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Abstract

:

Hydraulic control valves are widely used in industrial production, agricultural equipment, construction machinery, and other large power equipment for controlling the pressure and flow of fluids in hydraulic systems. The driving method has a significant impact on the response and control accuracy of hydraulic valves. This paper reviews the driving methods of spools from five aspects: solenoid drive, material expansion drive, motor drive, hydraulic valve drive, and another drive. It summarizes the various schemes currently available for spool drive and analyzes each of them. After optimizing the driving method of the valve core, the control accuracy can reach 3%, and the minimum response time is 7 ms. According to the characteristics of the different drive methods, the differences between them are compared, the advantages and disadvantages of each drive method are analyzed, and the application scenarios for each drive method are identified. Solutions to the drawbacks of the existing drive methods are proposed, which provide directions for further optimization. We have found that solenoid drives are simple to control, low cost, and the most widely used. Material telescopic drives, motor drives, hydraulic valve drives, and other drives are costly, complex to control, and optional for use in special requirement situations. Based on the existing spool drive methods, an outlook on future drive methods is presented. This review facilitates a comprehensive understanding of the drive methods of hydraulic valve spools, points out the shortcomings of the existing drive methods, and is of great significance in improving the existing drive methods and proposing new drive methods. This paper has a positive effect on improving the control accuracy and responsiveness of hydraulic valves.
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1. Introduction


The hydraulic control valve is a hydraulic component with a high power density and large force output which is widely used in large power platforms and high-end intelligent equipment [1,2]. The control elements of the valve mainly include directional control valves, flow control valves, and pressure control valves. The spool of the hydraulic control valves is divided into direct drive and pilot drive. Direct-operated hydraulic control valves [3] drive the main spool movement directly through an external actuator, while pilot-operated hydraulic control valves [4] drive the main spool movement indirectly through a pilot stage. Direct-operated hydraulic valves require a large driving force which is highly responsive and requires low cleanliness of the hydraulic fluid. Pilot-operated hydraulic valves require a small driving force due to the amplification links. Pilot-operated hydraulic valves have many transmission links, so they have poor responsiveness and require a high level of cleanliness of the hydraulic fluid. Direct-operated and pilot-operated hydraulic control valves are shown in Figure 1.



Hydraulic control valves are used to change the size of the valve orifice by driving the spool movement, thus changing the pressure and flow rate of the hydraulic system. The commonly used spool drive element is an electrical–mechanical converter, which converts an electrical signal into spool displacement [5]. The choice of drive element directly affects the quality of the spool drive and relates to the performance of the entire hydraulic system. In traditional hydraulic control valves, solenoids are often used to drive spools. However, solenoid drives cannot meet the requirements of high precision and high response [6]. The electromagnet driving method has the characteristics of a simple structure and convenient control, but the electromagnet is prone to heating during operation and has a small driving force. The traditional electromagnetic drive is suitable for direct-operated hydraulic valves with a low driving force and pilot-operated hydraulic valves. Therefore, researchers have developed a variety of spool drive methods, such as stepper motors [7], torque motors [8], voice coil motors (VCMs) [9], permanent magnet synchronous motors [10], and piezoelectric stacked actuators [11]. The stepper motor and permanent magnet synchronous motor are in rotational motion. When the rotary motor drives the linear motion of the valve core, it is necessary to add a motion conversion link to convert the rotary motion into linear motion. The torque motor and voice coil motor can directly drive the linear movement of the valve core. The piezoelectric stacked actuators have a simple structure and high driving force, but a small displacement. From the perspectives of actuator structure, drive performance, control difficulty, and cost, researchers in various countries have proposed different spool drive solutions. The differences in application and drive performance between the different drive methods will be described in the following sections.



Previous researchers have only studied a single drive mode and have not studied and analyzed different drive modes, and users cannot choose the appropriate spool drive according to their needs. To select a suitable spool drive method, this paper reviews the research status and progress. By analyzing different drive modes, it provides a reference for users to choose the appropriate drive mode in terms of both control accuracy and responsiveness of the hydraulic valves. Among the traditional solenoid drive schemes, two aspects are summarized: single solenoid drive and double solenoid drive. In addition to the traditional drive methods, four other drive methods are summarized: material expansion drive, motor drive, hydraulic valve drive, and other drives. The characteristics of the different drive methods are analyzed and the application scenarios for each are identified. The advantages and disadvantages of the different drive methods are analyzed and solutions are proposed for the disadvantages. Finally, a summary of the various drive methods and an outlook on future spool drive methods are presented. The review contents are shown in Figure 2. This article elaborates on the driving methods of the valve core from different aspects, analyzes the control accuracy and responsiveness of the hydraulic valve from the driving methods, and provides a foundation for optimizing the driving performance and control strategy of the electromechanical converter, which is conducive to further improving the driving performance of the valve core. The impact of electromechanical converters on the performance of hydraulic valves has not been comprehensively and deeply analyzed by previous researchers, so this review has novelty. This paper analyzes the control accuracy and responsiveness of hydraulic valves in terms of the spool actuation method, which contributes to the improvement of the dynamic and static performance of the hydraulic system.




2. Solenoid Drive


Among the spool drive types of hydraulic valves, solenoid drives are the most common drive method. Solenoids have the characteristics of a simple structure, high reliability, and low cost [12]. The types of electromagnets are divided into DC electromagnets and AC electromagnets. Generally, hydraulic valve controllers output direct current, so direct current electromagnets are widely used. Electromagnets are also divided into pull-type and push-type, with push-type being the most used in practical applications. Solenoid drives are divided into single solenoid drives and double solenoid drives. In the single solenoid drive method, one solenoid is used to drive the spool, and the spool is returned to its initial position using a return spring. In the double solenoid drive method, two solenoids are used to drive the spool and it also uses a return spring to drive the spool back to its initial position.



2.1. Single Solenoid Drive


In direct-operated control valves, Dülk I et al. [13,14] used one proportional solenoid to drive the spool of a proportional flow valve and controlled the flow by varying the current of the proportional solenoid. Wu W et al. [15,16] used one proportional solenoid to drive a direct-operated proportional pressure regulating valve and controlled the pressure by varying the current of the proportional solenoid. Chen CP and Chiang MH [17] also used one proportional solenoid to drive a direct-operated proportional pressure regulating valve, but unlike Wu W et al. they controlled the pressure by varying the voltage of the proportional solenoid. Ferrari A et al. [18] studied a proportional solenoid-driven direct-operated servo-proportional flow directional valve. The proportional solenoid was connected to the valve spool and a PWM (pulse width modulation) current square wave signal was input to the proportional solenoid. The displacement of the spool was regulated by varying the duty cycle of the PWM signal. Mahajan P et al. [19] proposed to use a proportional solenoid to drive the spool of a direct-operated switching solenoid valve. A PWM voltage signal was input to the proportional solenoid and the spool movement was controlled by varying the duty cycle of the PWM signal. Ledvon M et al. [20,21,22,23] used a proportional solenoid to drive the spool of a direct-operated proportional directional valve. The direction of spool movement was changed by varying the voltage direction of the proportional solenoid, thus changing the direction of fluid flow, as shown in Figure 3. Bosch Rexroth’s 4WRPEH6 proportional directional valve also uses the same drive method [24]. Gamble JB et al. [25,26,27] used a proportional solenoid to drive the spool of a direct-operated proportional solenoid valve. The characteristics of the proportional solenoid were investigated [28] and the pressure and flow of the proportional solenoid valve were regulated by controlling the displacement of the spool. Lin YQ and Shi HQ [29] proposed a new proportional solenoid structure, which improved the armature structure of the proportional solenoid. The proportional solenoid was connected to the spool, and the movement of the spool was controlled by controlling the input signal of the proportional solenoid. Meng F et al. [30,31,32,33] proposed using a proportional solenoid to drive the movement of the ball valve spool. In the initial state, the valve orifice was open. When the inlet pressure increased, the valve orifice closed. The output force of the proportional solenoid could be adjusted to drive the ball spool movement and, thus, control the opening of the valve orifice.



