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Abstract

:

The high-speed and high-accuracy current control circuit is a key component for the high-performance electro-hydraulic proportional valve. In this paper, a new capacitive reservoir-based PWM digital circuit (CRPDC) is designed, modeled, and analyzed. The proposed CRPDC employs a capacitive reservoir circuit to acquire electricity from the DC power supply while the PWM control signal is at a high level and the supply current for the proportional valve coil while the PWM control signal is at a low level, which will result in a small ripple and fast response of the coil current. For the proposed CRPDC, the charging and discharging mathematical models are specially established to reveal the response characteristics of the proportional-valve coil current. The coil current control performance of the proposed CRPDC is simulated by the mathematical models and the Multisim models. Simulation results demonstrate that the designed CRPDC can energize the coil current in a high-accuracy and fast-speed manner. In summary, the designed CRPDC has wide application in the current control of the proportional valve coil.
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1. Introduction


An electro-hydraulic system can transmit the mechanical energy from an electric motor or internal combustion engine to the end effector using hydraulic oil. As it is free of mechanical contact, the electro-hydraulic transmission system can be easily and flexibly configured between the mechanical energy supply and end effector. The high-pressure oil also enables the electro-hydraulic system to output large power. For an electro-hydraulic system, proportional valves are usually employed to precisely control the position or force output. Benefiting from the advantages of large power density, a fast dynamic response, and good overload capability, electro-hydraulic systems have been widely used in various machines. Huova et al. applied a hydraulic hybrid system to a wheel loader [1]. Richard et al. employed a double-acting hydraulic cylinder to actuate a large-scale manipulator [2]. Zagar et al. proposed a piezo-electric valve actuator used for hydraulic exoskeleton drives [3]. Based on the digital hydraulic drive technology, Rituraj et al. developed a knee exoskeleton device driven by two hydraulic cylinders [4]. He et al. retrofitted an electro-hydraulic proportional system to drive an excavator’s arm [5]. Utilizing an electro-hydraulic system that is composed of hydraulic cylinders, servo valves, and a hydraulic power station, Cheng et al. drove the 7-DOF hydraulic manipulator with low flow consumption [6]. Zhai et al. adopted a suspension hydraulic system to actuate the dual-forging hydraulic manipulator system [7]. Tong et al. demonstrated that the electro-hydraulic pump-valve coordinated system was an energy-conserving way to drive construction machinery [8]. Liu et al. presented an electro-hydraulic hybrid driving system applied to the cutterhead of a tunnel boring machine [9]. Yun et al. researched a proportional flow control valve and employed it in a construction vehicle [10]. Ding et al. actuated mobile machinery via an independent metering hydraulic system [11]. Chen et al. designed an electro-hydraulic proportional pressure control valve used for an automobile hydraulic braking actuator [12]. Liu et al. developed a high-frequency three-way proportional relief valve that is applicable to the variable valve system of an automobile engine [13]. Renn et al. proposed an unconventional electro-hydraulic proportional flow control valve for driving hydraulic presses [14]. In general, the electro-hydraulic system plays a significant role in the manipulation and motion domains. Along with the rapid development of the electro-hydraulic system, the digital driving circuit of the proportional valve coil is becoming more and more popular [15,16]. The digital driving circuit is usually controlled by a PWM voltage control signal [17], which herein switches between the turn-on state and the turn-off state in a rapid way [18]. The resulting coil current will fluctuate between the maximum steady-state current (while the proportional valve coil is directly connected to the power supply) and the minimum steady-state current. The coil-current amplitude can be controlled by regulating the frequency and the duty cycle of the PWM control signal. As it is free of redundant electronics, the digital driving circuit features fast speed, low power, good reliability, etc. Nevertheless, due to the high inductance and low resistance, it is a challenging task to precisely control the current of the proportional valve coil.



