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Abstract

:

Hydraulic systems are widely used in industry due to their small size-to-power ratios and their ability to produce very large linear force and torque. In traditional hydraulic systems, a variable pump driven by an electric motor is often used as power source. In these systems, the electro-hydraulic power source always operates at its rated speed, causing lots of noise and low energy consumption, especially in no-load and light-load conditions. These problems can be solved by changing the speed of the electric motor according to the load state of the electro-hydraulic power source. In order to improve the energy efficiency of the electro-hydraulic power source and realize pressure and flow control on the basis of low cost, this paper presents the power-source structure of a variable-displacement pressure-compensated pump driven by a variable-speed electric motor; this controls the flow by adjusting the electric motor speed and controls the pressure with the variable-displacement pressure-compensated pump. However, for the variable-speed system, the starting of the electric motor with a load is relatively slow; this makes it difficult to meet the demand of flow control, and will also have a great impact on the power grid. To address these problems, a hydraulic accumulator is introduced to the inlet port of the hydraulic pump to assist in starting the pump. This method can realize the combined control of pressure, flow and power, and has high energy efficiency. This research uses experiments to verify the feasibility of the scheme, and the results show that the starting periods of the power source can be shortened from 2.8 s to 0.7 s when the load pressure is about 18 MPa. Furthermore, regarding maintaining pressure without flow outputs, the energy consumption of the designed power source can be reduced by almost 30% compared with a pure variable-displacement power source.
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1. Introduction


In recent years, the energy crisis and environmental pollution have become increasingly serious problems that the world has to face. A lot of efforts have been made to save energy in various fields. There has been a growing demand for electro-hydraulic systems that can offer both high control performance and high energy efficiency. In this paper, we focus on the energy-efficient improvement of the hydraulic power source, which is the heart of many industrial and mobile machines.



In the oldest system, because of the lack of variable-speed and -displacement technology, a fixed-speed electric motor is often used to drive a constant pump to supply hydraulic pressure oil for the system; the pressure and flow are controlled by a relief valve, resulting in large throttling and overloading loss. These systems are generally used in low-cost applications. Displacement-based control strategies were established in the past decades to match the supply with the demand by changing the displacement or speed of the hydraulic pump. Additionally, they are also at the forefront of the development of hydraulic technology.



To operate hydraulic processes, the machine manufacturer can choose between different control concepts by changing the displacement of the pump, such as displacement control, pressure control, flow control, power control, etc. Ming-Hwei Chu studied a displacement axial piston pump control using an electro-hydraulic proportional valve, and a servo controller was designed to improve the stability and transient response [1]. Taking A4VSO as an example, Gordon Mohn analyzed the effect of a variable-displacement pump in industrial application, and discussed the function of the variable-displacement pump in improving system efficiency, as well as the method of improving pump efficiency [2]. Peter Achten studied the influence of vibration torque caused by the rotation of the barrel load on the dynamic characteristics of the hydraulic pump [3]. Nitesh Mondal established a comprehensive design methodology for a pressure compensator for a variable-displacement axial piston pump based on simple mechanistic principles. Patrick T. Dean modeled a variable-displacement hydraulic pump, and developed the modern controllers to increase robustness while controlling the pump outlet pressure [4]. Wei J H designed a nonlinear controller based on a control-oriented mathematical model to improve the supply pressure, tracking performance in the presence of unknown time-varied load-flow disturbances [5].



In a normal variable-displacement hydraulic pump, the pump runs at its rated speed in any mode. The energy efficiency of the electric motor and hydraulic pump is relatively low during idle and light-load periods [6,7]. With the demand for energy-efficient production, a variable-speed hydraulic system has been established in the past decades [8]. Additionally, its usefulness is proven in wide area of application, such as injection molding machines [9,10]. In a variable-speed system, when a displacement constant pump is used, a pressure sensor and a high-dynamic variable-speed electric motor are necessary in such systems. Additionally, it is difficult to control the system pressure by only controlling the speed of the hydraulic pump, due to the unknown requirement of flow rates. When a variable-displacement pump is used, the dynamic response of the pump can make up for the lack of dynamic response of the electric motor, and the speed of the motor can be efficiently used to increase the energy efficiency of the power source [11,12,13,14,15,16]. However, due to the large inertia of the electric motor and hydraulic pump, the main disadvantage of the variable-speed system is a slow response, especially when the electric motor starts with full load or heavy load. To compensate for this weakness, Xu M and Xu B introduced a high-pressure accumulator to the outlet of the pump, where the dynamic response of the flow rate could be improved [17,18], but this configuration cannot decrease the startup current and cannot reduce the impact on the grid.