In direct-operated control valves, in addition to conventional proportional solenoid drive, there are switching solenoids and bi-directional proportional solenoids. Tian H and Zhao Y [34] used a switching solenoid to control the conduction and closure of a direct-operated solenoid switching valve. Hao YX et al. [35] used a bi-directional proportional solenoid to drive a direct-operated proportional valve. The bi-directional solenoid contains two excitation coils; when one coil is energized, the solenoid generates driving force in one direction, and when the other coil is energized, the solenoid generates driving force in the other direction. During operation, only one of the two coils is energized. The bi-directional proportional solenoid controls the magnitude and direction of spool displacement by selecting the coil to be excited and controlling the voltage amplitude. Yuan YF et al. [36,37] used a bi-directional proportional solenoid to drive a pneumatically controlled hydraulic valve. The performance of the bi-directional solenoid was investigated and its output performance was optimized. Li QP et al. [38] studied a bi-directional proportional electro-mechanical converter with permanent magnets for electro-hydraulic proportional valves and servo valves. Based on a common solenoid, this bi-directional proportional electro-mechanical converter adds a ring-shaped permanent magnet, which controls the magnitude and direction of the output force by controlling the direction and amplitude of the current in the solenoid coil.



In the spool drive of the pilot valve, Carpenter R et al. [39,40] use a proportional solenoid to drive the pilot spool. The main spool is connected to the pilot valve at one end and to the return port at the other. When the solenoid is not energized, the port of the pilot valve is closed. As the pressure from the pilot valve cannot be transferred to the control chamber of the main spool, the pressure at both ends of the main spool is equal and the port of the main spool is closed. When the solenoid is energized, the solenoid generates a driving force to move the pilot spool. When the pilot valve opens, the pressure at one end of the main spool connected to the pilot stage increases. When the pressure at both ends of the main spool is unbalanced, the port of the main spool is opened. The higher the current of the solenoid, the greater the opening of the main spool’s ports. Fan XW et al. [41,42] used a proportional solenoid to drive a pilot-operated pressure-regulating solenoid valve and a pilot-operated pressure-reducing valve. They regulate the pressure of the hydraulic valve by varying the current of the proportional solenoid [43]. Quan L et al. [44] proposed a pilot-operated proportional directional valve based on internal flow feedback. The pilot-operated proportional valve is driven by a bi-directional solenoid, which is connected to the spool of the pilot valve. The bi-directional electromagnet drives the pilot valve core to move, changing the pressure difference between the two ends of the main valve core. When the pressure difference between the two ends of the main valve core is large enough, it can drive the main valve core to move. Zuo Q et al. [45] used a proportional solenoid to drive a two-dimensional (2D) proportional directional valve. A compression–torsion coupling connects the proportional solenoid to the spool and converts the linear motion of the proportional solenoid into the linear and rotary motion of the spool. When the driving force of the proportional solenoid is reduced, the spool is restored to its initial position by means of a reset spring. Ye QF et al. [46,47,48,49,50] proposed a solenoid-driven pilot-operated proportional solenoid valve. One end of the main spool is connected to the inlet pressure through an orifice and the other end is connected to the outlet pressure. The two ends of the main spool are connected via a pilot cone valve. The opening of the cone valve is adjusted by controlling the proportional solenoid, thus changing the differential pressure at both ends of the main spool, and finally realizing the drive of the main spool. Wang H et al. [51,52,53,54,55] proposed a pilot-operated proportional flow valve driven by a proportional solenoid. Unlike Ye QF et al., they used a proportional valve to control the displacement of the main spool. The inlet of the pilot valve was connected to one end of the main spool, and the outlet of the pilot valve was connected to the other end of the main spool. When the proportional solenoid drove the pilot spool movement, it changed the inlet and outlet pressures, i.e., it changed the differential pressure between the two ends of the main spool and realized the main spool drive. The two types of drive for pilot-operated proportional valves are shown in Figure 4. D’Amore M and Pellegrinetti G [56] introduced a bi-directional solenoid-driven nozzle–flapper servo valve. The bi-directional solenoid valve was connected to the baffle, and the nozzles on both sides of the baffle were connected to the control chambers at both ends of the main valve core. When the bi-directional solenoid valve drove the baffle to move, it changed the distance between the baffle and the nozzle, and drove the movement of the valve core by changing the pressure difference at both ends of the main valve core.



When a single solenoid is used to drive the spool, it generally has only unidirectional drive capability. When a bi-directional solenoid is used, the spool can move in two directions. The bi-directional solenoid has two drive coils, only one of which is energized during operation. In single solenoid drives, proportional solenoids are often used to drive the spool. Because proportional solenoids control the output force by varying the voltage or current, they can control the spool movement continuously and proportionally. Switching solenoids are generally used in switching valves. When the solenoid is energized, the valve port of the hydraulic valve is opened; when the solenoid is not energized, the valve port of the hydraulic valve is closed. With a single solenoid drive, the main and pilot spools of the flow, pressure, and directional valves can be driven. When the solenoid drives a hydraulic valve of the same performance, a smaller driving force is required to drive the pilot spool, but a larger driving force is required to drive the main spool. Due to the magnetic saturation of the solenoid, the output drive force is limited. Therefore, when the main spool requires a small driving force, the solenoid is used to drive the main spool directly. When the main spool requires a larger driving force, a pilot control is used to drive the main spool indirectly. When the solenoid is directly connected to the spool, the spool movement can only be driven linearly. To enable the solenoid to drive the spool of a 2D hydraulic valve, a compression–torsion coupling is used to convert the linear motion into a rotary motion.




2.2. Double Solenoid Drive


Among direct-operated control valves, Lisowski E et al. [57] studied segmented proportional directional valves, where the entire hydraulic valve consists of three direct-operated proportional directional valves. Each direct-operated proportional directional valve uses two proportional solenoids to drive the spool, thus changing the direction of the fluid flow [58]. Amirante R et al. [59] introduced the 4/3 ATOS DKZOR-T proportional directional valve. This proportional directional valve has an integrated electronic driver which sends commands to the proportional solenoids at both ends of the control spool, thus driving the spool movement. Tic V et al. [60] introduced a direct-operated proportional directional valve with double proportional solenoid actuation without displacement feedback. The spool movement is driven by controlling the current of the two proportional solenoids, thereby controlling the direction of flow and fluid. Jin B et al. [61,62,63,64] studied a directly operated proportional directional valve with displacement feedback. The spool position is detected using a displacement sensor and the spool is driven by adjusting the current of two proportional solenoids using a closed-loop differential control method. Owczarek P et al. [65,66] studied electro-hydraulic proportional flow valves with displacement feedback. They used two proportional solenoids to drive the spool movement and, thus, vary the output flow rate. Although Bayat F et al. [67] also used two proportional solenoids to drive the spool of a proportional valve, the outputs of both proportional solenoids were not directly connected to the spool. One of the proportional solenoids was connected directly to one end of the spool, and the other was connected to the other end of the spool via a force sensor. By controlling the input signals of the two proportional solenoids, it was possible not only to drive the spool movement but also to detect the amount of force applied to the spool.