In the past, many research efforts have been devoted to optimizing digital driving circuits. For instance, Nie et al. proposed an electro-hydraulic proportional amplifier based on a tri-state modulation power driving scheme, which can attenuate the linearity error and improve the response speed of the coil current [19]. Zhang et al. designed a modified PI controller that considers the nonlinear characteristics of the inverse discharging drive circuit, which significantly improved the response speed of coil current [20]. To independently control the chatter signal amplitude, Shen et al. connected a driving circuit of a proportional valve with a compensation network [21]. To reserve the zero-average oscillations of the valve core and reduce power consumption, Kang et al. proposed that the proportional valve is driven by modulating the frequency of the PWM signal [22]. Liu et al. proposed a double-voltage control mode, where high voltage is used to improve the opening speed and low voltage is used to reduce the power dissipation and closing time [23]. Even though various digital driving circuits have been developed, the fast and accurate realization of the coil current is still a tough task.



To improve the steady-state precision and response speed of proportional valve coil current, this paper proposes a new capacitive reservoir-based PWM digital circuit (CRPDC), which comprises three key parts: A MOSFET driving circuit, a capacitive reservoir circuit, and a current sampling circuit. While the MOSFET driving circuit is in a turn-on state, the proportional valve coil is actuated by the power supply. Inversely, the capacitive reservoir circuit provides electricity to the valve coil. The cooperation between the MOSFET driving circuit and capacitive-energy-storage power circuit results in a faster current response and lower current ripple. Mathematical models of the CRPDC are established to explore the dynamic characteristics of the coil current. Simulations based on mathematical models and Multisim models are carried out, which shows that the CRPDC is applicable to the coil current control of the electro-hydraulic proportional valve.



The organizational structure of this paper is as follows. The principle design of the CRPDC is introduced in Section 2. The mathematic models of the CRPDC are established in Section 3. The CRPDC is simulated and analyzed in Section 4. A comparison of CRPDC and other PWM driving circuits is performed in Section 5. Finally, several conclusions are drawn in Section 6.




2. Design of CRPDC


2.1. Overview of Proportional Valve


A proportional valve is usually composed of a proportional coil, a permanent magnet, a valve body, a valve core, a spring, and so on. Figure 1 depicts the schematic diagram of a proportional relief valve (type: Atos RZMO-RES-P-BC-010). The maximum pressure at port P is 350 bar, the maximum pressure at port T is 210 bar, the maximum flow is 4 L/min, and the maximum coil current is 2.6 A [24]. As the servo motor plays a vital role in the electro-mechanical system [25,26], the proportional coil is an important component of the proportional relief valve. While the proportional coil is driven by PWM driving voltage, the proportional electromagnet is energized by the resultant coil current, which will compress the spring until the spring force is equal to the electromagnetic force. When the pressure of the input oil is larger than the spring force, the valve port will open, and the oil will flow to the out port. Hence, the proportional relief valve can proportionally adjust the fluid pressure by means of changing the input PWM signal [27].




2.2. Circuit Design of CRPDC


To drive the coil current accurately and rapidly, a CRPDC including a MOSFET driving circuit, a capacitive reservoir circuit, and a current sampling circuit, is developed, as shown in Figure 2. By inputting the PWM voltage signal into the CRPDC, the proportional electromagnet is driven by the resulting coil current. The composition and working principle of the proposed CRPDC are introduced as follows. The MOSFET driving circuit consists of one optocoupler (U1), one P-MOSFET (Q1), and three resistances (R1, R2, and R3). The resistance (R1) is employed to limit the current of the LED side of the optocoupler (U1). While the high-level voltage of the input PWM signal is fed into the LED side of the optocoupler (U1), the detector side of the optocoupler (U1) and the D-S ports of the P-MOSFET (Q1) are in the turn-on state (the voltage difference between the G port and the S port of the P-MOSFET is smaller than −4 V). While the low-level voltage of the input PWM signal is fed into the LED side of the optocoupler (U1), the detector side of the optocoupler (U1) and the D-S ports of the P-MOSFET (Q1) are in the turn-off state (the voltage difference between the G port and the S port of the P-MOSFET is larger than −2 V).



