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Abstract: As the working conditions of host equipment become more complex and severe, perfor-
mance improvement and increased intelligence of high speed on/off valves (HSV) are inevitable
trends in the development of digital hydraulic technology. The characteristics of HSVs can be reg-
ulated by control strategies, which determine the comprehensive performance of the system. This
paper discusses the development of control strategies for HSVs. First, the results of research in
relation to the discrete voltage and pulse control of single HSVs and the coding control of parallel
HSVs are summarized. In addition, the advantages, disadvantages and application scope of different
control strategies are analyzed and compared. Finally, the development trends are predicted from the
performance regulation, intelligent maintenance, intelligent coding and function programmability.

Keywords: high speed on/off valve; control strategy; performance regulation; intelligent
maintenance; intelligent coding; function programmability

1. Introduction

Electro-hydraulic servo systems are widely used in robotics [1], flight simulators [2],
aero-engines [3], and other fields due to several advantages, such as big power density
ratios, large output forces, a wide range of speed regulation, and high dynamic perfor-
mance [4,5]. As the core control element of the electro-hydraulic servo systems, hydraulic
servo valves have several merits including a small dead zone, small hysteresis, large
bandwidth, and high accuracy [6]. However, the hydraulic servo valves are susceptible
to oil contamination, which may lead to blockage and spool sticking because of the in-
herent structural characteristics [7]. Compared with hydraulic servo control technology,
digital hydraulic technology utilizes discrete valves to actively control the output of the
system [8], which has the characteristics of discrete flow, digital control signal, and intel-
ligent control [9]. Digital hydraulic technology is considered to be a potential solution
to replace traditional hydraulic servo control technology in the “Industry 4.0” era [10].
Digital hydraulic technology is now used in a wide variety of fields, such as aircraft braking
systems [11], aircraft actuators [12], construction machinery [13,14], conveyors [15], and
wave energy recovery systems [16]. Digital valves mainly consist of incremental digital
valves and high speed on/off valves (HSV), of which the former have been abandoned
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Compared with a proportional/servo valve, a HSV serving as the control element in the
digital hydraulic system has the following advantages: small throttling loss because the
valve only works in a fully open or fully closed station; no structural dead zone and low
leakage due to using the ball valve or poppet valve; and strong anti-pollution ability since
the radial fit clearance between the ball and sleeve is large [17,18].
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Based on the type of flow regulation, the digital hydraulic system can be divided
into temporal and spatial flow discrete systems [19]. The temporal flow discrete system
adopts a Pulse Width Modulation (PWM) signal to control the opening and closing time
of a single HSV [20], whereas the spatial flow discrete system utilizes Pulse Number
Modulation (PNM) or Pulse Code Modulation (PCM) signal to regulate the opening and
closing states of the parallel HSVs [21]. Parallel HSVs are composed of multiple HSVs
connected in parallel, where the flow gains of these HSVs may be equal or arranged in
binary. Therefore, it is clear that the output performance of the digital hydraulic system
is directly determined by the dynamic characteristics of the HSV [22]. To improve the
dynamic performance of the HSV, some scholars have focused on the optimization method
of the key structural parameters, but this method is only applicable during the process
of new product development. Compared with the parameter optimization, the control
strategy can improve the dynamic response of the HSV by altering the control signal
without changing the structure, so it does have certain application value and economic
benefits. Therefore, the study of control strategies for HSV has become a research hotspot in
the past 20 years. Currently, the control strategies of HSVs mainly consist of multi-voltage
control and PWM control. The results achieved by the control technology range from
dynamic performance improvement to a combination of dynamic performance, low power
consumption, and soft-landing performance. However, the traditional control strategies
have difficulty meeting the demands of performance degradation prediction, intelligent
operation, and maintenance due to the increasingly complex usage conditions of the host
device. This makes the control technology of the HSV a technical bottleneck that limits the
successful application of digital hydraulic systems in high-end equipment.

In this paper, the research status of discrete voltage control and PWM control of a
single HSV, and the coding control of parallel HSVs are reviewed comprehensively and
in-depth. The principles, characteristics, and shortcomings of each control strategy are
analyzed. Key issues and challenges of the control strategies for HSVs are discussed, and
the development trends in relation to HSV control strategies are summarized. The research
results provide a valuable guideline for the development of control algorithms and control
circuits in HSVs.

2. Structure and Main Characteristics of HSV

Before introducing the research status of the control strategy for HSV, the typical
structure of HSV and its characteristics need to be analyzed. In the following section, an
HSV driven by a solenoid is taken as the research object, and its working principle as well
as the internal relationship between the main characteristics and the control strategy are
analyzed in detail.

2.1. Typical Structure and Working Principle

When the HSV driven by a solenoid is excited by input voltage, the HSV converts
electrical energy into mechanical energy through an electro-mechanical converter and
pushes the ball valve to move and control the output flow rate and pressure of the system.
Therefore, the operation of the HSV is in essence the transfer process of electrical energy to
magnetic field energy, and then to mechanical energy. A schematic diagram of the HSV
driven by a solenoid is shown in Figure 1.