A traditional variable-speed control cannot solve the issues of saving energy and noise reduction under the conditions of low flow and high pressure. Meanwhile, the servo motor control has low cost-performance and can only be applied to a system with little power. The integral closed-loop control for pressure control poses the problem of unstable system operation [19,20,21,22]. The compound control of pressure, flow and power is realized by using the variable pump-control valve, but the constant speed poses the problem of large energy consumption in the non-working cycle. The variable-speed asynchronous motor drive has pressure-control lag and poor dynamic characteristics of starting under load; the servo motor drive has unstable integral control pressure and low cost-performance; and for the variable-speed drive, the energy efficiency of the constant-pressure mode and non-working cycle has not been studied [23,24,25]. Based on the existing research base, an electro-hydraulic power source with a variable-speed and variable-displacement pressure-compensated pump was developed, whereby the flow rate required can be realized by changing the pump rotation speed and the system pressure can be controlled by the variable-displacement pressure-compensated pump [26,27]. Additionally, an accumulator is introduced to the pump inlet port to assist in starting the electric motor. As a result, the power consumption in idle and partial-load conditions could be significantly reduced. Additionally, the dynamic response of the electro-hydraulic power source can meet the requirement without a large influence on the electric grid.



The paper is organized as follows: Section 2 presents the structure and control principle of the proposed electro-hydraulic power source. In Section 3, the dynamic response and energy efficiency of the power source are determined for control-strategy design. Section 4 provides the working performance of the power source with the speed and displacement, and the control concept of the new designed power source is given. In Section 5, the working performance of the newly designed power source is studied in detail. Finally, conclusions are drawn in Section 6.




2. Variable-Speed Electro-Hydraulic Power Source


Combined with speed- and displacement-control concepts, the electro-hydraulic power source allows us to leverage the advantages of both control principles, while eliminating known drawbacks at the same time. To match different industrial needs—in which almost all of the hydraulic systems need to control the output flow rate and pressure—in this paper, a new power source that can realize flow control and pressure control simultaneously is proposed. Figure 1 shows the structure of the proposed electro-hydraulic power source.



In Figure 1, Dn is the quantitative pump displacement; n is the speed of the variable-frequency asynchronous motor; pp is output power of the pump; ηpm is the mechanical efficiencies of the pump;    q p    is the quantitative pump flow;    n  s e t     is the speed set by the variable-speed asynchronous motor;    T p    is the torque set by the variable-speed asynchronous motor; and    η p    is the variable pump efficiency.



As shown in Figure 1, the proposed power source consists of a variable-speed asynchronous motor, a variable-displacement pressure-compensated pump, and a hydraulic accumulator. In the proposed electro-hydraulic power source, the flow control can be realized by changing the speed of the pump when the pressure of the pump is set at its maximum value; the pressure control can be realized by the variable-displacement pressure-compensated pump and the speed of the pump can be used to maintain the energy efficiency by decreasing the speed and increasing the displacement of the pump.



Additionally, when the electric motor starts under load, the high-pressure oil in the hydraulic accumulator is introduced to the inlet port of the pump to assist in starting the motor.



Compared with the traditional pressure- and flow-control power source, in the proposed power source, the pump always works under great displacement conditions, and the speed of the motor is small; thus, the energy efficiency can be improved.




3. Theoretical Analysis


The degree of freedom of variable-speed and -displacement pumps can be used to adjust the operation points of the electric drive and the hydraulic pump to maximize the overall energy efficiency. To determine the structure of the novel electro-hydraulic power source, the influences of the variable-speed asynchronous motor and the accumulator for starting the pump are analyzed, which provides a base to determine the basic parameters of the system.



3.1. Dynamic Response


The angular speed of the asynchronous motor can be described as Equation (1):


  n =   60  f s     n p    ( 1 − s )  



(1)







The torque equilibrium equation of the asynchronous motor during power source operation can be described as Equation (2):


   T e  =  T L  + J   d n   d t   + B n  



(2)




where fs is the frequency of the electric power source, np is the polar number, s is the slip ratio, TL is the load torque, J is the rotational inertia, B is the viscous damping coefficient, and t is the running time.