The capacitive reservoir circuit is designed by connecting an energy-storage capacitance to the proportional valve coil in a parallel manner. While the D-S ports of the P-MOSFET (Q1) are in the turn-on state (the control voltage of the G port is below the VCC), the proportional valve coil is directly excited by the power supply (Vcc). Conversely, the proportional valve coil is actuated by the energy-storage capacitance if the P-MOSFET (Q1) is in the turn-off state (the control voltage of the G port is the same as the VCC). The resistance (R5) is applied for current sampling. To limit the charging power of energy-storage capacitance (C1), a power-limiting resistance (R6) is designed.



The current sampling circuit is designed to sense the resulting coil current of the digital driving circuit, which consists of one differential amplifier [28] and one voltage follower [29]. The four resistances (R7, R8, R9, and R12) and one operational amplifier (U2) constitute the differential amplifier. The voltage follower is composed of two resistances (R10, R11) and one operational amplifier (U3), which provides a bias voltage for the differential amplifier to improve the zero-point acquisition accuracy. Moreover, a first-order low-pass filter composed of one resistance (R13) and one capacitance (C2) is designed to reduce the signal noise of the current sampling circuit [30]. The transformed and amplificated coil current can be sensed by measuring the resulting sampling voltage (Ui).





3. Modelling of CRPDC


3.1. Modelling of Capacitive Reservoir Circuit


To analyze the resulting coil current of the electro-hydraulic proportional valve driven by the CRPDC, the mathematical models of the charging loop and the discharging loop are established. While the D-S ports of P-MOSFET (Q1) are in the turn-on state, the actual charging circuit and charging equivalent model are shown in Figure 3a,c, respectively. While the D-S ports of P-MOSFET (Q1) are in the turn-off state, the actual discharging circuit and discharging equivalent model are shown in Figure 3b,d, respectively. The resistance (R0) is the static resistance of the P-MOSFET (Q1, while D-S ports are in the turn-on state). As can be seen from the equivalent models in Figure 3c,d, the proportional valve coil is simulated by one inductance (L1) and one resistance (R4).



3.1.1. Charging Modelling of CRPDC


As shown in Figure 3c, the equivalent charging model of the CRPDC consists of the static resistance (    R   0    ) of the P-MOSFET (Q1), the power-limiting resistance (    R   6    ), the equivalent resistance and inductance of proportional valve coil (    R   4    ,     L   1    ), the energy-storage capacitance (    C   1    ), the current acquisition resistance (    R   5    ), and the power voltage (    V   C C    ). Based on Kirchhoff’s Current Law (KCL), the current relationship of the equivalent charging circuit can be written as:


  i =   i   C   +   i   L    



(1)




where   i   denotes the main current,     i   C     denotes the capacitance current, and     i   L     denotes the inductance current.



The main current   i   and capacitance current     i   C     can be obtained:


  i =     V   C C   −   L   1     d   i   L     d t   −   i   L       R   4   +   R   5         R   0   +   R   6      



(2)






    i   C   =   C   1     L   1       d   2     i   L     d   t   2     +   C   1       R   4   +   R   5       d   i   L     d t    



(3)







By substituting the main current Equation (2) and capacitance current Equation (3) into Equation (1), the differential equation for inductance current     i   L     can be formulated as:


    C   1     L   1       d   2     i   L     d   t   2     +       L   1       R   0   +   R   6     +   C   1       R   4   +   R   5         d   i   L     d t   +       R   4   +   R   5       R   0   +   R   6     + 1     i   L   =     V   C C       R   0   +   R   6      



(4)







With the differential Equation (4), the inductance current     i   L     can be derived as:


    i   L   =   K   1     e     α   1   t   +   K   2     e     α   2   t   +     V   C C       R   0   +   R   4   +   R   5   +   R   6      