As illustrated in Figure 1, the HSV consists mainly of an armature, a coil, a pole shoe,
a push rod, a ball valve, a spring, and other components. It can be seen that the structure of
the HSV is the same as that of the traditional solenoid valve. The differences are that the
initial air gap of the HSV is smaller, and the number of coil turns needs to be optimized to
meet the maximum electromagnetic force while effectively reducing the coil inductance.
Secondly, the moving mass and maximum stroke of the ball valve are smaller than that
of a solenoid valve. The working principle of the HSV is as follows: when the coil is
de-energized in the initial condition, the electromagnetic force is 0, with the result that the
ball valve maintains close contact with the valve seat under the action of the spring force
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and the hydraulic force. Conversely, when the coil is energized, the electromagnetic force
starts to increase and is bigger than the combination of the spring force and hydraulic force,
which causes the valve to gradually open.

Amature Coil Pole shoe Valve body Push rod Ball valve Spring

Figure 1. Structure diagram of the HSV driven by a solenoid.

2.2. Main Characteristics Analysis

The main performance indicators of the HSV include the dynamic characteristics, static
flow characteristics, and heat transfer [23]. The relationships among these characteristics are
as follow: the better the dynamic characteristics, the higher the output flow rate resolution
of the HSV, and the better the static flow rate characteristics, the higher the linearity of the
output flow rate.

2.2.1. Dynamic Characteristics

The dynamic characteristics of the HSV refer to the opening dynamic response and
closing dynamic response of the ball valve, which are generally represented by the relation-
ship between the valve’s displacement and the control signal, as illustrated in Figure 2. In
Figure 2, the opening delay time t4,,, opening moving time tyqn, closing delay time gy,
and closing moving time t,,,¢ can be used to quantitatively characterize the opening and
closing dynamic performance of the HSV.

A — Displacement of valve Control signal (PWM)
xpmax
Opening .
delay Closing
stage
0 >

0 tdon tion T T T+tgoi T T+t T Time

Figure 2. Schematic diagram of the movement of the valve.

Figure 2 shows that, there is a hysteresis in the displacement of the ball valve relative
to the control signal, which is caused by a combination of the electrical hysteresis generated
by the coil inductance and the inherent mechanical hysteresis [24]. Specifically, when the
coil is energized, the electromagnetic force slowly rises because the coil inductance prevents
the current from changing, and is less than the sum of hydraulic force, spring force, and
friction force. Therefore, the opening delay time is determined by the electrical hysteresis
and the mechanical hysteresis. When the coil is de-energized, the electromagnetic force
slowly decreases due to the inductive hysteresis and the hysteresis of soft magnetic material.
The ball valve maintains a fully open state, which corresponds to the closing delay time of
the HSV.
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2.2.2. Static Flow Characteristics

The static flow characteristics of the HSV consist of the relationship between the average
output flow rate and the duty cycle of the PWM signal, as illustrated in Figure 3. The static
flow characteristics of the HSV not only describe the maximum output flow rate capability
but also the linearity degree between the output flow rate and the input control value.
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7 ]
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| : . s : :
i : Second region - :y’ | ;
| Fist | _---"" | Thid : i
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0 - 1 1 >
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Figure 3. Static flow characteristics of an HSV.

As can be observed from Figure 3, the static flow curve of an HSV consists of five
regions, including the dead zone, first region, second region, third region, and saturation,
which correspond to the five states of the ball valve’s movement, such as unable to open,
abnormal opening, normal opening and close, abnormal close and unable to close [25].
When the opening delay time and closing delay time both increase, the dead zone and
saturation both expand, respectively, which results in a linearity decrease in the output
flow rate. When the opening movement time and closing movement time increase, the first
region and third region both extend, which also leads to a linearity reduction in the output
flow rate.

Therefore, the prerequisite for improving the linearity of an HSV’s output flow rate is
enhancing its dynamic performance, which means that the opening delay time, opening
movement time, closing delay time, and closing movement time all need to be reduced.
For a HSV driven by a solenoid, the dynamic response of the ball valve can be improved
to some extent by optimizing the electro-mechanical converter [26,27], coil layout [28],
and valve structure [29], but only at the new product development stage. Conversely, the
control strategy is considered to be one of the most effective ways to improve the dynamic
performance of a HSV during its service life.

In the following section, a single HSV and parallel HSVs are selected as research
objects, and the research results of scholars from different institutions on different control
strategies are reviewed.

3. Research Status of Control Strategy for Single HSV

The research on the control strategy of a single HSV has focused on improving dynamic
performance and flow linearity, and reducing power consumption and vibration of the HSV.
From the perspective of the control signal’s waveform, the control signals mainly include
discrete voltage signals and pulse control signals. The discrete voltage signal combines
several DC voltage signals with different amplitudes according to a certain logic, whereas
the pulse control signal combines several pulse signals with different carrier frequencies.

3.1. Discrete Voltage Control Strategies
3.1.1. Single-Voltage Control

The working principle of the single-voltage control is defined as follows: when the
controller detects the rising edge of the command signal, it outputs a DC voltage signal
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with a fixed amplitude to drive the HSV to open; and when the falling edge of the control
signal is detected, the output voltage drops to 0. As illustrated in Figure 4, it can be seen
that the waveform of the single-voltage control signal is the same as that of the conventional
PWM signal.

- Command signal Single-voltage signal = = = Displacement of valve
————————— - r——-
U
xmax ----------------- / T— ------------ -:\
i i
/i N\
/ i Opening E \ Closing
/1 stage P stage
Ly ! Closing ! o
Opening ) ) delay | Ny
delay !, ! ] |
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0 ] I L N >
0 T T Time

Figure 4. Diagram of single-voltage control signal.

