oil compression, extra disturbance, and system uncertainties. The feedback control signal can be formulated as [31].


   u b  =  K p   e ω  +  K I     ∫   t 0   t    e ω  d t    +  K D    d  e ω    d t   ,  



(16)




where    e ω    is speed error, denoted as    e ω  =  ω  r e f   −  ω m   .





4.3. Pressure Control (PCOR)


The pump supplies oil to the inlet of the motor according to the desired flow    q  r e f     through pump displacement adjustment. However, the assumption that the pump displacement control signal    u p    is just determined in proportion to the desired calculated supply flow    q  r e f     will introduce flow mismatch between the actual flow and the desired flow caused by leakage, compression, and parameter uncertainties of the pump. The flow mismatch will produce over-pressurization or cavitation to the inlet flow of the motor, leading to extra energy consumption or system instability [32]. Then, a pressure controller is designed to maintain the inlet pressure at a desired lower operation point to reach the goal of energy conservation and stability. Since the speed of the motor can be controlled by velocity controller and the EPCBV responses faster than the pump, the pressure controller can be designed separately to decrease the influence of the inlet pressure dynamic on motor speed dynamic to some extent.



Neglecting the pump leakage, the flow rate    q p    of pump is defined as Equation (17).


   q p  =  f p  (  u p  ) ,  



(17)




where    u p    is the displacement control signal.



The desired operating point of motor inlet pressure    p  A m     is denoted as     p ^   A m    , and the error is defined as    p δ  =  p  A m   −   p ^   A m    . Neglecting the leakage of CBV and the motor, the derivative of    p δ    can be described as follows.


    p ˙  δ  =   p ˙   A m   =    β e     V 0    (  q p  −  D m   ω m  )  



(18)







A variable    u  p t     is defined to be subjected to


   q  p t   =  f p  (  u  p t   ) =  D m   ω  r e f   ,  



(19)




where    u  p t     is pump ideal control signal under reference input    ω  r e f    .



The differential of Equation (19) is formulated as follows.


    q ˙   p t   =  f p ′  (  u  p t   )   u ˙   p t   =  k p    u ˙   p t   =  D m    ω ˙   r e f   ,  



(20)




where    k p  =       ∂  f p    ∂  u p         u p  =  u  p t       is flow gradient of the pump and can be estimated as      k ^   p  =  ω p   D  p max    . Herein,    ω p  ,  D  p max     are the rotary speed and maximum displacement of the pump, respectively.



The control law of PCOR is designed as follows.


        γ ˙  p  =  p δ  −    D m       k ^   p   k γ      ω ˙   r e f        u p  = −  k t   p δ  −  k γ   γ p  +    D m       k ^   p     ω δ      ,  



(21)




where    k t  ,  k γ    are the control parameters,    k t   p δ    and    k γ   γ p    are the pump controlling components induced by pressure error    p δ    and reference input    ω  r e f    , respectively,    ω δ    is the motor speed error and can be denoted as    ω δ  =  ω m  −  ω  r e f    ,    γ p    is the actual pump control gradient, which satisfies


       γ  p δ   =  γ p  −  γ  p t       −  k γ   γ  p t   =  u  p t       ,  



(22)




where    γ  p t     is ideal pump control gradient under reference input    ω  r e f    .



According to Equations (20)–(22), the dynamic of    γ  p δ     can be derived as follows.


    γ ˙   p δ   =  p δ  +    D m     k t     k ^   p    (      k ^   p     k p    − 1 )   ω ˙   r e f    



(23)







Substituting Equations (17)–(18) and into Equation (21), the dynamic of    p δ    is obtained as follows.


      p ˙  δ    =    β e     V o    [  f p  ( −  k t   p δ  −  k γ   γ  p δ   −  k γ   γ  p t   +    D m       k ^   p     ω δ  ) −  D m  (  ω δ  +  ω  r e f   ) ]      ≈    β e     V o    [  k p  ( −  k t   p δ  −  k γ   γ  p δ   +    D m       k ^   p     ω δ  ) −  D m   ω δ  ]      = −    k t   k p   β e     V o     p δ  −    k γ   k p   β e     V o     γ  p δ   +    β e   D m     V o    (    k p       k ^   p    − 1 )  ω δ     



(24)







Combining Equation (23) with Equation (24), the dynamic of the controller is rearranged as follows.