(5)




where


    α   1   = −   1   2   C   1     ( R   0   +   R   6   )   −     R   4   +   R   5     2   L   1     +        1   2   C   1     ( R   0   +   R   6   )   +     R   4   +   R   5     2   L   1         2   −     R   0   +   R   4   +   R   5   +   R   6         R   0   +   R   6       C   1     L   1       



(6)






    α   2   = −   1   2   C   1     ( R   0   +   R   6   )   −     R   4   +   R   5     2   L   1     −        1   2   C   1     ( R   0   +   R   6   )   +     R   4   +   R   5     2   L   1         2   −     R   0   +   R   4   +   R   5   +   R   6         R   0   +   R   6       C   1     L   1       



(7)







The capacitance voltage     u   C     can be expressed as:


    u   C   =   L   1     d   i   L     d t   +   i   L       R   4   +   R   5      



(8)







By substituting the inductance current Equation (5) into the capacitance voltage Equation (8), the capacitance voltage     u   C     can be rewritten as:


    u   C   =   K   1       L   1     α   1   +   R   4   +   R   5       e     α   1   t   +   K   2       L   1     α   2   +   R   4   +   R   5       e     α   2   t   +     V   C C   (   R   4   +   R   5   )     R   0   +   R   4   +   R   5   +   R   6      



(9)







While the initial current     i   L 0     of inductance     L   1     and the initial voltage     u   C 0     of capacitance     C   1     are substituted into the inductance current Equation (5) and capacitance voltage Equation (9), respectively, the coefficients     K   1     and     K   2     can be derived as:


    K   1   =     u   C 0   − (   R   4   +   R   5   )   i   L 0   −   L   1     α   2     i   L 0       L   1   (   α   1   −   α   2   )   +     α   2     V   C C     (   α   1   −   α   2   ) (   R   0   +   R   4   +   R   5   +   R   6   )    



(10)






    K   2   =     u   C 0   − (   R   4   +   R   5   )   i   L 0   −   L   1     α   1     i   L 0       L   1   (   α   2   −   α   1   )   +     α   1     V   C C     (   α   2   −   α   1   ) (   R   0   +   R   4   +   R   5   +   R   6   )    



(11)







Therefore, while the CRPDC is switched to be in charging circuit mode, the coefficients     K   1     and     K   2     can be determined by Equations (10) and (11). The following states of inductance current     i   L     (coil current) and capacitance voltage     u   C     can be calculated by Equations (5) and (9), respectively.




3.1.2. Discharging Modelling of CRPDC


The equivalent resistance and inductance of the proportional valve coil (    R   4    ,     L   1    ), the energy-storage capacitance (    C   1    ), and the current acquisition resistance (    R   5    ) make up the equivalent discharging model of CRPDC, as shown in Figure 3d. Based on Kirchhoff’s Voltage Law (KVL), the voltage relationship of the equivalent discharging circuit can be written as:


    u   R 4   +   u   R 5   +   u   L   =   u   C    



(12)




where     u   R 4     is the voltage of resistance (    R   4    ),     u   R 5     is the voltage of resistance (    R   5    ),     u   L     is the voltage of inductance (    L   1    ), and     u   C     is the voltage of capacitance (    C   1    ).



The main current   i   can be expressed as:


  i = −   C   1       d u   C     d t    



(13)







With the main current in Equation (13), the voltages of resistances (    R   4    ,     R   5    ) and inductance (    L   1    ) can be derived as:


    u   R 4   = i   R   4   = −   R   4     C   1       d u   C     d t    



(14)






    u   R 5   = i   R   5   = −   R   5     C   1       d u   C     d t    



(15)






    u   L   =   L   1     d i   d t   = −   L   1     C   1       d   2     u   C       d t   2      



(16)







When the voltage Equation (14) of resistance (    R   4    ), voltage Equation (15) of resistance (    R   5    ), and voltage Equation (16) of inductance (    L   1    ) are substituted into Equation (12), the differential equation for capacitance voltage     u   C     can be formulated as:


    L   1     C   1       d   2     u   C       d t   2     + (   R   4   +   R   5   )   C   1       d u   C     d t   +   u   C   = 0  



(17)







Based on Equation (17), the capacitance voltage     u   C     can be deduced as:


    u   C   = A   e   − α t     sin  ⁡    ( ω   d   t + φ )    



(18)




where


  α =     R   4   +   R   5     2   L   1      



(19)






    ω   0   =   1      L   1     C   1       



(20)






    ω   d   =    ω   0   2   −   α   2     



(21)







When the capacitance voltage Equation (18) is substituted into Equation (13), the main current   i   can be rewritten as:


  i =   C   1   A   e   − α t     α   sin  ⁡      ω   d   t + φ     −   ω   d     cos  ⁡      ω   d   t + φ        



(22)







By substituting the initial voltage     u   C 0     of capacitance (    C   1    ) and the initial current     i   L 0     of inductance (    L   1    ) into the capacitance voltage Equation (18) and the inductance current Equation (22), respectively, the phase   φ   and the coefficient   A   can be obtained as:


  φ =     cot   − 1    ⁡  (   α     ω   d     −     i   L 0       C   1     u   C 0     ω   d     )    



(23)






  A =     u   C 0       sin  ⁡  φ      



(24)







Therefore, while the CRPDC is switched to be in discharging circuit mode, the phase   φ   and the coefficient   A   can be determined by Equations (23) and (24), respectively. The following states of capacitance voltage     u   C     and main current   i   can be calculated by Equations (18) and (22), respectively.





3.2. Modelling of Current Sampling Circuit


As shown in Figure 2, the current sampling circuit is composed of a differential amplifier and a voltage follower. The voltage of acquisition resistance (    R   5    ) is     U       R 0.1        . The output voltage of the differential amplifier is     U       i 0        . The bias voltage is     U       0.8        . Based on the principle of virtual short and virtual open circuits, the model of the current sampling circuit can be built. For the operational amplifier (U3), the voltages of the input terminal can be expressed as:


    U   B 0 +   =   V   E E       R   11       R   10   +   R   11      



(25)






    U   B 0 −   =   U       0.8        



(26)







Based on the principle of virtual short circuit, the following equation can be obtained:


    U   B 0 +   =   U   B 0 −    



(27)







Substituting Equations (25) and (26) into Equation (27), the output voltage of the operational amplifier (U3) can be deduced as:


    U       0.8       =   V   E E       R   11       R   10   +   R   11      



(28)







For the operational amplifier (U2), the voltages of the input terminal can be modeled as:


    U   A 0 +   =     U       0.8       −   U   R 0.1         R   7       R   7   +   R   9     +   U   R 0.1    



(29)






    U   A 0 −   =   U       i 0           R   8       R   8   +   R   12      



(30)







Based on the principle of the virtual short circuit, the following equation can be obtained.


    U   A 0 +   =   U   A 0 −    



(31)







By substituting Equations (29) and (30) into Equation (31), the output voltage of the operational amplifier (U2) can be deduced as:


    U       i 0       =   U       0.8           R   7   (   R   8   +   R   12   )     R   8   (   R   7   +   R   9   )   +   U       R 0.1           R   9   (   R   8   +   R   12   )     R   8   (   R   7   +   R   9   )    



(32)







Substituting Equation (28) into Equation (32), the output voltage of the operational amplifier (U2) can be rewritten as:


    U       i 0       =   V   E E       R   7     R   11   (   R   8   +   R   12   )     R   8   (   R   7   +   R   9   ) (   R   10   +   R   11   )   +   U       R 0.1           R   9   (   R   8   +   R   12   )     R   8   (   R   7   +   R   9   )    



(33)









4. Simulation Analysis of CRPDC


For the proposed CRPDC, the coil current under different PWM frequencies, PWM duty cycles, energy-storage capacitances, and power voltages is calculated and simulated in this section. In addition, the current signal transformation and amplification of CRPDC are calculated and simulated as well. To investigate the PWM driving performance and current-signal transformation performance of the proposed CRPDC, two Multisim models are established, as shown in Figure 4a,b, respectively.