Zhao et al. [30] conducted a large number of theoretical and experimental studies on
the dynamic and static characteristics of HSVs under single-voltage control. It is clear that
with an increase in the control signal’s frequency, both the dead zone and saturation of
the output flow rate increase. When the control signal’s frequency is raised to 50 Hz, the
effective duty cycle region is less than 0.3, and it has almost no flow rate regulation function.
An HSV-controlled electro-hydraulic position servo system was proposed in Refs. [31,32]
which uses a combination scheme of a directional valve and an HSV to achieve bi-directional
closed-loop control of the cylinder. However, the maximum switching frequency of the
HSV is only 50 Hz due to the use of a single-voltage control. Therefore, the position control
accuracy of the HSV-controlled hydraulic position control system is less than that of a
traditional position servo control system.

Existing research shows that the single-voltage control cannot meet the needs of the
HSV in terms of high dynamic performance, low power consumption, vibration attenuation,
and noise reduction. Moreover, a control system with a single voltage has poor robustness
and cannot adapt to complex operating conditions.

3.1.2. Double-Voltage Control

The working principle of the double-voltage control is described as follows: when the
controller detects the rising edge of the command signal, it outputs a high voltage signal
to accelerate the opening of the valve; when the valve reaches the maximum position, the
controller switches to low voltage mode (or negative voltage mode); and when the falling
edge of the command signal is detected, the output voltage drops to 0, as illustrated in
Figure 5.

Figure 5 shows that, compared with the single-voltage control, the double-voltage
control can simultaneously improve dynamic performance and reduce power consumption
by applying voltage signals with different amplitudes to the coil under different motion
states of the valve. With respect to the double-voltage control research, Fulks [33] first
proposed a boost-hold control strategy for a solenoid valve in 1989. In this research, a high
voltage was used to drive the coil during the opening stage. When the ball valve reached
the maximum opening position, the high voltage switched to a low voltage to maintain
low power consumption. A novel poppet valve with multiple throttling edges piloted by a
2-position 3-way high-speed spool valve was designed by Winkler et al. [34]. In this
research, the proposed valve was driven by the double-voltage control signal and the
switching time of the proposed valve was only 2 ms. Linjama et al. [35] designed an AC
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Boost drive circuit for a parallel digital valve group. This circuit can output a double-voltage
control signal based on capacitor charging and H-bridge driving technology. However,
the maximum switching frequency of the digital valve was only 22 Hz due to the slow
charging and discharging speed of the capacitor.

A
— = Command signal Double-voltage signal = == Displacement of valve
High voltage
Xmax [-------------- A=—m———— —I ————— \
/
/ | \
’ \
/ | \\
I’ Low voltage \ .
’ \
’ \
/ \
/ \
h \
’ \
/ \
/ \
0 L \ #
0 T T Time

Figure 5. Diagram of double-voltage control signal.

Su [36] studied the double-voltage control strategy of an HSV through simulation.
First, a driving voltage with a duration of 1.6ms and an amplitude of 48 V is outputted
to increase the opening speed of the ball valve in the opening stage. When the ball valve
reaches the maximum opening position, a holding voltage with an amplitude of 14 V is
output to reduce power loss, but the dynamic characteristics of the HSV vary significantly
at different oil supply pressures. To address this problem, Su further applied an adaptive
double-voltage control strategy, which dynamically regulates the driving voltage amplitude
and holding voltage amplitude according to the supply pressure, which improved the
robustness of the controller to a certain extent. The dynamic and static characteristics of
HSVs under single-voltage control and double-voltage control determined through theory
and experiments were compared in Ref. [37]. The results demonstrate that increasing the
amplitude of the single-voltage signal can improve the opening speed of the valve but at
the expense of the closing dynamic performance. Therefore, the double-voltage control
decouples the opening and closing control processes of the valve, which achieves a good
compromise between the opening speed, closing speed, and power consumption.

3.1.3. Three-Voltage Control

The working principle of the three-voltage control is defined as follows: when the
controller detects the rising edge of the command signal, it outputs a high voltage signal
to improve the opening speed of the valve; the controller switches to low voltage mode
when the valve reaches the maximum opening position; and when the falling edge of the
command signal is detected, the reverse voltage is outputted to accelerate the unloading
speed of the coil current, which is beneficial to increasing the closing speed of the valve.
The relationship between the control signal and the valve’s movement is illustrated in
Figure 6. Compared with the single-voltage and double-voltage control, the innovation of
three-voltage control is to apply reverse voltage to the coil during the closing stage of the
valve and transform the spontaneous demagnetization state of the magnetic material into
an active demagnetization state. This facilitates the rapid reduction of the electromagnetic
force to increase the closing speed of the valve. In 2006, Lee [38] proposed a three-voltage
control method to drive solenoid valves. In this research, a high voltage signal, a low
voltage signal, and a reverse voltage signal were used during the opening stage, maximum
opening stage, and closing stage of the valve, respectively. The measured results show
that the switching delay time of the solenoid valve was reduced from 5 ms to 1.55 ms.
Zhao et al. [39,40] designed a new structure of a high speed solenoid valve for common
high-pressure rail fuel injection systems and provided a boost-hold-hold control strategy.
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The influences of the driving voltage and holding voltage on the dynamic characteristics
and power consumption of the solenoid valve, respectively, were analyzed by numerical
simulation. The results show that increasing the voltage amplitude at the moment of
opening and reducing the voltage amplitude during the holding stage can significantly
improve the dynamic performance and energy conversion efficiency of the HSV.