          γ ˙   p δ           p ˙  δ        =      0   1      −    k γ   k p   β e     V o        −    k t   k p   β e     V o                 γ  p δ          p δ        +          D m     k t     k ^   p    (      k ^   p     k p    − 1 )   ω ˙   r e f            β e   D m     V o    (    k p       k ^   p    − 1 )  ω δ         



(25)







Since the parameter    D m    is a fixed value, and the system parameters    β e  ,  V 0    are approximately constant values in practical application, the real part of the eigenvalue of the main matrix of Equation (25) can be negative to guarantee the stability of the system by setting the controller parameters    k t  ,  k γ    to proper values. Then, the error of the control pressure will be bounded by     ω ˙   r e f     and the error of motor speed    ω δ   . If both     ω ˙   r e f     and    ω δ    converge to a small value, the inlet pressure error will converge to a small value too, which maintains the inlet pressure within a specific range of the desired operating pressure     p ^   A m    .





5. Experimental Investigation


A pump-controlled motor test bench is built to validate the superiority in control accuracy and energy saving of the proposed PCMH system based on an EPCBV. As a comparison, the performance of the PCMH system based on a typical configuration of a CBV is also researched and used as a reference. Then, for brevity of analysis, a T-CBV is indicated as the PCMH system based on a typical CBV, and an EPCBV is used to represent the PCMH system based on an EPCBV.



5.1. Test Bench Setup


The schematic and photograph of the test bench are shown in Figure 7a and Figure 7b, respectively. Although the test bench is designed for the EPCBV system, it is convenient to obtain the T-CBV system by just replacing the EPCBV with a typical CBV. For the test bench, the hydraulic pump and hydraulic motor are each connected to an interior permanent magnet servo motor (IPM), named IPM1 and IPM2, respectively. The IPM1 controlled by AC Servo Driver1 drives the pump to supply flow oil for the PCMH system, while IPM2 controlled by AC Servo Driver2 functions as a load simulator to construct loads to the hydraulic motor. To simulate the working conditions of the PCMH system under negative loads, both the IPM1 and IPM2 need to be operated under “torque mode”, where the torque is the main control variable, and the speed is a dependent variable with the maximum allowable value. IPM2 produces a desired negative torque to drive the hydraulic motor to work as a pump. Meanwhile, IPM1 produces a predefined reference torque to the pump to counter the negative torque. The detailed parameters of the main components of the PCMH system are shown in Table 1.




5.2. Experimental Programs


Based on the test bench shown in Figure 7, comparison experiments between T-CBV and EPCBV are conducted under different working conditions of the PCMH system to make a comprehensive evaluation of the two systems.



5.2.1. T-CBV System


In this part, the performance of the T-CBV system is researched, which can be conveniently implemented by replacing the EPCBV with a typical CBV. The characteristic of the typical CBV is shown in Table 1. With the established T-CBV system, the influence of CBV on the PCMH system can be studied. To make a comprehensive analysis, different negative torques    T s    (from −5 N·m to −40 N·m) are applied to the motor by IPM2 with different reference inputs    ω  r e f     (from   300    r / min    to   1500    r / min   ).




5.2.2. EPCBV System


With the EPCBV test bench schematic shown in Figure 7a, the performance of the proposed EPCBV system can be researched. The working conditions for the EPCBV system are set the same as those in T-CBV, and the expected operation pressure point of the motor inlet is set as     p ^   A m   = 25    bar   . In order to ensure the performance of the EPCBV system, the control parameters of the controller need to be properly determined. Based on theoretical analysis results and trial-and-error methods, the main parameters of the controller are determined, which are shown in Table 2.





5.3. Experimental Results Analysis


Based on above experiment results, comparative analysis in terms of stability, control accuracy, and power saving is conducted to comprehensively validate the superiority of the proposed EPCBV system.