4.1. Coil Currents under Different PWM Frequencies


While the input PWM control signals with different frequencies are applied to the proposed CRPDC, the coil current response is simulated and analyzed, as shown in Figure 5. For comparison, the output currents calculated by the mathematical models are shown in Figure 5 as well. The frequencies of input PWM signals are set to be 2.0 kHz, 3.0 kHz, 4.0 kHz, and 5.0 kHz, respectively. The duty cycles of the input PWM signals are all set to be 50%. The duty cycle is defined as the proportion of the high-voltage time to the total time in one cycle. The energy-storage capacitance and the power voltage are configured to be 10 uF and 24 V. As can be seen from Figure 5, the desired coil current can be fulfilled by the CRPDC. The average currents of the proportional valve coil under different PWM frequencies are evaluated to be 1.31 A, 1.48 A, 1.57 A, and 1.64 A (results from the Multisim model), as shown in Figure 6a. The current ripples of the proportional coil under different PWM frequencies are determined to be 140.11 mA, 64.29 mA, 36.25 mA, and 23.10 mA (peak-to-peak values, results from the Multisim model in Figure 4a), as shown in Figure 6b. It is observed that while the frequency of the input PWM signal increases, the output current of the proportional valve coil rises slightly but the current ripple obviously decreases. While the proposed CRPDC works in the turn-on state and turn-off state, the resulting coil current can be described by Equations (5) and (22), respectively. According to Equations (10) and (11), the coefficients     K   1     and     K   2     of Equation (5) are influenced by the final coil current of the previous turn-off state. From Equations (23) and (24), we found that the phase   φ   and the coefficient   A   of Equation (22) are influenced by the final coil current of the previous turn-on state. The switch between the turn-on state and turn-off state will result in a steady-state coil current featured with a ripple. Hence, the average-current and current-ripple values of the resulting coil current are determined by both the circuit parameters and the switching frequency. The current ripple can be regulated by accommodating the input PWM frequency of CRPDC. Moreover, the simulation results are basically consistent with the mathematical calculation results, which confirms the effectiveness of the established mathematical models.




4.2. Coil Currents under Different PWM Duty Cycles


The driving currents of the proportional coil under the different PWM duty cycles are simulated, as shown in Figure 7. The coil currents calculated by the mathematical model are also shown in Figure 7. The frequencies of input PWM signals are all set to be 4 kHz. The duty cycles of the input PWM signals are set to be 20%, 40%, 60%, and 80%, respectively. The energy-storage capacitance and power voltage are configured to be 10 uF and 24 V. As can be seen from Figure 7, the coil current can be adjusted by changing the duty cycle of the input PWM signal. The average currents of the proportional coil at different PWM duty cycles are evaluated to be 0.81 A, 1.33 A, 1.83 A, and 2.33 A (results from the Multisim model in Figure 4a), as shown in Figure 8a. The current ripples of the proportional coil at different PWM duty cycles are determined to be 31.55 mA, 37.42 mA, 33.42 mA, ad 15.28 mA (peak-to-peak values, results from Multisim model), as shown in Figure 8b. As can be seen from the figures, the output average current obviously increases with the increase in the PWM duty cycle. The output current ripple of the proportional coil first increases and then decreases along with the increase in the PWM duty cycle. Therefore, the coil-current amplitude can be regulated by accommodating the duty cycle of the input PWM signal.