A
— = Command signal ——Three-voltage signal- - - Displacement of valve
High voltage
Xmax |-=---mmmmmmm e - = J -
\
III : \
/| Hold voltage \
1 \\
! \
! \
! \
! \
! \
! \
/ \
0 - >
0 T T Time
Reverse voltage

Figure 6. Diagram of three-voltage control signal.

To improve the robustness of three-voltage control strategy under different supply
pressures, a three-voltage control strategy based on the coil current feedback was proposed
in Ref. [41]. The working process is defined as follows: when the rising edge of the
command signal is detected, the high voltage signal is outputted which leads to an increase
of the coil current; when the coil current equals the critical opening current, a low voltage
signal instead of the high voltage signal is used until the falling edge of the command
signal is detected; and then a reverse voltage is outputted. The current begins to decrease
until the current is less than the critical closing current and the output voltage is 0 at this
time. In 2019, Liu et al. [42] proposed a multi-voltage control strategy that can adapt to
different supply pressures. The results show that the opening and closing times of the valve
were within 2.2 ms. A dual H-bridge conducting and continuous flow control strategy was
designed by Sun et al. [43] which released the current from one coil to the other coil and
the power supply at the instant of the valve’s closing. Comparisons of the experimental
results show that, compared with the double-voltage control and the three- voltage control,
the proposed control strategy presented the best performance. To maintain the dynamic
characteristics of HSVs under different supply pressures, Zhong et al. [44] proposed a
multi-voltage excitation strategy that adapts to the variation of the supply pressure. In this
research, the strategy achieved automatic switching between multiple voltage sources by
calculating the critical on/off current in real-time. However, in practical applications, the
accuracy needs to be further improved due to several nonlinear factors, such as magnetic
saturation, leakage, and hysteresis.

3.1.4. Four-Voltage Control

The working principle of the four-voltage control is described as follows: the controller
outputs a preload voltage signal when the system begins to run, and at this time, the coil
current begins to increase but not equal to the critical opening current; when the rising
edge of the command signal is detected, a high voltage signal is used instead of the preload
voltage signal to accelerate the valve’s opening; and when the current reaches the critical
opening current, the controller starts to output the holding voltage signal. The reverse
voltage is used to increase the closing speed of the valve when the falling edge of the
command signal is detected, as illustrated in Figure 7.
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Figure 7. Diagram of four-voltage control signal.

Figure 7 shows that, compared with the single-voltage, double-voltage, and
three- voltage control, the main improvement of the four-voltage control is to increase the
initial current by exciting a low voltage to the coil before the valve opens. In Refs. [45,46], a
pre-existing voltage control algorithm which adapts to the different supply pressures was
proposed, and the corresponding flow chart is presented in Figure 8. In this research, a low
voltage was preloaded to the coil before the valve opened and the opening dynamic perfor-
mance of the valve was improved by increasing the initial current. The results indicate that
compared with the double-voltage control, the opening lag time of the valve was reduced
by 66.7% under the preloaded voltage control. Liu et al. [47] provided a hybrid voltage
control strategy to improve the dynamic response speed of a solenoid cartridge valve. In
this research, the output signal of the control strategy consisted of a preload voltage, a high
voltage, a hold voltage, and a reverse voltage signal. The measured results demonstrate
that compared with the single-voltage control strategy, the opening time of the solenoid
cartridge valve was reduced from 29.5 ms to 7.6 ms.

Rising edge
of control signg

Closing
voltage

Yes

Opening voltage

Yes

Calculating the moment of
arrival of preload phase

Holding voltage

Opening

Falling ed
aving ecee preload phase

of control signg

Opening preload
voltage

Figure 8. Flow chart of pre-existing multi-voltage control.
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3.1.5. Multi-Voltage Control Circuit

The above subsections mainly introduce the control strategies of HSVs but ignore the
implementation of the control signals. The main functions of the control circuit of an HSV
can be summarized as follows: real-time acquisition of key parameters (pressure, flow
rate, and temperature), which are used as the basis for the calculation of the control law;
a discrete voltage control signal is enabled based on the command signal; and the power
amplifier circuit is further used to amplify the control signal and output a high-power drive
signal that can directly drive the HSV.

In terms of research on the control circuits of HSVs, many scientific research insti-
tutions were involved in early research and have produced many informative works. A
high-frequency AC BOOST circuit is proposed by Lassi [48], which is different from the
traditional dual-field-effect-tube H-bridge drive circuit. This circuit only needs one field-
effect tube, but the measured data shows that the charging time of the capacitor was close
to 45 ms. Tapio [49] designed a miniature high-flow rate digital valve system consisting of
32 digital valves. A multi-voltage control circuit based on the Atmega 128 microcontroller
was also developed. As illustrated in Figure 9a, the driver consists of a microprocessor, a
BOOST circuit, and a power supply. The microprocessor decodes the bus signal into digital
control signals for each valve, and the control signals are amplified by the BOOST circuit
to directly drive multiple digital valves. Wu et al. [50] developed a dedicated controller
based on the DSP TMS28335, as shown in Figure 9b. The controller hardware consists
of a reference board, a control board, and a driver board. The driver board consists of
a P-channel increasing MOSFET, a TLP optocoupler, and two voltage power suppliers,
whose main function is to transform the command signal into a double-stage voltage
drive signal. However, the controller is large in size and needs further optimization. To
improve the linear operating region of the output flow rate of a variable spray solenoid
valve, Shen et al. [51] designed a flow rate controller consisting of a microcontroller, PWM
signal generator and driver circuit. The controller receives the command signal from the
host computer via the RS485 bus and combines the BOOST circuit with the conventional
circuit to output a double-voltage signal.