In pilot-operated control valves, Zavarehi M K et al. [68] used two proportional solenoids to control pilot-operated electro-hydraulic servo valves. By controlling the input signal to the pilot stage proportional solenoids, the driving force at both ends of the pilot spool is changed. When the difference in driving force between the two ends reaches a certain value, the pilot spool starts to move, changing the pressure and fluid flow direction of the pilot valve. The two ends of the pilot valve are connected to the two ends of the main spool. The change in pressure at the two ends of the pilot valve causes a change in pressure at the two ends of the main spool, which drives the movement of the main spool. Several Bosch Rexroth pilot-operated proportional directional valves are driven by double solenoids which regulate the movement of the spool by controlling the current of the proportional solenoids at both ends of the spool, thus changing the direction of fluid flow [69,70]. Saleem S [71] introduced the pilot-operated flow directional control valve. The difference in output force between the two proportional solenoids can drive the movement of the pilot spool, which in turn changes the differential pressure between the two ends of the main spool and enables the main spool to be driven. The movement of the main spool changes the opening of the valve orifice and achieves a change in the flow and direction of the fluid. To achieve precise control of the pilot-operated flow directional valve, Xu B et al. [72,73,74,75,76] also used two proportional solenoids to drive the pilot-operated flow directional valve, adding an LVDT (linear variable displacement transducer) to detect the displacement of the main spool to achieve closed-loop control. By optimizing the input signals of the two proportional solenoids, the control dead zone of the proportional directional valve was reduced. Meng B et al. [77] used two proportional solenoids to drive the spool of a 2D electro-hydraulic proportional directional valve. A thrust–twist coupling connected the proportional solenoids to the spool and converted the axial linear motion of the proportional solenoids into an axial linear and rotational motion of the spool. During control, the displacement of the spool was adjusted by varying the current of the two proportional solenoids. The 2D electro-hydraulic proportional directional valve with the double solenoid drive is shown in Figure 5.



The double solenoid drive is generally used in proportional directional valves, where the use of two solenoids allows the spool to move in both directions, thus enabling the direction of fluid flow in the directional valve to be changed. In addition to proportional directional valves, double solenoids can also be used for proportional flow valves. In the double solenoid drive method, a proportional solenoid is used to drive the spool, allowing for proportional adjustment of the spool. To accurately control the spool position, a displacement sensor is usually installed at one end of the spool to detect the spool displacement, which is then transmitted to the controller for closed-loop control.



The summary of the solenoid-driven spool is shown in Table 1.



As can be seen from Table 1, the proportional solenoid is the most commonly used of the solenoid drive methods. For cost saving and ease of control, the single solenoid drive is generally used. However, the directional valve spool requires a bi-directional drive and, therefore, a double solenoid drive or a single bi-directional solenoid drive is required. In the drive method, the direct drive of the spool is preferred to reduce the transmission link. When the driving force cannot be met, the pilot drive method is chosen. In the control method, voltage control and current control can be selected according to requirements. In practice, a voltage signal is generally used to drive the solenoid and the sampling circuit is used to obtain the solenoid current, thus controlling the force and displacement of the solenoid output.



In general, single or double solenoids can drive the spool. Due to the magnetic saturation phenomenon, the drive capacity of the solenoid is limited. When the spool requires a small drive force, the direct drive of the spool is sufficient. When the spool requires a larger driving force, the proportional solenoid is unable to drive the spool directly and the driving force can be amplified using pilot control technology. In terms of solenoid control, the control is simple, and the output force can be controlled by varying the voltage or current. However, the solenoid has a drive dead zone and hysteresis loop, which should be minimized. Due to the small clearance between the spool and the valve body, the solenoid drive method may have problems with the spool jamming.





3. Material Expansion Drive


The material expansion drive method is to apply a voltage signal to the material and the voltage excitation causes a displacement movement of the material to drive the spool movement. Angelov I et al. [78] introduced a B-type proportional valve with mechanical amplification and piezoelectric control. The flexible beam mechanism is connected to the output shaft of the piezoelectric stacking actuator at one end and to the spool at the other. If the A end of the flexible beam mechanism is connected to the output shaft of the piezoelectric stack actuator, the B end is connected to the valve spool. If the A end of the flexible beam mechanism is connected to the output shaft of the piezoelectric stack actuator, the B end is connected to the valve spool. When the output shaft of the piezoelectric stack actuator moves, it drives the A end of the flexible beam mechanism to produce a small displacement and the B end of the flexible beam mechanism to produce a larger displacement, realizing the drive of the spool. They also proposed a pilot-operated proportional valve driven by a double piezoelectric stack actuator. Two piezoelectric stack actuators control the pilot stages of the proportional valve and the pressure of the two pilot stages is connected to the pressure at the ends of the main spool. The piezoelectric stack actuator changes the pressure in the pilot stage, which in turn changes the pressure at both ends of the main spool, enabling the main spool to be driven. Han C et al. [6,11] also proposed a similar actuation scheme. Yu-Park YJ et al. [79] proposed a piezoelectric stack actuator based on a valve system, which works on the same principle as a B-type proportional valve, but there are differences in the drive method. In the B-type proportional valve, the output shaft of the piezoelectric stack actuator pulls the spool movement through a lever; in the valve-system-based piezoelectric stack actuator, the piezoelectric stack actuator pushes the spool movement through a lever. The principle of the piezoelectric stack actuator push/pull spool is shown in Figure 6, the left-hand panel shows the push spool movement and the right-hand panel shows the pull spool movement. Zhang ZM et al. [80] proposed a throttling control valve directly driven by a piezoelectric stack actuator. Assuming that the ends of the valve seat actuator are A and B, and the ends of the ball spool are C and D. The output shaft of the piezoelectric stack actuator is connected to A of the valve seat actuator, B of the valve seat actuator is connected to C of the ball spool, and D of the ball spool is connected to the spring. When the voltage of the piezoelectric stack actuator increases, it pushes the ball spool to move and the opening of the valve port increases. When the voltage of the piezoelectric stack actuator decreases, the spring pushes the ball spool and the valve opening decreases. Therefore, the valve opening can be adjusted by controlling the voltage of the piezoelectric stack actuator. Stefanski F et al. [81] used a piezoelectric ring bender to drive spools. When the direction and amplitude of the applied voltage are different, the bending direction and size of the piezoelectric ring bender are different. The piezoelectric ring bender is directly connected to the spool and can drive the spool in two directions by changing the direction and magnitude of the voltage.



Murrenhoff H [82] proposed a pilot-operated piezoelectric valve. Two piezoelectric stacked actuators are connected to the flapper and the nozzle is connected to both ends of the spool. When the voltage of the piezoelectric stack actuator increases, the distance between the flapper and the nozzle decreases and the pressure on the spool increases. When the voltage of the piezoelectric stack actuator decreases, the distance between the flapper and the nozzle increases and the pressure of the spool decreases. By adjusting the voltage of the two piezoelectric stack actuators, the spool can be driven. Tamburrano P et al. [83] studied a nozzle–flapper servo valve driven by a piezoelectric ring bender actuator. The conventional driving method is a torque motor drive flapper, while this solution uses a piezoelectric ring bender to drive the flapper. When the voltage of the piezoelectric ring bender increases, it drives the flapper to move, changing the distance between the flapper and the nozzle, thus changing the pressure difference between the two ends of the spool and realizing the spool drive. Sangiah DK et al. [84] changed the torque motor of the baffle–nozzle servo valve to a bimorph actuator that could drive the spool in two directions. Wang XH et al. [85] also improved the conventional nozzle–flapper servo valve by replacing the torque motor with a magnetostrictive actuator. There are disc springs on both sides of the flapper. The disc springs are connected to a micro-displacement amplifier, which is connected to the magnetostrictive actuator. When the magnetostrictive actuator produces a small displacement, the displacement is amplified by the micro-displacement amplifier, which drives the disc spring to output displacement and force. When the forces on both sides of the flapper are uneven, this will displace the flapper, thus changing the distance between the flapper and the nozzle and realizing the drive of the spool.