4.3. Coil Currents under Different Capacitances


The output current characteristics of the CRPDC with different energy-storage capacitances are further simulated, as shown in Figure 9. The frequencies of the input PWM signals are all set to be 5 kHz. The duty cycles of input PWM signals are all set to be 50%. The energy-storage capacitances are set to be 2 uF, 4 uF, 6 uF, and 8 uF, respectively. The power voltage is configured to be 24 V. The current ripples of proportional valve coil at different energy-storage capacitances are calculated to be 87.80 mA, 53.81 mA, 38.15 mA, and 29.57 mA (peak-to-peak values, results from the Multisim model in Figure 4a). The average currents at different energy-storage capacitances are calculated to be 1.139 A, 1.446 A, 1.564 A, and 1.616 A (results from the Multisim model). As can be seen from Figure 10, with the increase in capacitance, the average current increases slightly but the output current ripple obviously decreases. Hence, the current characteristic of CRPDC can be modulated by choosing the energy-storage capacitance.




4.4. Coil Currents under Different Power Voltage


The influence of power voltage on the coil current is investigated as well, as shown in Figure 11. The frequencies and duty cycles of the input PWM signals are set to be 4 kHz and 50%, respectively. The energy-storage capacitances are all set to be 10 uF. The power voltages are set to be 16 V, 20 V, 24 V, and 28 V, respectively. As can be observed from Figure 11, the resulting average currents at different power voltages are calculated to be 1.014 A, 1.288 A, 1.575 A, and 1.862 A (results from the Multisim model in Figure 4a). The resulting current ripples at different power voltages are determined to be 24.44 mA, 30.41 mA, 36.06 mA, and 42.10 mA (peak-to-peak values, results from the Multisim model). As can be seen from Figure 12, with the increase in the power voltage, the average current and the current ripple of the proportional valve coil both increase in an almost linear way. Hence, the coil-current control characteristics of the proposed CRPDC can be regulated by changing the power voltage. Small power voltage means a small current ripple and low drive capability.




4.5. Current Signal Transformation and Amplification


The current-sampling performance of CRPDC is investigated by simulating the current sampling circuit (based on the mathematic model and the Multisim model in Figure 4b). The input voltages of the current sampling circuit (voltage between point 1 and point 2) are set to be 0 mV, 50 mV, 100 mV, 150 mV, and 200 mV (corresponding to the coil current of 0.0 A, 0.5 A, 1.0 A, 1.5 A, and 2.0 A, considering the current sampling resistance is of 0.1 Ohm), respectively. As shown in Figure 13, the simulation results from the Multisim model (in Figure 4b) agree well with the calculation results of the mathematical model. Both curves (the relationship between the voltage of the sampling resistance and the output voltage of the differential amplifier) display linear characteristics. Therefore, the current sampling circuit is able to accurately transform and amplify the coil current.





5. Comparison of CRPDC with Other Driving Circuit


Finally, a characteristic comparison is carried out between the proposed CRPDC and one traditional driving circuit. Figure 14a depicts the schematic diagram of the traditional reverse discharging power driving circuit (RDPDC), which is made up of one optocoupler, two MOSFET components, and two diodes [19,31,32,33]. For the RDPDC, while the voltage of the input PWM signal is at a high level, the proportional valve coil is driven by the Vcc power source directly. While the voltage of the input PWM signal is at a low level, the holding current of the proportional valve coil will flow through the two diodes and back to the Vcc power source [34].



The characteristics of traditional RDPDC are simulated on the NI Multisim 14.0 software as well, as shown in Figure 14b. While 3 kHz PWM signals (Vcc: 24 V) with various duty cycles are used to drive the proposed CRPDC (energy-storage capacitance value: 20 uF) and the traditional RDPDC, the results are depicted in Figure 15. It is found that the rise time (from 10% to 90% steady-state value) of the traditional RDPDC under the 70% duty cycle is 12.90 ms. In contrast, the rise time of CRPDC under the 70% duty cycle is evaluated to be 2.58 ms, which means a faster and more stable dynamic response. For the traditional RDPDC, the steady-state error defined as the maximum deviation value from the average value of coil current (from 0.03 s to 0.04 s) is calculated as 45.3 mA, 98.6 mA, 141.0 mA, and 133.2 mA, respectively. In contrast, the steady-state error of the proposed CRPDC is evaluated to be 9.7 mA, 15.8 mA, 16.7 mA, and 12.0 mA, which means a high-accuracy current-control capability. The traditional RDPDC results in a large discharging speed of coil current, which further contributes to a poor steady-state current. In contrast, the coil current response of the proposed CRPDC is stable and fast. Therefore, the proposed CRPDC can realize the coil current with high accuracy and a fast response.