5.3.1. Stability Analysis


Figure 8 shows the responses of the T-CBV system under different negative torques with reference input    ω  ref   = 590    r / min    and pilot ratio   α = 3  , including motor speed and motor inlet pressure. It can be noted that the stability of the T-CBV system can be guaranteed in most working conditions. However, when the load torque decreases to    T s  = − 5    N  ⋅ m  , oscillation appears, and the system becomes unstable, which indicates the poor adaptation of the T-CBV system to the varying negative loads.



As a contrast, Figure 9 also demonstrates the responses of the EPCBV system under the same load torques and reference speed inputs as those set in T-CBV system. It is obvious that the motor speeds converge to steady values, and the motor inlet pressure is maintained around the expected pressure operation point     p ^   A m   =  25   bar    with just small fluctuations, which agrees with the conclusion that the pressure error is bounded, drawn in theoretical analysis of the pressure controller design. Furthermore, the pressure error is relatively small when compared to the working pressure range of the PCMH system and can be well accepted in practical application.



From the above stability analysis, it is concluded that the stability and the adaptation to varying negative loads of the EPCBV system are both higher than those of T-CBV, which validates the advantage of the proposed system in the performance of stability.




5.3.2. Accuracy Analysis


An accuracy parameter, denoted as    η ω  =  ω m  /  ω  r e f    , is employed to characterize the performance of the system in speed control accuracy. Figure 10a shows the map of speed control accuracy obtained in the T-CBV system for different reference speed inputs and different negative torques. It can be seen that the self-acceleration of motor is avoided, and the motor speed can be controlled to follow the reference inputs. However, the control accuracy    η ω    varies greatly, from 48% to 90%, depending on the working conditions. The    η ω    shows greater dependency on the reference speed input    ω  r e f     than negative torques    T s   , and it increases quickly with the increase of    ω  r e f    , while it slightly decreases with the increase of      T s     . The control error and its dependency on the working conditions can be attributed to the leakage of the pump and motor.



Figure 11a shows the accuracy map of the EPCBV system obtained in the same conditions as those set in T-CBV system. It is obvious that the speed control accuracy    η ω    can be above 95% in most of the working conditions, which shows the excellent performance in speed control accuracy of the proposed EPCBV system. However, in the region where      T s    < 15    N  ⋅ m   and    ω  r e f   > 900    r / min   , the control accuracy    η ω    decreases to around 64%. The reason for the control accuracy decrease can be explained by the flow saturation of the EPCBV under lower      T s     , which is the drawback of the proposed the system and need to be addressed in future research.



Although the EPCBV system shows some decrease of control accuracy in some small regions, it still demonstrates higher speed control accuracy than T-CBV, which verifies the effectiveness of the VCOR in the proposed EPCBV system.




5.3.3. Energy Consumption Analysis


The parameter of power consumption, which is denoted as   P = p q  , is introduced to describe the energy consumption of the system, where  p  is the motor inlet pressure, and  q  represents the flow of motor inlet. Figure 10b shows the power consumption map obtained in the T-CBV system under different reference inputs    ω  r e f     and different negative torques    T s   . It can be seen that the power consumption of the T-CBV system mainly depends on    ω  r e f    , it increases quickly with the increase of    ω  r e f    , and its maximum can be up to 13.79 Kw. While the power consumption shows a small increase with the decrease of      T s     , which means that the smaller of      T s     , the more energy consumed. For comparison, Figure 11b shows the power consumption map obtained in the EPCBV system under the same conditions as those set in the T-CBV system. It is obvious that the power consumption only depends on reference input    ω  r e f     and shows independence from      T s      in most of the working regions, and its maximum is only up to 4 Kw. Although in the regions where the flow saturation of the EPCBV occurs, the power consumption of the EPCBV system shows dependency on      T s      and increases with the decrease of      T s     , its maximum power consumption only reaches 4.63 Kw, which is only slightly greater than that of most other regions.