The summary of the material expansion drive is shown in Table 2.



As can be seen in Table 2, the most commonly used actuator is the piezoelectric stacked actuator, while some drives use magnetostrictive actuators as well. Since the displacement of the expansion material is positively related to the input signal, the displacement can be controlled proportionally by adjusting the input signal, so the material expansion drive method is often used to drive the spool of the proportional valve. The displacement of the expansion material is generally very small and can drive a small displacement of the spool. In general, it is necessary to add displacement amplifiers or use pilot control to convert small displacements into large displacements. Piezoelectric stacks actuators and magnetostrictive actuators can only drive in one direction, while piezoelectric ring benders and bimorph actuators can drive in two directions. In practical applications, the appropriate spool drive actuator should be selected based on the drive performance requirements and cost.



Since material expansion uses the tension of the material to achieve high energy conversion and effectiveness, this drive method has better responsiveness and displacement resolution. The material expansion drive method utilizes the properties of the material itself and does not require the addition of other energy conversion components, resulting in a simple structure, small size, and less heat generation. Compared with the conventional solenoid drive, there is no electromagnetic noise. However, the displacement of material expansion is small, which can only meet the micro-displacement motion of the spool and cannot meet the general spool motion requirements. To meet the large stroke displacement requirements of the spool, on one hand, multiple pieces of expansion materials are stacked together so that multiple small displacements can be synthesized into large displacements, but this method will increase the volume of the actuator. On the other hand, the small displacements are amplified by a displacement amplification device, but this method will increase the mechanical transmission link and reduce the drive efficiency. In practice, the appropriate displacement amplification method is selected according to the drive performance requirements.




4. Motor Drive


Motor drives include stepper motors, torque motors, voice coil motors, and other new types of motors. To meet the driving requirements of hydraulic valves, electromagnetic simulation software is used to analyze the internal structure of the motor, and parameterization methods are used to optimize the motor structure. The different types of motor drives are described below.



4.1. Stepper Motor Drive


Amirante R et al. [3] introduced the use of a stepper motor to drive the spool of a direct-operated proportional valve. A ball screw connects the output shaft of the stepper motor to the spool and converts the rotational motion of the motor to the linear motion of the spool. Zhou RL et al. [86] also used a stepper motor to drive the spool motion, but the drive mechanism was different. The output shaft of the stepper motor is rigidly connected to one end of the spool through a coupling, and the other end of the spool is rigidly connected to a screw, which is connected to a fixed nut. The rotation of the stepper motor drives the rotation of the spool and the screw, which results in the axial movement of the spool. Fu YL and Zhou GZ [87] proposed the use of a two-stage screw internal feedback digital actuator instead of a servo valve, and the stepper motor was connected to the spool by sliding keys and threads [88] for stepper motor drive spool motion. Rybarczyk D [89] proposed the use of stepper motors and DC (direct current) motors to drive the spool of a direct-operated proportional valve. The stepper motor output shaft is connected to the spool through a coupling, and the spool is rigidly connected to the screw. The DC motor output shaft is rigidly connected to the nut. The screw and the movable nut form a screw–nut gear mechanism that converts the rotary motion of the motor shaft into the linear motion of the spool. Subsequently, Rybarczyk D et al. [90,91,92] proposed two schemes for spool drive, one of which was to replace one DC motor and one stepper motor drive method with two stepper motors, and the other was to use a permanent magnet synchronous motor to drive the spool [10,93,94]. Li S et al. [95] used a two-phase hybrid stepper motor as an electro-mechanical converter to drive a 2D digital servo valve. Nguyen TH et al. [96] introduced a new stepped rotary flow control valve, which used a stepper motor to drive the spool. The rotation of the stepper motor changes the displacement of the spool, thus changing the opening of the valve port and realizing the flow control of the hydraulic system. Suzuki K et al. [97] proposed a proportional valve with a spool driven by a stepper motor. In the spool driving mechanism, a cam and a cam follower are included. The spool driving mechanism can convert the rotary motion of the stepper motor into the linear motion of the spool.



Among the motor drive methods, stepper motors are the most used. To convert rotary motion to linear motion, a mechanical conversion mechanism is added. The rotational angle of a stepper motor is proportional to the number of pulses, and the rotation angle of the motor can be determined by the number of digital pulses. Therefore, using open-loop control makes it possible to precisely control the position. Open-loop control not only simplifies the motor control structure but also reduces the cost of the drive. Stepper motors have no mechanical parts such as brushes and commutators, so they have a high degree of reliability and stability. However, when the number of pulses is not accurate, the problem of out-of-step is easy to occur. During the work of the stepper motor, it needs to frequently switch current, which can easily produce electromagnetic interference and affect the operation of other equipment. Since the stepper motor uses the pulse drive method, the drive speed is slow and the efficiency is low. For the application scenario of high-speed and high-response drive requirements, it cannot meet these requirements. To solve the problem of driving speed and response, the combined driving method of the stepper motor and DC motor can be used. DC motors have a higher speed and can improve drive speed and response. However, dual-motor drives will increase the drive cost. When the drive speed and responsiveness requirements are not high, the use of stepper motors can meet the requirements. When the use of the stepper motor cannot meet the control requirements, a dual-motor combined drive can be considered.




4.2. Torque Motors


Meng B et al. [98] presented a linear force motor with different structures and proposed a new linear force motor drive method. The output force of the motor is varied by changing the coil current to drive the spool. Istanto I et al. [8,99] proposed a nozzle–flapper servo valve driven by a torque motor. The torque motor is connected to the flapper, and the two nozzles are connected to the control cavities at the two ends of the spool. The torque motor can drive the flapper movement, changing the pressure difference between the two ends of the spool by adjusting the distance between the flapper and the nozzle, thus realizing the drive of the spool. Ye RK [100] introduced a pilot valve using a dry torque motor to control a nozzle–flapper mechanical feedback servo valve, which has the characteristics of high control accuracy and fast response. Professor Plummer A [101] introduced a servo valve directly driven by a torque motor. By varying the voltage amplitude of the torque motor, different displacements of the valve spool can be obtained. Meng B et al. [102,103] proposed a new torque motor based on an annular air gap. One end of the spool is a high-pressure chamber, and the other end is a sensitive chamber. When the new torque motor is energized, the armature drives the spool to rotate, which changes the pressure of the sensitive chamber and causes the spool to move. Based on this, they [104] proposed a torque motor with sharp teeth. The torque motor is connected to the spool, and the spool is driven to rotate by the torque motor. Two new torque motors are shown in Figure 7: the torque motor based on the annular air gap on the left and the torque motor with sharp teeth on the right. Gastaldi L et al. [105] proposed using a torque motor to drive the spool directly. The output shaft of the torque motor is connected vertically to the middle of the spool. When the output shaft of the torque motor moves linearly, it can drive the valve spool movement.



Torque motors, which have low-speed and high-torque characteristics, are well suited for spool drives with large drive force requirements. At low speeds, the torque motor has high efficiency, but the drive speed of the spool is slow. In driving the spool, when the spool requires a larger driving force, the torque motor can quickly respond by automatically reducing the speed to increase the output torque. Although the torque motor can output a large torque, the output torque is limited by the output power. Because the output characteristics of the torque motor are linearly related to the load torque, when the output power increases to a maximum value, the output torque cannot continue to increase. Therefore, when selecting a torque motor, the appropriate output power should be selected according to the application requirements. In addition, compared to other motors, torque motors are more expensive due to their high cost in the manufacturing process and design.