The electromagnetic torque is calculated as Equation (3):


   T e  =  C T   Φ m   I 2  cos  φ 2  =    C T   E 0   I 2  cos  φ 2    4.44  f s   n p   k   w 1         



(3)




where CT is a constant related to the motor structure, Φm is the magnetic flux of each pole, I2 is the effective value of the rotor winding current, φ2 is the phase angle of the rotor current lagging behind the rotor electromotive force, kw1 is the winding factor, and E0 is the induction electromotive force of the motor.



In the process of motor-speed regulation, it is often hoped that the flux will be maintained near its rated value, so as to ensure that the motor outputs a larger electromagnetic torque. In the control of the motor, the flux can be kept constant by controlling the ratio of stator phase voltage to rotor frequency.



According to Equation (3), the electromagnetic torque of the motor is proportional to the current. When accelerating the motor, it is required that the power source provide a transient current which is far bigger than the rated current of the motor due to its large inertia. However, by enlarging the installed power of the frequency converter, a bigger current will bring a serious shock to the power supply, especially for a piece of equipment using a battery or a generator set as a power supply. Thus, in this paper, a hydraulic accumulator is introduced to assist in starting the motor to reduce the requirement of starting power.



As shown in Figure 1, when the motor accelerates to start, the high-pressure oil in the accumulator is introduced to the pump inlet port; under this condition, the pump can be abstract as a hydraulic pump and a hydraulic motor, as shown in Figure 2. As can be seen, the torque provided by the hydraulic pump can be simply considered as the auxiliary torque of the drive. As such, the torque required from the electric motor can be greatly decreased.



When the variable frequency motor is started with a hydraulic pump, the high-pressure oil in the accumulator enters oil port B of the hydraulic pump, and port A outputs high-pressure oil. Therefore, the hydraulic pump can be abstracted as a hydraulic motor and a hydraulic pump with both displacements DP. The torque of the pump can be expressed as Equation (4):


   T L  =    D p   p p    2 π  η  pmA     -    D p   p a   η  pmB     2 π    



(4)




where Dp is the displacement of the pump, pp is the pump output pressure, pa is the pump input pressure, and ηpm is the mechanical efficiencies of the pump.



According to Equations (1)–(4), the relationship between the angular acceleration and load torque of the motor is given in Figure 3.



According to Equation (4) and Figure 3, if the pressure oil in the accumulator is introduced to the pump inlet port, the hydraulic pump works under “motor” mode, and it can drive the electric motor’s acceleration; thus, the dynamic response performance of the power source can be improved and the starting current can be decreased.



As mentioned above, the assisting torque generated from the pump is directly proportional to the pressure and the displacement of the pump. Additionally, considering the system rotational inertia, the electric motor’s rated torque and the required response time, a minimum working pressure of the accumulator can be determined.



A bladder accumulator is chosen to assist in starting the electric motor. According to a gas thermodynamic equilibrium equation, the process can be expressed as Equation (5):


     p  a 1    V  a 1      T  a 1     =    p  a 2    V  a 2      T  a 2     =    p  a 3    V  a 3      T  a 3      



(5)







The theoretical volume of the accumulator can be calculated as follows:


   V  t h   =  V  a 3   −  V  a 2   =  V  a 1   (    p  a 1    T  a 3      p  a 3    T  a 1     −    p  a 1    T  a 2      p  a 2    T  a 1     )  



(6)







Before hydraulic oil filling, an actual volume of the accumulator is expressed as:


   V a  = [    p  a 2      p  a 1     (  V  a 3   −  V  a 2   ) ] / [    T  a 2      T  a 1     (    p  a 2    T  a 3      p  a 3    T  a 2     − 1 ) ]  



(7)




where pa1 is the pre-charge pressure, pa2 is the working pressure, pa3 is the minimum working pressure of accumulator, Va1 is the gas volume of the accumulator under the inflation pressure stage, Va2 is the gas volume of the accumulator under the supercharging pressure stage, Va3 is the gas volume of the accumulator under the minimum working pressure stage, Ta1 is the gas temperature under the inflation pressure stage, Ta2 is the gas temperature under the supercharging pressure stage, and Ta3 is the gas temperature under the supercharging pressure stage.