A power-saving ratio, defined as    η e  =  P  T − C B V   −  P  E P C B V   /  P  T − C B V    , is employed to compare the power consumption of the T-CBV system and EPCBV system, where    P  T − C B V     represents the power consumption of the T-CBV system, and    P  E P C B V     represents that of the EPCBV system. Figure 12 demonstrates the power saving map of the two systems, which shows that the power-saving ratio    η e    varies from 20% to 82%, depending on the working conditions of the PCMH system. Furthermore, the power-saving ratio goes beyond 50% in most of the operating range of the system, which shows the higher energy saving potential of the proposed system.






6. Discussions


The experimental results show that both the EPCBV system and T-CBV system can effectively prevent the motor from self-accelerating and maintain the proper control of the motor speed. However, compared with the T-CBV system, the EPCBV system shows robust adaptation to varying negative loads and maintains high speed control accuracy. What is more, it shows a power-saving ratio of over 50% in most of the working conditions of the PCMH system, which highlights the advantages in stability, control accuracy, and energy saving of the proposed speed regulating method for the PCMH system under negative loads.



Be that as it may, under small negative loads, named incomplete negative loads, the EPCBV system can still suffer from the problem of control accuracy decrease due to the flow saturation of the EPCBV, which introduces a challenge to the proposed system. The control accuracy in the saturation region can be improved with an increase of the motor inlet expected pressure, but it will be at the expense of more energy consumption. At this time, a tradeoff must be made between energy consumption and control accuracy, and this optimal control problem will be the direction of our future research.



Furthermore, in the process of the identification of an EPCBV flow model and a motor leakage model, uncertainties from errors of sensors, testing methods, fitting methods, and changes in oil temperature will affect the accuracy of the established model to some extent. Although the influence of model errors on the system speed control performance can be compensated by closed-loop speed control to a certain extent, the degree of its influence on the performance still needs to be further studied and explored. Then, the influence of these uncertainties on the model accuracy and its influence on the system performance will also be our future research.




7. Conclusions


A novel energy-efficient speed regulating method based on electro-proportional counterbalance valve (EPCBV) for the PCMH system has been developed from mathematical modelling to experimental validation. The experimental results based on test bench confirm the validity of the effectiveness of the proposed control strategy and the excellent performance in both speed control accuracy and energy saving of the proposed scheme. Comparative experimental analysis between the EPCBV system and T-CBV system in terms of stability, control accuracy, and energy saving was carried out to demonstrate the advantages of the EPCBV system. The results show that.




	
Both the EPCBV system and T-CBV system can effectively prohibit the motor from self-accelerating. However, the EPCBV system shows better adaption than T-CBV system to varying negative loads and maintains higher stability than T-CBV in all the working conditions.



	
The speed control accuracy of the EPCBV system can be maintained above 95% in most of the operating conditions, while the speed accuracy of the T-CBV system is varying from 48% to 90%, depending very much on working conditions.



	
Under most operating conditions, the maximum power consumption is about 4 Kw and is far less than that of the T-CBV system, which is about 13.79 Kw under the same operating condition. The power-saving ratio between the EPCBV and T-CBV varies from 20% to 82%, depending on the working conditions of the PCMH system; however, it goes beyond 50% in most of the operating range of the system.



	
The EPCBV system shows accuracy decrease and power consumption increase in the regions where the flow saturation of the EPCBV occurs.