Figure 9. Multi-voltage control circuits: (a) control circuit based on the Atmega 128 microcontroller;
and (b) control circuit based on the DSP TMS28335.

In 2021, to solve the impact of the current pulse on the power supply in the double-
voltage driving circuit, Wang et al. [52] designed a current suppression circuit based on
a super capacitor. The measured results show that the current pulse reduction reached
71%. Patent [53] proposed a multi-voltage drive circuit for an HSV, which consists of
a power supply module, a signal processing module, and a driver module. The power
supply module is used to provide three level voltages (high, low and negative). The signal
processing module is used to output the control signal. The driver module mainly consists
of a photocoupling amplifier and a MOS tube driver element. The photocoupling amplifier
is used to isolate and amplify the driver signal. The MOS tube driver element is used to
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regulate the driver circuit, and finally outputs a three-voltage signal to control the operation
of the HSV.

From the development history of multi-voltage control circuits for HSVs, it can be seen
that the functions of multi-voltage control circuits are increasingly diversified and include
signal acquisition and isolation, voltage amplification, bus transmission, and closed-loop
control. However, the structure size, heat generation, and reliability of the control circuits all
still need to be improved to meet the actual requirements of a large number of applications.

3.2. Pulse Control Strategies

In contrast to the discrete voltage control signal, the pulse control signal is composed of
pulse signals with different carrier frequencies according to a certain logic. The pulse control
signal is amplified by a power amplifier circuit to control the output flow rate of the HSV.

3.2.1. Compound PWM Control Strategy

The working principle of the compound PWM control strategy is defined as follows:
when the rising edge of the command signal is detected, a PWM signal with a large duty
cycle is used to accelerate the valve’s opening; when the valve moves to the maximum
opening position, a high-frequency PWM signal with a small duty cycle is used to reduce
thermal power consumption; and when the falling edge of the command signal is detected,
a reverse PWM signal is outputted to accelerate the unloading of the coil current. The
compound PWM control signal is shown in Figure 10.

A — — Command signal Compound PWM signal
__________ | -
U
0 — >
0 T T
-U

Figure 10. Schematic diagram of compound PWM control signal.

Figure 10 shows that, compared with the discrete voltage control, the compound
PWM control is composed of multiple PWM signals with different carrier frequencies.
The development of the compound PWM control can be traced back to 15 years ago. To
improve the dynamic performance of the solenoid valve and the effective region of the duty
cycle, a compound PWM control strategy with the same effect as three-voltage control was
proposed by Taghizadeh et al. [54]. The quantified relationship between the duty cycle of
the compound PWM signal and the average output displacement of the valve at different
frequencies was investigated theoretically, and it was concluded that the effective duty
cycle region remains 60% at 80 Hz.

Gao et al. [55] proposed a compound PWM control signal which consists of a refer-
ence PWM, an excitation PWM, a high-frequency PWM, and a reverse PWM signal. The
influences of the duty cycle of each functional PWM signal on the dynamic characteristics
of the HSV are analyzed through simulation, and the design criterion of the duty cycle is
given on this basis. Simulation results show that the closing time of the HSV is reduced
by 62.5%, compared to the conventional PWM control. To drive the threaded cartridge
solenoid valve, a compound PWM control signal was proposed in Ref. [56]. In this research,
the effect of the action time of each functional PWM signal on the motion characteristics



Processes 2023, 11, 160

11 0f 25

of the solenoid valve is studied by AMESim. The results show that the proposed control
strategy is basically consistent with three voltage control. In addition, the opening time of
the solenoid valve is reduced from 30 ms to 13 ms and the closing time is reduced from
139 ms to 14 ms.

3.2.2. Adaptive PWM Control

The control principle of the adaptive PWM is described as: the duty cycle of each function
PWM signal is designed to achieve dynamic matching with oil supply pressure based on the
oil supply pressure and current feedback; and finally, the optimal performance of the HSV is
always maintained under different oil supply pressures. For example, Zhong et al. [57,58]
proposed a self-correcting PWM control strategy based on current feedback to reduce the
influence of oil supply pressure on the dynamic characteristics of the HSV. The design criterion
of the duty cycle of the PWM signal during the opening/closing stages of the HSV mainly
depends on the critical opening and closing currents. The results show that when the oil
supply pressure varied in the range of 4 MPa to 20 MPa, the variation in the dynamic time was
only 0.3 ms. An adaptive compound PWM control strategy was designed by Gao et al. [59],
as illustrated in Figure 11. In this research, a state observer is proposed to monitor the HSV’s
displacement in real time, and the feedback values of oil supply pressure and current were
combined to control the duration of the drive voltage signal. The results show that the pressure
delay time was reduced from 13 ms to 2 ms and the temperature rise of the coil shell was
reduced by 61.5%. In the end, this strategy can better maintain the dynamic performance of
HSVs under different oil supply pressures.
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Figure 11. Flow chart of adaptive PWM control.