4.3. Voice Coil Motor


Nielsen B [106] proposed a hydraulic system with independent control of the inlet and outlet of the hydraulic cylinder, using pilot-operated proportional valves to control the pressure and flow. A voice coil motor is used to drive the spool of the pilot stage, and the main spool movement is driven by changing the pressure at both ends of the main spool. Han MX et al. [107] proposed a hydraulic proportional cartridge valve with a fast response and high flow rate. The valve contains two pilot-operated proportional valves, and the spool is driven by voice coil motors. Two pilot-operated proportional valves control the pressure at each end of the main spool and drive the main spool movement by changing the differential pressure between the two ends. Subsequently, they proposed a new hydraulic proportional valve driven by a voice coil motor [108]. The voice coil motor drives the ball valve spool movement through a lever. The magnitude of the output force of the voice coil motor can change the opening of the valve orifice and, thus, adjust the output flow rate, as shown in Figure 8. Li B et al. [109] proposed a new high-pressure pneumatic servo valve with a voice coil motor. The spool of the high-pressure pneumatic servo valve is directly connected to the moving coil of the voice coil motor, and the motion of the spool is controlled by controlling the displacement of the moving coil. Miyajima T et al. [110,111] proposed a digitally controlled high-performance pneumatic servo valve. They also connected the coil of the voice coil motor to the spool and drove the spool movement with the coil movement. Wang B et al. [9] proposed a new pressure proportional valve. The pressure proportional valve contains a driving piston that is connected to the spool. The left side of the drive piston is connected to the outlet pressure, and the right side is connected to the inlet pressure and nozzle. The voice coil motor is connected to the flapper and the distance between the flapper and the nozzle is adjusted by the voice coil motor. When the distance between the flapper and the nozzle decreases, the pressure on the right side of the driving piston increases; when the distance between them increases, the pressure on the right side of the driving piston decreases. When the pressure on the left side is greater than the pressure on the right side, the driving piston drives the spool to move to the right, and vice versa, the driving piston drives the spool to move to the left. Zhang ZM et al. [112] designed a new voice coil motor direct-drive hydraulic valve with linear bearing guidance and spool displacement feedback. The voice coil motor was connected to the push rod, and the ceramic ball spool was driven through the push rod. Then, the spool position was fed back to the controller using a displacement sensor, which realizes closed-loop control of the spool displacement. Xu XQ et al. [113,114,115] designed a moving coil linear motor for driving a spool, which has the same operating principle as the voice coil motor. The coil bracket of the moving coil linear motor is rigidly connected to the spool. The direction of the output force is related to the current direction of the coil, and the coil bracket can be moved in both directions by changing the current direction, thus driving the spool in both directions.



The voice coil motor is used as a drive actuator for the spool, and it features low mass and high acceleration. A voice coil motor has low inductance, a short drive time, and a high response speed. The whole driving force is generated by the electromagnetic effect, and there is no mechanical contact wear between the coil and stator parts, so it has high reliability. In terms of control, the force of the voice coil motor is proportional to the current, and the output force can be controlled by controlling the current. Compared with the ordinary rotary motor, the voice coil motor is a linear drive that can directly drive the spool movement, eliminating the intermediate mechanical transmission link. However, during operation, the moving coil may produce a disconnection problem, which affects the normal operation of the voice coil motor. There is thermal contact between the moving parts supporting the coil and the environment, and the heat generated by the moving coil will raise the temperature of the moving parts, which will affect the maximum current of the coil. Therefore, a reliable connection between the moving coil and the excitation signal should be ensured so that the voice coil motor can provide a stable driving force. For the problem of high temperature, the heat dissipation and cooling treatment of the voice coil motor should be performed, and the temperature sensor can be used to monitor the temperature of the motor. When the temperature exceeds the set value, the cooling device should be started to reduce the temperature of the motor, which can increase the maximum current of the coil, thus increasing the output force of the voice coil motor.




4.4. Other Motors


Ledvon M et al. [116] proposed using a linear motor to drive the spool motion. When the linear motor is energized with a positive voltage, the spool moves in one direction; when the linear motor is energized with a negative voltage, the spool moves in the other direction; and when the linear motor is not energized, the spool returns to the neutral position using a return spring. Lu L et al. [117] proposed using a limited-angle motor to drive the spool motion. The output shaft of the limited-angle motor is offset from the motor axis, and a driven ball is fixed at the end of the motor shaft. The spool end is machined with a column hole, and the drive ball is placed inside the column hole. The ball–column hole kinematic pair converts the rotational motion of the motor into horizontal linear motion of the spool and rotation of the spool around the axis.



The linear motor can drive the valve spool directly without intermediate mechanical conversion links, which improves the driving efficiency. The magnetic field of the linear motor is uniformly distributed, and there is no boundary field. The direct drive method is simple in terms of control; it does not require the conversion of angular displacement to linear displacement, and the drive speed can be controlled by adjusting the voltage, current, frequency, etc. Moving coil linear motors also drive the spool movement directly. In an ordinary solenoid structure, the coil is fixed, and the magnetic field drives the armature. In a moving coil linear motor, the armature is fixed, and the magnetic field drives the coil, which is similar to a voice coil motor. However, compared with rotary motors, linear motors have higher power losses and a lower efficiency and power factor, which is especially obvious at low-speed drives. Therefore, the linear motor is suitable for driving the spool at high speed, which can make the motor have high efficiency. The driving force of the linear motor is susceptible to voltage fluctuations as the spool moves from being static to in motion, so it should be ensured that the voltage is relatively stable. In addition, linear motors have difficulties with heat dissipation. High temperatures can limit the permissible electrical parameters of the motor, thus limiting the driving force of the motor, and therefore, are not suitable for large driving force applications.



Zhang H et al. [118] proposed a high-pressure and high-flow proportional valve that is driven by a DC servo motor, as shown in Figure 9. The servo motor and the spool are connected by a screw slider. Forward and reverse rotation of the servo motor can drive the spool movement along the central axis. Li C [119] also used a DC servo motor to drive the spool, but the driving method was different. The output shaft of the DC servo motor is connected to the drive rod via a screw nut, and the drive rod is connected to the ball valve spool. In its initial state, the ball valve spool closes the valve port under the action of spring force. When the DC servo motor works, the DC servo motor rotational motion is converted to linear motion of the drive rod by the screw nut, which drives the ball valve spool to open the valve port.



A servo motor has the characteristics of high precision, fast response, good stability, and high efficiency, which makes it suitable for situations requiring high control precision. However, compared with ordinary motors, the structure of servo motors is complicated, the control and commissioning are more complex, the cost is high, and it is easy to generate electromagnetic interference. Therefore, when the control precision requirements are high, the use of the servo motor drive can meet the requirements. When the control accuracy requirements are not high, the general motor can meet the driving requirements. When choosing motors to drive the spool, not only control requirements but also control costs should be considered.



Lux J and Habegger C [120] introduced a method for driving a spool using a three-phase brushless DC motor. The three-phase brushless motor converts the rotary motion of the motor into a linear motion of the spool through a gear mechanism. Compared with brushed DC motors, brushless DC motors have no brushes in the rotor, reducing friction and brush losses, resulting in higher energy efficiency and a longer lifetime. There is no contact between the rotor and the stator, and noise is reduced, making it suitable for applications with high noise requirements. However, the drive circuit of brushless DC motors is complex and costly and requires a high-quality power supply. In addition, brushless DC motors have a slight vibration at low speeds, which decreases when the speed increases or the commutation frequency increases. Therefore, brushless DC motors should reduce the acceleration time when driving spools and are suitable for applications where spools are driven at high speeds.



Motor drives and their development are shown in Figure 10.