The proposed efficient speed regulating method is easy to implement in practical application and can help to obtain energy-efficient speed regulation with high accuracy for the PCMH system under negative loads. The future work will focus on the influence of model accuracy on system performance and the optimal control problem that needs a tradeoff between control accuracy and energy saving in the regions where flow saturation of the EPCBV appears.
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Figure 1. (a) Cross-section of counterbalance valve (CBV), (b) function symbol of CBV. 
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Figure 2. (a) Typical configuration of CBV for PCMH system, (b) characteristic plot of typical CBV in PCMH system. 
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Figure 3. (a) Proposed configuration with EPCBV for PCMH system, (b) four-quadrant operation modes for the proposed scheme. 
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Figure 4. (a) Linear fitting curve for dead-band vs. inlet pressure of EPCBV, (b) polynomial fitting curve for effective signal vs. flow gain of EPCBV. 
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Figure 5. (a) Polynomial fitting curve for motor leakage estimation model with    ω m  < 1000    r / min   , (b) polynomial fitting curve for motor leakage estimation model with    ω m  > = 1000    r / min   . 
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Figure 6. (a) Overall control scheme for proposed PCMH system, (b) control scheme of VCOR. 
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Figure 7. (a) Schematic of the test bench for EPCBV system, (b) photograph of the test bench 1—IPM1; 2—pump; 3—EPCBV; 4—IPM2; 5—hydraulic motor. 
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Figure 8. T-CBV system responses under different negative torque    T s   . 
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Figure 9. EPCBV system responses under different negative torque    T s    (a)    T s  = −  5   N  ⋅ m  , (b)    T s  = − 1  5   N  ⋅ m  , (c)    T s  = − 2  5   N  ⋅ m  , (d)    T s  = − 3  5   N  ⋅ m  . 
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Figure 10. (a) Speed accuracy map for T-CBV system, (b) power consumption map for T-CBV system. 
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Figure 11. (a) Speed accuracy map for EPCBV system, (b) power consumption map for EPCBV system. 
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Figure 12. Power-saving ratio map for EPCBV compared with T-CBV systems. 
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Table 1. Parameters of main components in PCMH system for EPCBV and T-CBV.
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Components

	
Type

	
Parameters

	
Components

	
Type

	
Parameters






	
IPM1

	
Hilectro

HP12529-G402F-R1

	
Rated Power: 109 Kw

	
Torque and

Speed Sensor 2

	
Interface

T4-300 NM

	
Torque range: 0–150 Nm




	
Rated Torque: 260 Nm

	
Torque accuracy: ±0.2%




	
Speed range: 500–4000 r/min

	
Speed accuracy: ±0.03%




	
IPM2

	
Hilectro

HP11812-G502F-R1

	
Rated Power: 57 Kw

	
Pressure

Sensor 1–3

	
HYDAC

HDA4745-A-600-Y00

	
Pressure range: 0–400 bar




	
Rated Torque: 110 Nm

	
Accuracy: ±0.25%




	
Speed range: 0–5000 r/min

	
Output: 4–20 mA




	
Pump

	
Rexroth

A4VG40EP4

	
Displacement: 0–40 cc/r

	
Flow

Sensor 1–2

	
Hydrotechnik

QT 110

	
Flow range: 0–75 L/min




	
Control signal: 200–600 mA

	
Accuracy: 1%




	
Rated Pressure: 400 bar

	
Output: 4–20 mA




	
Hydraulic motor

	
Rexroth

A6VE28EP2

	
Displacement: 28 cc/r

	
Torque and Speed Sensor 1

	
Interface

T4-300 NM

	
Torque range: 0–300 Nm




	
Rated pressure: 400 bar

	
Torque accuracy: ±0.2%




	
EPCBV

	
SUN

CWCG-T21A

	
Pilot ratio: α = 5

	
Speed accuracy: ±0.03%




	
Rated Flow: 60 L/min

	
Torque and Speed Sensor 2

	
Interface

T4-150 NM

	
Torque range: 0–150 Nm




	
Output pressure: 0–100 bar

	
Torque accuracy: ±0.2%




	
VTOZ

MA-RZGO-a-010-100

	
Output pressure: 0–100 bar

	
Speed accuracy: ±0.03%




	
Control signal: 200–600 mA

	
T-CBV

	
SUN

CACALHN

	
Pilot ratio: α =3




	
Controller

	
Rexroth-RC28/14

	
Periods: 5 ms

	
Rated flow: 60 L/min
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Table 2. Main control parameters of the controller.






Table 2. Main control parameters of the controller.





	Parameters
	Value
	Parameters
	Value





	KP
	1
	kγ
	0.05 bar/s



	KI
	0.3
	nDpmax
	1 L/min



	KD
	0.04
	kt
	−0.05 bar−1
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