3.2.3. Intelligent PWM Control

To improve the adaptability of HSVs under complex operating conditions, the self-
adjustment capability of the dynamic characteristics of the HSV is crucial. To address this
issue, an advanced pulse width modulation control strategy was proposed in Ref. [60]
in which the opening initial current and closing initial current are controlled by the duty
cycles of the pre-existing PWM and holding PWM signals during the opening stage and
maximum position holding stage; thereby, the intelligent regulation of the opening and
closing dynamic performance is realized. The results show that the dynamic adjustment
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ranges of the opening delay time, total opening time, closing delay time, and total closing
time of the HSV after adopting the intelligent PWM control algorithm were widened to
0.2-18.3 ms, 2.1-32.1 ms, 0.1-6.8 ms, and 1.9-12.9 ms, respectively. Therefore, this research
can further promote the application of HSVs in different fields.

3.2.4. Soft-Landing PWM

During the fast opening and closing stages of the HSV, high-speed collision inevitably
occurs, which leads to strong vibration and noise. Therefore, it is necessary to study how to
achieve a soft-landing without changing the structural parameters.

According to the existing literature, the optimization strategy of the control signal
is one of the most effective approaches to realizing a soft-landing of the HSV. Gao [61]
conducted much simulation work and found that both the opening dynamic performance
and the soft-landing performance of the HSV can be maintained by adding a negative
voltage to the coil during the opening stage of the HSV. Compared with the conventional
PWM control, the experimental results show that the average acceleration and noise were
reduced by 65.7% and 12%, respectively. An adaptive soft-landing PWM control strategy
for the HSVs driven by solenoid, was invented and is subject to a patent [62]. The design
is presented in Figure 12. In contrast to the compound PWM control signal, the proposed
control signal adds a reverse voltage pulse signal to reduce the electromagnetic force during
the opening stage of the HSV. Further, the design criterion of the start time and end time
of the reverse voltage signal were obtained through simulation. The simulation results
show that, compared with the compound PWM control, the impact velocity of the valve
was reduced by at least 31% with the soft-landing PWM control strategy, whereas the total
opening time of the HSV was increased by only 5%.

A
Soft-landing

U

v

T

|y

Figure 12. Schematic diagram of soft-landing PWM control signal.

A soft-landing PWM control method for HSVs driven by piezoelectric energy was
proposed in Reference [63]. In this patented design, the power function signals are used as
the control signals of the piezoelectric stack during the opening and closing stages of the
HSV, and the motion trajectory of the HSV can be controlled by adjusting the exponential
value of the power function. The results show that, compared with a conventional PWM
control, the vibration acceleration of the valve body can be reduced by 70.8% with this
soft-landing strategy. The opening time and closing time were only delayed by 0.6 ms.

3.2.5. Other Pulse Signal Modulation Strategy

Under the conventional PWM control strategy, a smaller duty cycle means a shorter
excitation time of the driving voltage. Due to the influence of electrical and mechanical
hysteresis, the electromagnetic force increases slowly and is less than the hydraulic force, with
the result that the valve cannot open properly, leading to a dead zone in the flow rate. A
large duty cycle means the power-off time is short and the electromagnetic force drops slowly
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and is greater than the hydraulic force, with the result that the ball valve cannot normally
close, leading to a saturation of the flow rate. To address these problems, a control strategy
based on the PWM and PFM signals was provided by Liu et al. [64]. In this research, the
dynamic adjustment of the effective duty cycle region is achieved by reducing the frequency
of the pulse signal under the conditions of the small duty cycle and large duty cycle. Further,
Gao et al. [65] improved the control accuracy of the HSV-controlled hydraulic position system
by effectively combining fuzzy control and PWM-PFM control algorithms.

3.3. Comparative Analysis of Different Control Strategies for a Single HSV

By summarizing the research status of control strategies for a single HSV, the com-
prehensive performances of different control strategies are compared in detail from the
perspectives of opening dynamic performance, closing dynamic performance, energy sav-
ing, vibration and noise reduction, and robustness. In Table 1, the greater the number of
asterisks “*”, the better the corresponding performance.

Table 1. Performance comparisons of the control strategies for a single HSV.

Opening Closing Ener Vibration and
Control Strate Dynamic Dynamic eT8Y Noise Robustness
y y y
Efficient .
Performance Performance Reduction

Single-voltage control AR * * * %
Double-voltage control i o — * -
Adaptive single-voltage control ok ok ok * ok
Three-voltage control skt e ok ok -
Adaptive three-voltage control s R ook - —
Four-voltage control i ok it - -
Adaptive four-voltage control A ko Kokt - -
Compound PWM control ok ok - * -
Adaptive PWM control AL kktk #hdd *kt -
Intelligent PWM control ok *okokkok — —_— _—

P TR PR SRR e

Soft-landing PWM control

Asterisks denots the superiority degree of the performance. The greater the number of asterisks “*”, the better the
corresponding performance.

The opening dynamic performances of the four-voltage control, adaptive four-voltage
control and intelligent PWM control are optimal since the driving voltage is already used
before the rising edge of the command signal is detected. In contrast, the soft-landing
PWM control adds a reverse voltage signal during the opening stage of the HSV, and
the decrease in the electromagnetic force causes the slower movement of the HSV, so the
opening dynamic performance is the worst.