5. Hydraulic Valve Drive


Gao Q et al. [121] improved the conventional nozzle–flapper valve. High-speed switching valves were used instead of nozzles and flappers, and the traditional analog signal control was changed to digital signal control. The PWM voltage signal was applied to the high-speed switching valve, and the duty cycle of the PWM signal was changed to control the pressure difference between the two ends of the spool, thus driving the spool movement. Zhong Q et al. [122] used a high-speed switching valve instead of the conventional pilot proportional valve. The pressure difference between the two ends of the main spool is changed by adjusting the duty cycle of the drive signals of the two high-speed switching valves, and the pressure difference is used to drive the main spool movement. Subsequently, they [123] proposed a binary-coded digital valve array. Each binary-encoded digital valve array includes five switching valves and is connected to both ends of the spool through orifices. By controlling the on/off of the switching valves in the digital valve array, the pressure at the two ends of the spool can be changed, which in turn drives the spool motion. Kralev J et al. [124,125] proposed a pilot-operated micro-valve bridge-controlled proportional valve. When u(t) > 0, the micro-valve on the left side of the bridge opens and the proportional valve spool moves to the right; when u(t) < 0, the micro-valve on the right side of the bridge opens and the proportional valve spool moves to the left; when u(t) = 0, all the micro-valves of the bridge close and the proportional valve spool is located in the middle position; where u(t) is the drive voltage. Therefore, the spool can be driven by controlling the micro-valve switch, as shown in Figure 11.



Sitte A et al. [126] proposed a seat-type proportional valve [127]. One end of the spool is connected to the inlet pressure, and the other end is connected to the outlet pressure through a pilot proportional valve. By controlling the opening of the pilot proportional valve, the pressure difference between the two ends of the spool can be adjusted. Xiong XY and Huang JH [128] proposed controlling the pressure at both ends of the main spool using a switching valve, which replaces the pilot proportional valve in the scheme of André Sitte et al. During operation, a PWM signal is applied to the switching valve, and the differential pressure at both ends of the main spool is changed by varying the frequency of the PWM signal to drive the main spool. Li SM [129] introduced an improved bi-directional Valvistor valve. The pilot valve consists of two switching valves connected in parallel; one end of both switching valves is connected to one end of the main spool, and the other ends of the two switching valves are connected to the inlet and outlet. The bi-directional movement of the spool can be achieved by controlling the on/off of the two switching valves. Lin TL et al. [130,131] proposed a pilot-operated proportional pressure-reducing valve. Assume that the chambers at both ends of the main spool are A and B. The pressure in the A chamber is the inlet pressure. One end of the B chamber is connected to the A chamber through an orifice, and the other end is connected to the pilot proportional relief valve. By adjusting the pressure of the pilot proportional relief valve, the pressure of the B chamber can be adjusted, thus changing the pressure difference between the A and B chambers and realizing the drive of the main spool. Zhao RH et al. [132] proposed a new electro-hydraulic proportional directional valve. Assuming that the right chamber of the spool is A and the pressure is controlled by the switching valve, the left chamber of the spool is B, and the pressure is controlled by the proportional valve. In the switching valve circuit, the supply pressure is returned to the tank through the switching valve and the A chamber. In the proportional valve circuit, the supply pressure returns to the tank through the inlet hole, the proportional valve, the B chamber, and the outlet hole. There is a spring in the B chamber. When the switching valve is open, the pressure in the A chamber is maximum, and the spool is located on the leftmost side, driving the spool to the right through the control proportional valve. When the switching valve is closed, the pressure in the A chamber is minimum, and the spool is located on the rightmost side, and the spool is driven to the left by the control proportional valve.



Salloom MY and Samad Z [133] proposed a magnetorheological directional valve. The magnetorheological valve is equivalent to a switching valve. When the maximum current is applied to the magnetorheological valve, the valve is closed; when there is no current, the valve is opened. Four magnetorheological valves are placed into the valve body, and the direction of fluid flow in the directional valve can be changed by controlling the on/off of the magnetorheological valves. A summary of the hydraulic valve drive is shown in Table 3.



The hydraulic valve drive spool is generally used in pilot-operated control valves. The hydraulic valve controls the pressure at both ends of the main spool separately and changes the pressure difference between the two ends of the spool by controlling the action of the hydraulic valve, thus realizing the drive of the main spool. The use of hydraulic valves to drive the main spool movement can effectively reduce the fluctuations in system pressure and vibration and can improve the control accuracy and dynamic performance of the hydraulic system. The hydraulic valve independently controls the pressure at both ends of the spool, which can improve the robustness of the system. When the main valve system is disturbed, the pressure at both ends of the spool is not affected, and the displacement of the main spool can be steadily controlled by controlling the pilot hydraulic valve. The magnetorheological directional valve is used to control the direction of fluid flow, replacing the spool with a magnetorheological valve. The magnetorheological valve is embedded in the valve body, and the hydraulic system is controlled by controlling the opening and closing of the magnetorheological valve. However, compared with the solenoid drive method, the use of a hydraulic valve drive increases the complexity and cost of the system. In terms of control, when controlling two hydraulic valves, the degree of control complexity is essentially the same as for a conventional double-solenoid drive. When multiple valves are required to be driven together, multiple valves need to be controlled to work in concert, significantly increasing the control complexity. Therefore, the hydraulic valve drive method improves the static and dynamic performance of the system but increases the complexity and cost of the valve control system at the same time.




6. Other Drive Methods


Meng B et al. [134,135] analyzed the structure and operating principles of a 2D mechanical valve and proposed a new 2D maglev valve. The new 2D maglev valve comprises a linear electro-mechanical converter (LEMC), a maglev coupler, and a 2D valve. The LEMC is connected to an external armature, and the linear motion of the external armature is converted into a rotary motion of the spool by the maglev coupling. There is a high-pressure orifice and a low-pressure orifice in the spool, and spool rotation changes the opening of the high-pressure and low-pressure orifices, thus changing the pressure at both ends of the spool, as shown in Figure 12. Wang XP et al. [136] proposed an electro-mechanical converter with two pushrods. The inner coil controls the movement of the inner rod, and the outer coil controls the movement of the outer rod. The inner and outer rods are connected to a proportional valve spool. By controlling the current in the coil, the inner and outer rods can be moved simultaneously, or one of them can be moved. The direction of movement of the inner and outer rods can be changed by changing the direction of the current. Thus, changing the current of the double pushrod electro-mechanical converter can drive the spool movement. This is shown in Figure 13. Chen J et al. [137] proposed the use of a cycloidal pump to drive spools. The cycloidal pump is a bi-directional hydraulic pump whose oil port is connected to the pressure chamber at both ends of the spool. The cycloidal pump can pump fluid from one of the chambers to the other, driving the spool movement by varying the differential pressure between the two ends.



Based on the existing spool drive, the original electro-mechanical converter has been improved to produce new spool drive methods, including maglev drive, double pushrod drive, and pump drive. Compared with the traditional solenoid drive, the new drive methods are improved in terms of control accuracy, stability, and reliability. However, the new spool drives are complex in structure, costly, and difficult to control. For high-precision control occasions, when the traditional drive method cannot meet the requirements, the new drive methods can be used. However, for general spool drive occasions, the conventional drive method can meet the requirements, and there is no need for a complex drive method.




7. Analysis


Solenoid drives are the most commonly used spool drive method. This drive method is simple in structure, mature in technology, and has a large driving force. However, the static and dynamic performance of solenoid drives are poor. To improve the drive performance of the solenoid, it can be optimized from both hardware and software aspects. In terms of hardware improvements, not only can the structure of conventional solenoids be improved, but also the hardware drive circuit can be optimized. The steady-state and dynamic performance of the solenoid drive can be improved by designing a fast-response circuit topology and selecting highly accurate electronic components. In terms of software improvements, the drive control algorithm and strategy of the solenoid can be improved. The solenoid has a low environmental impact during use and production. The solenoid works stably and is suitable for general spool drives.