The process of the filling and release of the hydraulic oil can be viewed as an isothermal transformation, and thus, the theoretical volume and the actual volume of the accumulator can be expressed as follows:


   V  t h   =  V  a 1    P  a 1   (  1   p  a 3     −  1   p  a 2     )  



(8)






   V a  =    V  t h      p  a 1      1  (  1   p  a 3     −  1   p  a 2     )    



(9)







The volume and the pre-charge pressure of the accumulator play key roles in assisting with starting. According to Equation (8), if the volume, pre-charge pressure and minimum working pressure of the accumulator are determined, the valid volume is proportional to the pre-charge pressure; the bigger the latter, the bigger the former.



The accumulator is used as an auxiliary power source. Assuming it is an isothermal process, its volume can be calculated using Equation (9). According to the rated pressure of the pump, the working pressure pa2 can be set, and the pre-charge pressure pa1 can be set to about pa2/3 with experience. The minimum working pressure pa3 is determined by the minimum valid volume, the pre-charge pressure, and the dynamic response time of the accumulator. Figure 4 is a square-wave signal for flow control.




3.2. Energy Efficiency


3.2.1. Electric Motor


In order to improve the energy efficiency of the electric motor, many studies have described the efficiency of motors with theoretical analysis. According to Ref. [11], the energy loss of the variable-speed motor can be described as Equations (10)–(12):


   P  loss   = a    P  o u t  2     ω m 2   ψ  r d  2    + b  ψ  rd  2  + c  P  out    



(10)




where a, b and c can be written as:


   {    a = (  R s  +    R r   R m     R r  +  R m    )     (  R r  +  R m  )  2     n p 2   R m 2        b =  p m 2  (  R s  +    R r   R m     R r  +  R m    )  ω m 2  +    R s     L m 2        c =   2 (  R r  +  R m  )    R m 2    (  R s  +    R r  +  R m     R r   R m    )      



(11)






   η m  = 1 −    P  loss      P  loss   +  P  out      



(12)




where Ploss represents the power loss of the motor, Pout is the output power of the motor, ωm is the rationing speed of the motor, Ψrd is the d-axis rotor flux component, Rs is the equivalent resistance of the motor’s stator winding, np is the number of pole pairs, Rm is equivalent resistance for the loss of the stator core, Rr is the equivalent resistance of the rotor winging, Lm is the mutual inductance between the stator and rotor, and ηm is the energy efficiency of the motor.



According to Equations (10)–(12), it can be concluded that when the output power is relatively low, lowering the motor speed can decrease the power loss.




3.2.2. Hydraulic Pump


The hydraulic pump is a device that converts the kinetic energy of rotating machinery into hydraulic energy through plunger suction and drainage. In its working process, there are two parts of volume loss and mechanical loss. Its energy efficiency ηp can be expressed as Equation (13):


   η p  =  η  pv   ⋅  η  pm    



(13)




where ηpv is the volumetric efficiencies of the pump, and ηpm is the mechanical efficiencies of the pump.



The volume loss is mainly reflected in the difference between volume of the oil discharge and the volume of the oil absorption. Ignoring the volume loss required for control, the main cause of volume loss is leakage. Volume efficiency can be described by Equation (14):


   η  pv   = 1 −   k  C s  Δ p   μ n β  D  max      



(14)







The mechanical loss of the hydraulic pump is mainly embodied in the friction loss of each friction surface, such as between the plunger and the cylinder block, between the sliding boots and the swash plate, between the cylinder block and the distributor plate, etc. The mechanical efficiency, ηpm, can be expressed as Equation (15) under the influence of parameters such as speed, load pressure, displacement and oil temperature.


   η  pm   =  1  1 +   μ n  C s    k  C V  Δ p β   +    C f   β  +   2 π  T s    Δ p n β  D  max        



(15)







In Equations (14) and (15), k is the proportional constant, μ is the kinematic viscosity of oil, Cs is the laminar leakage coefficient, ∆p is the pressure difference between the inlet and outlet of the pump, β is the displacement ratio of the pump, CV is the laminar flow resistance coefficient, Cf is the mechanical resistance coefficient, Ts is the torque loss independent of the speed and pressure difference, and Dmax is the maximum displacement of the pump.



According to Equations (14) and (15), when the pump output flow is small, the overall efficiency of the hydraulic pump is low. With an increase in the output flow, the overall efficiency of the pump increases. When the pump outputs the same flow, changing the speed or displacement of the pump has little effect on the overall efficiency of the pump.