The closing dynamic performances of the adaptive three-voltage control, adaptive
four-voltage control, adaptive PWM control and intelligent PWM control strategies are
optimal since a reverse voltage signal is dynamically used during the closing stage of the
HSV. The power consumption of the adaptive double-voltage control is the lowest since it
only applies voltage during the opening stage and maximum opening holding stage, and
the voltage amplitude changes with the variation in the oil supply pressure, whereas the
single-voltage control strategy has the largest power consumption due to the use of high
voltage to excite the electromagnetic coil. The vibration and noise reduction performance
of the soft-landing PWM control is optimal since it optimizes the electromagnetic force by
increasing a reverse voltage signal during the opening stage of the HSV, which reduces
the landing speed. In terms of robustness, the adaptive three-voltage control, adaptive
four-voltage control, adaptive PWM and intelligent PWM control all have the strongest
robustness because the control laws of these control algorithms dynamically match with
the oil supply pressure, and the sensitivity to variation in the oil pressure is the lowest.
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4. Research Status of Control Strategy for Parallel HSVs

To realize the flow rate regulation of the parallel HSVs, the opening and closing states
of each valve need to be controlled. At present, the control signals such as PWM coding,
PEM coding, PNM coding, and PCM coding are often used. Due to the different functions
and applicability of each coded signal, the control strategies of the existing parallel HSV
can be divided into two categories, namely, single code control and hybrid code control.
The single code control regulates the opening and closing states of the parallel valves by
using a coded signal. The hybrid code control regulates the output flow rate of the parallel
valves by combining at least two coded digital signals.

4.1. Single Coding Control Strategy
4.1.1. PWM Control

PWM control strategy can not only control a single HSV but also parallel HSVs. The
control concept of parallel HSVs is basically the same as that of a single HSV, which is that
the PWM signals with different duty cycles are used to control each valve. For example,
Li et al. [66] used multiple on/off valves connected in parallel to control the hydraulic
cylinder. A high-frequency PWM signal was used to control different on/off valves to
achieve different levels of flow rate regulation, allowing the speed control of the hydraulic
cylinder. However, the control strategy caused several problems, such as pressure fluctua-
tion and life reduction of the valve. A proportional flow control valve piloted by parallel
HSVs, which uses PWM signals to control the pilot HSV, was proposed by Xiong et al. [67].
The results show that the average output flow rate of the main valve was approximately
proportional to the input duty cycle. In Refs. [68,69], a negative pressure servo system,
which is based on parallel HSVs and consists of a charging unit and a discharging unit,
was designed. To eliminate the influences of operating points on the characteristics of the
charging unit and discharging unit, an asymmetric compensation control algorithm of the
PWM signal was proposed to achieve high-accuracy tracking at different frequencies and
different pressures. The experimental results indicate that the proposed control strategy
has the advantages of high control accuracy and strong robustness.

In conclusion, the advantage of parallel HSVs using PWM control is the high accuracy
of flow rate regulation, but this approach simultaneously leads to some problems, such as
pressure shocks, short service life, and vibration noise.

4.1.2. PEM Control

The frequency of the pulse frequency modulation (PFM) signal varies with the input
control quantity. The PFM control strategy has the advantages of high control accuracy,
high conversion efficiency, and fast response. However, the PEM control suffers from the
same problems such as pressure fluctuation, vibration noise, and short service life because
the on/off valve always works in a high-frequency switching state.

According to the available literature, scholars have been applying the PFM coding
technique to on/off valve control systems since 2012. Under the condition of constant pulse
width, the control precision of the approximate proportional/servo can be obtained by
increasing the frequency of the pulse signal [70,71]. For example, a prototype of an equal
coded parallel digital valve unit consisting of 16 miniature digital valves was designed
and assembled by Paloniitty et al. [72] at the Tampere University of Technology in 2015. To
solve the problem of poor resolution of the digital valve units’ output flow, an improved
PFM coding control strategy was proposed. The pulse signal was cyclically distributed to
each digital valve, and the control accuracy and the service life of the digital valve were
effectively balanced.

4.1.3. PNM Control

Pulse number modulation (PNM) is the most common control method for equal coded
parallel on/off valve groups in which the number of on/off valves is controlled to achieve
the superposition of the required flow rate. Therefore, the value of the output flow rate
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is consistent with the number of the on/off valves, and the flow rate resolution depends
on the output flow rate of the minimum valve. A segmentation control idea to improve
the control accuracy of the parallel on/off valves-controlled position servo system was
presented by Gao and Zhu [73]. The PNM coding and the differential PWM control strategy
were used under high-speed and low-speed working conditions, respectively. Further,
to improve the service life of the on/off valves, a cycle buffering strategy was proposed
to achieve a uniform distribution of the PNM-coded signals, as shown in Figure 13. The
experimental results show that the average and minimum positioning errors were 0.528 mm
and 0.221 mm, respectively, and the total number of switching times of the on/off valves
was only 39.

T
g

Figure 13. Optimization strategy of PNM coding signal.

Simic and Herakovic [74] proposed an independent metering control system based on a
parallel digital piezoelectric valve group. The digital valve was driven by three piezoelectric
stacks with the same axial length in series, and the PNM-coded signal was used to control
the operating state of each piezoelectric stack. The research results show that, compared
with the traditional solenoid valve-controlled system, the power consumption of the system
could be reduced by six times in the steady state. In addition, the response speed and
energy-saving efficiency were both significantly improved.