The material expansion drive is the simplest drive method in terms of construction, where the spool is driven by applying an excitation signal to the expansion material. However, the displacement of the expansion material is small compared with the solenoid drive. In general, the use of material expansion to drive the spool movement does not meet the requirements, so additional displacement amplification is required. When adding a displacement amplification link, it not only reduces the efficiency of the mechanical drive but may also reduce the control accuracy. Therefore, when the spool movement stroke is very small, the material expansion direct drive method can be chosen. The structure of the material expansion drive is simple, and the drive can be realized by using the properties of the material itself. This type of drive does not require the production of other parts and is less polluting to the environment.



Motor drives include rotary motors and linear motors. When driving the spool linearly, the rotary motor requires adding a mechanical conversion link, and the linear motor can drive the spool directly. For 2D valve spools, the spool needs rotary motion and linear motion at the same time, so both rotary and linear motors require additional mechanical conversion links. Based on a solenoid, the voice coil motor adds permanent magnets and is relatively simple in construction. However, voice coil motors easily generate more thermal energy, which increases the motor temperature. This temperature increase not only affects the maximum current of the voice coil motor but also the magnetic characteristics of the permanent magnets. The small volume, fast response, and high accuracy of torque motors make them suitable for spool drive requirements at low speeds and large driving forces. As torque motors are limited by their output power, they are suited for pilot drives. However, torque motors have a small working stroke, high manufacturing accuracy, and a high price. The anti-interference performance of torque motors is not as good as that of electromagnets and voice coil motors. The stepper motor is controlled by digital pulse signals, and the speed is related to the input pulse frequency. Digital control, without digital/analog conversion, is easy to control. It has a wide speed range, high positional accuracy, and is not easily affected by voltage fluctuations and load changes. However, stepper motors are prone to out-of-step problems, which can lead to control errors. In addition, the position accuracy of the stepper motor is related to the motor’s drive power supply and structure. The higher the accuracy of the spool position, the more complex the structure of the drive power supply and motor, and, therefore, the more difficult and costly the control. Stepper motors are rotated by turning multiple steps. When the pulse frequency is constant, the larger the step angle, the lower the position accuracy, and the higher the speed of the stepper motor. When the pulse frequency is constant, the smaller the step angle, the higher the position accuracy, and the lower the speed of the stepper motor. When high position accuracy or drive speed is required, it can be achieved by changing the step angle. However, when high-precision and high-speed spool drives are required, the use of stepper motors cannot meet the requirements. To increase the drive speed, a stepper motor combined with a linear motor can be considered to drive the spool together. However, the combined drive of the two motors increases the complexity. The servo motor drive method can meet the requirements of driving speed and accuracy, but the cost is much higher than the stepper motor. Taking into account installation space and full drive performance, the researcher should try to choose conventional motors and avoid high-cost servo motors. The complex structure of motors requires using more electromagnetic components and materials, which may cause a certain amount of environmental pollution. During use, the motor has many working parts, so it is less reliable and prone to failure. Motor drives should be selected for occasions with high driving requirements.



The hydraulic valve drive is not interfered with by the main spool and can control the spool movement independently. Compared to solenoid drives, material expansion drives, and motor drives, hydraulic valve drives can obtain more stable system pressures and flows. As a result, the hydraulic valve drive not only provides better dynamic and static performance but also better system robustness. However, the hydraulic valve drive adds a hydraulic system, and the complexity of the overall hydraulic system increases significantly. There are several non-linear links in the hydraulic valve drive, making control more difficult and system commissioning more complex. The cost of hydraulic valves is higher than that of solenoids and motors, and the use of hydraulic valve drives can significantly increase production costs. In the hydraulic systems of high-end intelligent equipment, hydraulic valve drives can be used when the requirements for pressure and flow are high. However, for general hydraulic systems, the use of solenoids and motors can meet the drive requirements and reduce production costs.




8. Conclusions and Outlook


This paper reviews the current status and progress of research on hydraulic valve spool drive methods and analyzes the advantages and disadvantages of different spool drive methods. Spool drive methods include solenoid drive, material expansion drive, motor drive, hydraulic valve drive, and other drive methods. In order to facilitate the selection of a suitable drive method, the different drive methods were compared in terms of static performance, dynamic performance, control complexity, and cost of the hydraulic system. The following conclusions were drawn:



(1) The most commonly used spool drive method is the solenoid drive, whose driving force and stroke can meet most spool drive requirements. The static and dynamic performance of the solenoid drive is not as good as for motor drives and hydraulic valve drives, but its drive structure and control are relatively simple, and the most critical factor is its low cost. For general valve control systems, the drive requirements can be met.



(2) Of all the drive methods, the material expansion drive is the simplest in structure, has relatively low production costs, and offers high static and dynamic performance. For conventional spool drives, additional displacement amplification devices are generally required. For precision spool drives with small displacements, a direct drive method can be used.



(3) Compared with solenoid drives and material stretch drives, motor drives are more complex in structure and control and more expensive to produce. However, the drive performance of the motor drive is better than the first two drive methods. Motor drive methods generally require additional mechanical conversion links, which can reduce drive efficiency. Among rotating motors, stepper motors drive with high accuracy and DC motors drive with high speed, and the use of two motors combined can improve the static and dynamic performance of the system. Servo motors have the best drive performance but are far more expensive than conventional motors. Linear motors can drive the spool movement directly, saving the mechanical conversion link. Linear motors offer relatively high drive accuracy and have a high response speed, but poor heat dissipation affects the maximum drive force.



(4) Among the spool drive methods, the hydraulic valve drive has the best drive performance and reliability, but it has the most complex structure and control and the highest production costs. In the application process, unless the drive performance requirements are very high, other drive methods should be used as far as possible to reduce production costs and control difficulties.



The research in this paper provides a reference for selecting a suitable hydraulic valve drive. For users, the choice of spool drive needs to consider the cost, control complexity, environmental pollution, work stability, and other factors. This paper compares and analyzes the different drive methods, which is very important for users. In order to produce high-performance, low-cost, reliable, and environmentally friendly hydraulic valve actuators, several aspects should be investigated. Bringing together the ideas of researchers from different fields, the drive is optimized from multiple perspectives.



In future research, on the one hand, the drive method can be further optimized on the basis of existing spool drives. On the other hand, new drive methods can be explored. In the solenoid drive method, the solenoid structure can be optimized and the solenoid drive strategy can be changed in order to improve the drive performance. In terms of solenoid structure, the drive performance can be improved by changing the shape of the armature, the number of turns of the coil, the material, and the excitation signal. In terms of control, a more suitable drive method for the hydraulic system can be chosen, for example, by increasing the chattering signal to improve dynamic performance and using multiple closed-loop controls to improve control accuracy. However, increasing the flutter signal can affect the stability of the system. For the material expansion drive method, in addition to increasing the displacement amplification link, a highly sensitive pressure pilot control can also be used. Highly sensitive pressure pilot control means controlling the pressure at both ends of the main spool through a highly sensitive pressure pilot stage. A small displacement drive can make the pilot stage have a large pressure change. High-precision control methods will increase the complexity of the controller and increase production costs. Rotating motors should simplify the mechanical conversion link and improve drive efficiency. For the heat dissipation of linear motors, temperature sensors and heat dissipation devices should be added. The temperature sensor can monitor the temperature of the motor in real time, and the heat dissipation device can reduce the temperature of the motor. In hydraulic valve drives, pilot drive technology can be used to control the larger pressure of the main spool using a smaller pilot pressure, thus reducing the performance requirements of the hydraulic valve and reducing production costs. Currently, the most commonly used drive components are electro-mechanical converters. In practical applications, air–mechanical converters can also be used to realize the drive of the spool. In addition to the existing drive methods, new types of spool drives can also be considered, such as electrostatic actuators, ultrasonic motor drives, etc. To compensate for the disadvantages of different drive methods, the combined use of two or more spool drive methods can be considered to further improve drive performance.