The parameters of the values are shown in Table 1, and the dimensionless efficiency curve of the axial piston pump is shown in Figure 5.






4. Experiment of Electro-Hydraulic Power Source


A test bench, shown in Figure 6, was built according to the parameters determined by the theoretical analysis and the system principle, shown in Figure 1.



The experimental setup shown in Figure 4 consists of a Rexroth A10VSO series, size 45 with a DRG pressure-control variable-displacement axial piston pump driven by an ABB 3-phase induction motor. The volumetric displacement of the pump was 45 mL/r with a maximum speed of 1500 r/min. The rated power and speed of the electric motor were 37 kW and 1440 rpm, respectively. Additionally, in the test system, the pressure and flow sensors were equipped to detect the pressure and flow rate of the system. An electromagnetic relief valve in the outlet port of the pump was used to limit the maximum pressure, and a proportional direction valve was used as a loading valve. An electric power meter was installed before and after the inverter to detect the electric power consumption. Additionally, the dSPACE was used to control the test system, and matlab software was used for system mathematical modeling, control algorithms, data processing and data storage.



In order to have good knowledge of the energy efficiency and dynamic performance of the electro-hydraulic power source, the working performance of the variable-speed power source was studied first.



4.1. Working Performance of Variable-Speed Power Source


As shown in Figure 6, the pressure of the variable-displacement pressure-compensated pump is set at its rated value; thus, the pump works under its maximum displacement. Additionally, the load pressure of the system can be maintained by the relief valve. The speed of the motor can be changed with an inverter. Figure 5 gives the working performance of a pure variable-speed electro-hydraulic power source with an inverter motor.



In Figure 7A, it can be seen that when the electric motor starts with a light load, the flow response is relatively fast. However, when it starts with a large load, the flow response is very slow, at about 2.2 s with an output pressure of 21 MPa. Additionally, when the power source works under steady-state conditions, there may be some flow error, at about 6 L/min when the loads are 21 MPa and 0 MPa.



With Figure 7B,C, it can be seen that when the power source works under a light load, its energy efficiency is very low at only 48%. Additionally, when it works under a large load, the energy efficiency reaches up to 71%.



Next, the energy efficiency of the power source under different displacements and speeds is studied. During the test process, the displacement of the pump can be changed by changing the opening of the direction valve. Figure 8 gives the results of the energy efficiency of the power source under different load powers.



As shown in Figure 8, it can be seen that the energy efficiency of the pump increases with increasing displacement, and the energy efficiency of the motor increases with decreasing speed under light-load conditions.



Thus, it can be concluded that there are three problems for a pure variable-speed electro-hydraulic power source: one is that the flow response is relatively low when it starts with a large load; the second is that the energy efficiency of the total power source is low; and the third is that there may be some flow error when it works under difference loads.



According to the above problems of the pure variable-speed power source, the new power-source control principles should provide solutions to the problems.




4.2. Control Principles


As mentioned above, the designed power source can realize flow control and pressure control simultaneously.



4.2.1. Flow Control


In this paper, when the power source works with the flow-control concept, the pump speed is the control target to follow the flow command, and the pump works under the maximum displacement condition. Thus, under a certain flow requirement, when the flow requirement is given, the load power is relatively low, too. For example, when the pump speed is 300 rpm, the output power of the pump is no more than 20% of its rated power. Thus, according to the data shown in Figure 5 and Figure 6, compared with the pure variable-displacement system, the energy efficiency of the power source can be improved.




4.2.2. Pressure Control


As shown in Figure 1, the pressure of the system can be controlled by the variable-displacement pressure-compensated pump. In order to make the hydraulic pump work at a large displacement, to improve the power-source efficiency, the motor should work at a lower speed when the flow demand is satisfied. Moreover, in order to ensure the dynamic characteristics of the pressure response, it is necessary to ensure that the hydraulic pump does not work at maximum displacement. Therefore, under pressure control conditions, the pressure is controlled with the variable-displacement pressure-compensated pump and the speed is decreased to the lowest limit at a predefined rate. When the hydraulic pump displacement does not reach a certain value, the motor works under a low speed, and when it exceeds the set value, the set speed value increases to ensure adequate flow output.