6. Conclusions


The main contribution of the present work is the design, modeling, and characteristic analysis of the new CRPDC. The effects of the duty cycle, pulse frequency, energy-storage capacitance, and power voltage on the output current are investigated by a mathematical model and a simulation model. The current control performance of the proposed CRPDC is compared to the traditional RDPDC. Five main conclusions can be drawn as follows:



	(1)

	
By adding an energy-storage capacitance to the proportional valve coil in a parallel manner, the designed CRPDC is able to drive the coil current with high accuracy and a fast response.




	(2)

	
The current ripple of the CRPDC can be regulated by modulating the frequency of the PWM signal. While the frequencies are set to be 2 kHz, 3 kHz, 4 kHz, and 5 kHz, the resulting current ripples are 140.11 mA, 64.29 mA, 36.25 mA, and 23.10 mA.




	(3)

	
The current amplitude of the CRPDC can be adjusted by changing the duty cycle of the PWM signal. While the duty cycles are set to be 20%, 40%, 60%, and 80%, the resulting coil currents are 0.81 A, 1.33 A, 1.83 A, and 2.32 A.




	(4)

	
The coil current control characteristic of the CRPDC can also be improved by choosing the appropriate energy-storage capacitance and power voltage.




	(5)

	
Future research efforts will be focused on studying the influence of other parameters on the coil current such as the inlet pressure, comparing the simulation results and the experimental results, and controlling the proposed CRPDC by closed-loop control algorithms [35,36].
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Figure 1. The proportional relief valve. 
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Figure 2. Circuit design of CRPDC. 
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Figure 3. Charging and discharging work modes of the CRPDC: (a) Actual charging circuit; (b) actual discharging circuit; (c) charging equivalent model; (d) discharging equivalent model. 
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Figure 4. Multisim model of CRPDC: (a) Capacitive reservoir circuit; (b) current sampling circuit. 
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Figure 5. The resulting coil currents of CRPDC under different PWM frequencies: (a) 2 kHz; (b) 3 kHz; (c) 4 kHz; (d) 5 kHz. 
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Figure 6. The current characteristics of CRPDC under different PWM frequencies (results from Multisim model): (a) Average current; (b) current ripple (peak-to-peak value). 
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Figure 7. The coil currents of CRPDC under different PWM duty cycles: (a) 20% duty cycle; (b) 40% duty cycle; (c) 60% duty cycle; (d) 80% duty cycle. 
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Figure 8. The current characteristics of the CRPDC under the different PWM duty cycles (results from Multisim model): (a) Average current; (b) current ripple (peak-to-peak value). 
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Figure 9. The resulting coil currents of CRPDC under different energy-storage capacitances: (a) 2 uF; (b) 4 uF; (c) 6 uF; (d) 8 uF. 
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Figure 10. The current characteristics of the CRPDC under the different energy-storage capacitances (results from Multisim model): (a) Average current; (b) current ripple (peak-to-peak value). 
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Figure 11. The resulting coil currents of CRPDC under different driving voltages: (a) 16 V; (b) 20 V; (c) 24 V; (d) 28 V. 
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Figure 12. The current characteristics of the CRPDC under different driving voltages (results from Multisim model): (a) Average current; (b) current ripple (peak-to-peak value). 
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Figure 13. Relationship between the voltage of sampling resistance and the output voltage of current sampling circuit. 
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Figure 14. The traditional RDPDC: (a) Schematic diagram; (b) Multisim model. 
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Figure 15. The coil currents of proposed CRPDC and traditional RDPDC under different duty cycles: (a) 10%; (b) 30%; (c) 50%; (d) 70%. 
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