This paper contributes to a comprehensive understanding of the current state of research on spool drives and the problems that exist with different drive methods. Solutions to the existing problems of spool drives are proposed, laying the foundation for further research. It can be seen that the research in this article helps to improve the driving performance of the valve core, thereby improving the performance of the hydraulic valve, which is very important for improving the responsiveness and control accuracy of the hydraulic system.
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Figure 1. Direct-operated and pilot-operated hydraulic control valves. (a) Direct operated. (b) Pilot operated. 
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Figure 2. Related contents of the review. 
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Figure 3. Proportional directional valve driven by a single proportional solenoid [20]. 
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Figure 4. Two pilot-operated proportional valves with the single solenoid drive. (a) Solenoid-driven cone valve [46]. (b) Solenoid-driven proportional valve [52]. 
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Figure 5. 2D electro-hydraulic proportional directional valve with double solenoid drive [77]. 
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Figure 6. Schematic diagram of the piezoelectric stacked actuator push/pull spool. (a) push spool [11]. (b) pull spool [79]. 
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Figure 7. Schematic diagram of the two torque motors driving the spool [102,104]. 
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Figure 8. New hydraulic proportional valve driven by voice coil motor [108]. 
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Figure 9. Servo-motor-driven high-pressure and high-flow proportional valve [118]. 
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Figure 10. Motor drives and their development. 
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Figure 11. Pilot-operated micro-valve bridge-controlled proportional valve [124]. 
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Figure 12. 2D maglev valve [135]. 
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Figure 13. Double pushrod electro-mechanical converter [136]. 1. Front cover; 2. shell; 3. outer permanent magnet; 4. inner permanent magnet; 5. sleeve; 6. outer coil frame; 7. outer coil; 8. iron core; 9. inner coil; 10. inner coil frame; 11. outer limit block; 12. inner limit block; 13. rear cover; 14. inner rod; 15. outer rod; 16. output unit; 17. output unit. 
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Table 1. Summary of the solenoid-driven spool.
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	Authors
	Number of Solenoids
	Solenoid Type
	Drive Type
	Types of Controlled Valves
	Control Method





	Dülk I et al. [13,14,41,42,51,52,53,54,55,65,66]
	1 or 2
	Proportional solenoid
	Direct drive or pilot drive
	Proportional flow valve
	Current or voltage control



	Wu W et al. [15,16]
	1
	Proportional solenoid
	Direct drive
	Proportional pressure control valve
	Current control



	Chen CP and Chiang MH [17]
	1
	Proportional solenoid
	Direct drive
	Proportional pressure control valve
	Voltage control



	Ferrari A et al. [18,71,72,73,74,75,76]
	1 or 2
	Proportional solenoid
	Direct drive or pilot drive
	Proportional flow directional valve
	PWM current control or voltage control



	Mahajan P et al. [19]
	1
	Proportional solenoid
	Direct drive
	Switching solenoid valve
	PWM voltage control



	Ledvon M et al. [20,21,22,23,24,44,57,58,59,60,61,62,63,64]
	1 or 2
	Proportional solenoid
	Direct drive or pilot drive
	Proportional directional valve
	PWM voltage control



	Gamble JB et al. [25,26,27,46,47,48,49,50]
	1
	Proportional solenoid
	Direct drive or pilot-driven cone valve
	Proportional solenoid valve
	PWM voltage control



	Lin YQ et al. [29,67]
	1 or 2
	Proportional solenoid
	Direct drive
	Proportional valve
	PWM voltage control



	Meng F et al. [30,31,32,33]
	1
	Proportional solenoid
	Direct drive
	Ball valve
	PWM current control



	Tian H and Zhao Y [34]
	1
	Switching solenoid
	Direct drive
	Switching valve
	Square wave voltage control



	Hao YX et al. [35]
	1
	Bi-directional proportional solenoid
	Direct drive
	Proportional valve
	Voltage control



	Yuan YF et al. [36,37]
	1
	Bi-directional proportional solenoid
	Direct drive
	Pneumatically controlled hydraulic valve
	Current control



	Li QP et al. [38]
	1
	Bi-directional proportional solenoid
	Direct drive
	Electro-hydraulic proportional and servo valves
	Current control



	Carpenter R et al. [39,40]
	1
	Proportional solenoid
	Pilot drive
	Pilot control valve
	Voltage control



	Zuo Q et al. [45,77]
	1 or 2
	Proportional solenoid
	Compression–torsion coupling pilot drive
	Proportional directional valve
	Current control



	D’Amore M and Pellegrinetti G [56]
	1
	Bi-directional proportional solenoid
	Pilot drive
	Nozzle–flapper servo valve
	Current control



	Zavarehi M K et al. [68]
	2
	Proportional solenoid
	Pilot drive
	Electro-hydraulic servo valve
	Voltage control










 





Table 2. Summary of the material expansion drive.
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	Authors
	Actuator
	Types of Controlled Valves
	Drive Type
	Number of Actuators
	Unidirectional/Bi-directional Drive





	Han YM et al. [6,11,78,79]
	Piezoelectric stacking actuator
	Proportional valve
	Flexible beam mechanism drive
	1
	Unidirectional drive



	Zhang ZM et al. [80]
	Piezoelectric stacking actuator
	Throttle control valve
	Direct drive
	1
	Unidirectional drive



	Stefanski F et al. [81]
	Piezoelectric ring bender
	Piezoelectric valve
	Direct drive
	1
	Bi-directional drive



	Murrenhoff H [82]
	Piezoelectric stacking actuator
	Pilot-operated piezoelectric valve
	Pilot drive
	2
	Bi-directional drive



	Tamburrano P et al. [83]
	Piezoelectric ring bender
	Nozzle–flapper servo valve
	Pilot drive
	1
	Bi-directional drive



	Sangiah DK et al. [84]
	Bimorph actuator
	Nozzle–flapper servo valve
	Pilot drive
	1
	Bi-directional drive



	Wang XH et al. [85]
	Magnetostrictive actuator
	Nozzle–flapper servo valve
	Pilot drive
	2
	Bi-directional drive










 





Table 3. Summary of hydraulic valve drive.
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	Authors
	Actuator
	Types of Controlled Valves
	Number of Actuators
	Unidirectional/Bi-Directional Drive





	Gao Q et al. [121]
	High-speed switching valve
	Nozzle–flapper valve
	2
	Bi-directional drive



	Zhong Q et al. [122]
	High-speed switching valve
	Pilot-operated proportional valve
	2
	Bi-directional drive



	Zhong Q et al. [123]
	Digital valve
	Fuel metering valve
	10
	Bi-directional drive



	Kralev J et al. [124,125]
	Micro-valve
	Proportional valve
	4
	Bi-directional drive



	Sitte A et al. [126]
	Pilot proportional valve
	Seat type proportional valve
	1
	Bi-directional drive



	Xiong XY and Huang JH [128]
	Switching valve
	Two-stage proportional flow control valve
	1
	Bi-directional drive



	Li SM [129]
	Switching valve
	Bi-directional Valvistor valve
	2
	Bi-directional drive



	Lin TL et al. [130,131]
	Proportional pressure reducing valve
	Pilot-operated proportional relief valve
	1
	Bi-directional drive



	Zhao RH et al. [132]
	Switching valve and proportional valve
	Proportional directional valve
	2
	Bi-directional drive



	Salloom MY and Samad Z [133]
	Magnetorheological valve
	Proportional directional valve
	4
	Unidirectional drive
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