In the variable-speed asynchronous motor speed-control system, the control system is mainly composed of the current controller and the speed controller. The current controller controls the motor torque, and the speed controller controls the variable-speed asynchronous motor speed. The current control capability determines the torque performance of the variable-speed asynchronous motor, which is the main determinant of the dynamic response. The current feedback is very important, so the current inner ring and the speed outer ring control systems are primarily used to establish the variable-speed asynchronous motor control model, as shown in Figure 9.






5. Experimental Results of the New Power Source


5.1. Pressure-Control Characteristics


5.1.1. Influence of the Pump Speed on the Pressure Control Performance


The experimental device consists of a variable pump (Bosch Reoxth SYDFE1-71) and an AC motor driven by a frequency converter to form the main system. The load pressure is adjusted through a throttle valve, and the output pressure of the pump is determined by the Kistler model 4043A piezoresistive pressure sensor, which detects static or dynamic pressure up to 5 kHz (range is 250 bar). The time-recorded sampling of the pressure signal is performed by the ECON signal acquisition analyzer. The sampling frequency is 24 KHz, and a Hanning filter is applied.



Firstly, the influence of the pump speed on the pressure control performance was studied. During the test process, the pressure of the relief valve was set to 25 MPa; a given square-wave control signal, which was set at 15 MPa, was applied to the pump pressure control valve; and the proportional direction valve was used as the loading valve with a 30% opening. The dynamic characteristic curve of pressures is described in Figure 10.



During the experimental process, the pressure control signal was set at 15 MPa at 0.3 s. At 1.5 s, the control signal of the pump was set at 0 MPa. Meanwhile, the swash plate angle of the proportional variable-displacement pressure-compensated pump was decreased to reduce the output flows, then the load pressure became lower.



Additionally, the pressure response time decreases along with the speed rapidly increasing, and the overshoot of pressure under a low speed is lower than that when the speed is about 1500 rpm.




5.1.2. Pressure Response with Variable Speed


The main purpose of this paper is to improve the energy efficiency of the electro-hydraulic power source by reducing the speed of the motor on the basis of ensuring its dynamic characteristics. The pressure control of the hydraulic power source can be divided into pressure maintenance and pressure control with the flow output. Under the condition of pressure maintenance, the speed of the motor is set to 300 rpm, so as to reduce its energy consumption.



Figure 11 gives the pressure control performance compared with the variable speed and fixed speed, when the load changes by changing the opening of the proportional directional valve, as shown in Figure 6.



From Figure 1, we can see that compared with the fixed-speed control, there is a large pressure impact when the load changes, and the response is relatively slow; however, it can still meet the system’s needs.



Specific operations were: close long-distance pressure pilot valve and the electromagnetic proportional directional valve completely; adjust the opening pressure of electromagnetic overflow valve to exceed the regulated pressure of internal constant-pressure valve DR; swift electromagnetic overflow valve on and off in turn so that internal pressure unloading was realized; and adjust the pressure of the internal constant-pressure valve DR to 5MPa, 10MPa, and 15MPa, respectively. The test results were shown in Figure 12.



However, the use of variable speed can greatly reduce the power consumed by the system in a stable operation. Figure 13 gives the power consumed by the power source under the working condition of Figure 11. The power consumption is relatively small when the load is also relatively small with the variable-speed control. In 0–1 s, power consumption is about 6.1 kW with variable-speed control, while it is about 9.5 kW with fixed-speed control.



To sum up, using variable-speed control can effectively reduce the power consumption of the electro-hydraulic power source when the load power is relatively low.





5.2. Flow-Control Characteristics


5.2.1. Flow Compensation Control


From Figure 7, it can be seen that the maximum flow decreases with an increase in load pressure due to the speed and leakage changing. To control the output flows of the pump accurately, a load-pressure signal is fed back to the controller, and the leakages resulting from the increased load pressures can be compensated with increasing the speed; this will reduce the influence of load pressure on the pump output flow rate. Figure 14 describes the test results of the flow compensation method.



It can be seen that the flow error can be reduced with the proposed compensation strategy.




5.2.2. Dynamic Response Improvement of the Power Source


A variable-speed power source often starts with a full load or heavy load, and sometimes, its dynamic response may not meet the system requirements. With the system shown in Figure 1, the dynamic characteristics of the power source under different load condition are studied. The flow output of the pump is detected to characterize the dynamic response.



During test process, the initial motor speed is set at 0 r/min. The load pressure is set at 0 and 18 MPa, and the maximum start speed of the motor is set at 1500 r/min. Figure 11 gives the compared data of the flow response under different conditions.



As shown in Figure 15, when the motor starts under a load pressure of 0 MPa, the flow response time is about 0.55 s from the smallest to the largest. Additionally, the load pressure is about 18 MPa at 2.3 s. Thus, when the motor starts under a large load pressure, the flow response is not enough to use in a hydraulic system. When the electric motor starts, high-pressure oil in the accumulator will flow into the system through the inlet port of the pump, to accelerate the starting of the pump. When the motor speed reaches the set value, the accumulator will be closed. As shown in Figure 11, on the line with the identification of qf18r18, the pre-charge pressure of the accumulator is about 18 MPa, and the motor starts under a load pressure of 18 MPa; it can be seen that the response time is about 0.7 s, and the response time decreases with an increase in the maximum current of the motor.



As shown in Figure 15, when the motor starts under a load pressure of 0 MPa, the electric peak power is about 26.4 kW, which is about 36.4 kW under the load pressure of 18 MPa, and about 32.4 kW with the accumulator assisting.





5.3. Energy Efficiency of the Electro-Hydraulic Power Source


During the working process of the electro-hydraulic power source, the energy conversion process of the power source system is as follows: frequency converter–electric motor–pump. Generally, the energy efficiency of the frequency converter is about 95%, which is less affected by load condition. The energy efficiency of the electric motor is affected by the load and rotating speed, which is about 90% under the rated load and speed, and under partial load conditions, it would be less than 40%.



When the proportional variable-displacement pressure-compensated pump is under constant-pressure-cut mode, the load is in a pressure-maintaining status. Meanwhile, the pump only outputs pressures rather than flows, and it only needs to maintain the flows for internal circuit controls and leakages; thus, the system load power is low. Therefore, under this mode, the speed of the motor can be decreased to improve its energy efficiency.



In order to gain knowledge of the energy efficiency of the electro-hydraulic power source, it was tested based on the test system shown in Figure 6. Figure 16 shows the energy efficiency of the electro-hydraulic power source under pressure-maintaining status.



During the experimental process, the pilot pressure is set at 5 MPa, 10 MPa, 15 MPa, and 20 MPa, respectively; and the motor speed rises from 300 r/min to 1500 r/min. With the increasing of motor speed, the input power to the electric motor synchronously rises. When the speed drops from 1500 r/min to 300 r/min under different load pressures, the system energy consumption decreases by about 3 kW for each pressure level.



Figure 17 shows the curves of the motor input powers vs. speeds. If the load pressure is 5.5 MPa, the electric power consumed is about 1.5 kW, the motor speed is 450 r/min, and the flow rate at this time is 10 L/min. When the motor speed is 1500 r/min, the flow rate at this time is 16 L/min, and the power consumed is about 4.6 kW. If the load pressure is 10 MPa, the electric power consumed is about 4.1 kW under the speed of 450 r/min, and the flow rate at this time is 10 L/min. When the motor speed is 1500 r/min, the flow rate at this time is 16 L/min, and the power consumed is about 7.1 kW.



It can be concluded that the powers under the three conditions can be reduced by 2.9 kW each when the motor speed declines from 1500 r/min to 450 r/min. This kind of energy consumption is mainly caused by motor copper loss under different speeds. Under suitable conditions of the electro-hydraulic power source system, the lower the speed, the lower the energy consumption will be.





6. Conclusions


	
The energy-efficient electro-hydraulic power source driven by a variable-speed motor was designed, and can match the working requirements of the actuator and greatly reduce system pressure fluctuation and system energy consumption when the heavy-duty actuator moves at high speed.



	
Aiming to solve the problems of slow start-up and the large current impact of a variable-frequency motor with a load, a scheme for setting an accumulator to assist in starting at the oil suction port of the pump is proposed; this can effectively improve the dynamic response speed of the motor. To solve the problem, the idea of segmented speed control of the variable-frequency motor was designed. After testing and verification, using the designed variable-speed and variable-displacement control strategy, the dynamic response of the electro-hydraulic power source can be basically consistent with simple variable-displacement control; for example, the system starting time can be shortened from 2.8 s to 0.7 s under the load pressure of 18 MPa. Additionally, the relevant dynamic response of the pump output flows becomes faster.



	
Load pressure feedback controlling is used to compensate for the motor speed and the internal leakage caused by changing load pressure, which could achieve given flow controls. With changes in load pressure, the influence of output flow is smaller, and the control accuracy error is no more than 0.5% when the pressure changes by 20 MPa.



	
For the electro-hydraulic power source composed of a variable-displacement pressure-compensated pump driven by a variable-speed asynchronous motor, the system energy consumption will reduce by 3 kW when the motor speed changes from 1500 r/min to 300 r/min under the condition of pressure maintenance. In a constant-pressure mode, the energy consumption of the power source can be significantly reduced by combining the controls between the motor speed and the pump flow in a low-speed and large-displacement manner.



	
The electro-hydraulic power source composed of the variable-speed control axial piston pump, and the research work that went into replacing the axial piston pump with the proportional constant-pressure pump, mainly focus on the drive device composed of the frequency converter and the servo motor. Further research will be conducted on the dynamic response, control method, energy efficiency, and engineering application background of a proportional constant-pressure pump power source composed of driving sources such as reluctance motors and engines.
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Abbreviations




	B
	Viscous damping coefficient
	Nm/(rad/s)



	Dp
	displacement of the pump
	mL/r



	Dn
	the quantitative pump displacement
	mL/r



	fs
	Frequency of the electric power source
	Hz



	iqs
	stator current
	A



	J
	rotational inertia
	kgm2



	Lm
	magnetic inductance
	H



	Lr
	rotor self-inductance
	H



	np
	polar number
	-



	s
	slip ratio
	-



	pa1
	pre-charge pressure
	MPa



	pa2
	working pressure
	MPa



	p3
	minimum working pressure of accumulator
	MPa



	pd
	pressure of the pump
	MPa



	Pp
	output power of pump
	kW



	Ta1
	gas temperature under inflation pressure stage
	°C



	Ta2
	gas temperature under supercharging pressure stage
	°C



	Ta3
	gas temperature under supercharging pressure stage
	°C



	TL
	load torque
	Nm



	Va1
	gas volume of the accumulator under inflation pressure stage
	L



	Va2
	gas volume of the accumulator under supercharging pressure stage
	L



	Va3
	gas volume of the accumulator under minimum working pressure stage
	L



	n
	angular speed of motor
	r/min



	ηpm
	mechanical efficiencies of the pump
	-
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Figure 1. Principle of the electro-hydraulic power source. 
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Figure 2. Working principle of the assisted starting concept. 






Figure 2. Working principle of the assisted starting concept.



[image: Energies 15 04804 g002]







[image: Energies 15 04804 g003 550] 





Figure 3. Relationship between angular acceleration and the load torque. 
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Figure 4. Square-wave signal for flow control. 
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Figure 5. Dimensionless efficiency curve of axial piston pump. 
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Figure 6. Test bench. 
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Figure 7. Working performance of a pure variable-speed electro-hydraulic power source. 
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Figure 8. Energy efficiency of a variable-speed and -displacement electro-hydraulic power source. 
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Figure 9. The block diagrams of the control system. 
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Figure 10. Dynamic characteristic curve of pressures under different speeds. 
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Figure 11. Pressure control compared with variable and fixed speed. 
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Figure 12. The characteristics of pressure response under an internal unloading condition. 
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Figure 13. Power consumption compared with variable and fixed speed. 
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Figure 14. Constant flow characteristics under different pressures. 
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Figure 15. Dynamic response of pump output flows. 






Figure 15. Dynamic response of pump output flows.



[image: Energies 15 04804 g015]







[image: Energies 15 04804 g016 550] 





Figure 16. Motor output power under pressure-maintaining status. 
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Figure 17. Variable-speed and -displacement compound motor input power. 
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Table 1. The parameters of the values.
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	Parameters
	Value





	Cs
	0.8 × 10−9



	CV
	0.2 × 106



	Cf
	0.01



	Pout
	45 kW



	ωm
	1480 r/min



	Rs
	0.084 Ω



	Rr
	0.084 Ω



	Ls
	0.3012 mH



	Lr
	0.3012 mH



	Lm
	11.2 H



	J
	0.046 kg·N2



	v
	45.88 cSt



	ρ
	0.85 kg/L



	μ
	0.039 Pa·s



	np
	2
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