It can be seen that the on/off valve does not require high-frequency switching under
PNM coding control and has the advantages of small pressure fluctuation, low vibration
noise, and long service life. In addition, since the flow rates of each valve are the same, the
output flow rate has strong redundancy and high reliability. However, the PNM coding
strategy is essentially considered to be “step regulation”, and the control accuracy depends
on the flow rate of the minimum valve. Therefore, the PNM coding control strategy is often
used in combination with other coded control strategies.

4.1.4. PCM Control

Pulse code modulation (PCM) is a common control method for binary-coded parallel
HSVs. Since the flow rate of each valve is arranged in binary, the combinations of the
opening/closing states of the valve group reach 2V. The resolution of the output flow rate
is 1/2N (N is the number of valves), and the control accuracy increases exponentially with
the number of valves.

Tampere University of Technology in Finland is a pioneer in the research into the PCM
control of parallel on/off valves. For example, in 2005, to improve the position control
accuracy of a parallel HSVs-controlled cylinder, Linjama and Vilenius [75] proposed a
PCM control strategy with a cost function. The results show that the position error was
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1mm when tracking the peak speed of 200 mm/s. Wu et al. [76] used four on/off valve
groups to form an independent metering control system to accomplish the position tracking
of the hydraulic cylinder. In this research, a fixed throttle port was connected in series
behind each on/off valve, and the flow area of the fixed throttle port was arranged in
binary. Inspired by the working principle of the dual nozzle flapper, a structure of the fuel
metering valve based on the binary-coded HSVs was proposed in Ref. [77]. To improve the
position tracking accuracy of the fuel metering valve, a position control strategy consisting
of velocity feedforward, position feedback, and model-based PCM coding was proposed.
The results show that the average tracking error was reduced by 78%.

4.2. Compound Coding Control Strategy
4.2.1. PCM+PWM

According to Section 3.1, for a single coding control strategy, the control accuracy of
the PWM and PFM is the best but at the expense of the number of switching times of the
valves. In addition, the service life of the valve under PNM and PCM control is the longest,
but the control accuracy of the on/off valve needs to be improved. Therefore, how to
effectively combine different types of coding control strategies to achieve complementary
advantages is a research hotspot for scholars.

Huova and Plockinger [78] adopted PCM and PWM coding signals to control the
binary-coded on/off valve group. In this research, accurate control of the output flow
rate was achieved by adjusting the duty cycle difference between the two PWM signals.
However, the optimal selection of the digital valves driven by PWM signals was neglected,
so the service life of the valves was seriously affected. Moreover, due to the constraints of the
dynamic response of the valves, the control accuracy needs to be further improved under
the condition of a small duty cycle. A control valve group was designed by Kang et al. [79]
which consisted of a binary-coded digital valve group and a digital valve driven by a PWM
signal. The digital valve group was used to provide the reference flow rate, and then PWM
control was used to achieve fine flow rate regulation. The research results demonstrated
its successful use in the flow rate regulation system of the FL-12 wind tunnel’s air supply,
and the maximum absolute error was only 2.7 g/s. Jiang et al. [80] proposed a digital valve
group driven by a combination of PWM and PCM control signals. As depicted in Figure 14,
the digital valve group consisted of four binary-coded digital valves and one small flow rate
digital valve. Further, a time lag control strategy of the digital valve group was proposed
based on the function of the flow rate impact. The results show that, compared with the
PCM coding control, the proposed control strategy had better control performance and also
a certain suppression effect on the flow rate impact during switching.

|
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Figure 14. Digital valve group driven by PWM and PCM.
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4.2.2. PCM+Analog

Compared with the control scheme of the PCM+PWM combination, the continuous
fluid control technology integrated into the control scheme of the PCM+analog combination
is used to further improve control accuracy. However, the system is no longer a digital
hydraulic system in the true sense. To address this situation of low transmission efficiency
in a high-power hydraulic valve control system, Yao et al. [81,82] proposed a D+A multi-
pump source structure. The PCM-coded signals were used to control the working states
of the fixed displacement pump group, and the high-precision compensation of the flow
rate was realized by the variable pump. The experimental results show that the position
tracking accuracy reached £0.1 mm, and the efficiency and control accuracy of the system
were significantly improved. To address the demand for the improvement of regulating the
precise air supply flow in wind tunnels and the shortcomings of existing analog control
valves, a digital flow regulation device based on a combination of a binary-coded valve
group and a needle valve was designed in Ref. [83]. To output a large flow rate, the PCM-
coded signal was used to control the switching states of the on/off valve group. Further,
the micro-flow control was achieved by adjusting the opening of the needle valve. The
results show that the flow control accuracy reached +3g/s.

4.2.3. PNM+PWM

Since the control accuracy of the PNM coding only depends on the number and output
flow rate of the on/off valve, the demand for high-precision tracking cannot be fulfilled.
Currently, the PWM control strategy is mostly used to compensate for the defect of low
control precision of the PNM control strategy. For digital valve-controlled position servo
systems, Paloniitty and Linjama [84] proposed a novel control strategy that integrated
PNM coding, multi-valve PWM, buffer optimization, and PFM coding algorithms. The
multi-valve PWM algorithm was used to reduce the total number of switching times of the
digital valves. The buffer optimization strategy was used to improve the uniformity of the
switching times among all valves, and the PFM coding algorithm was used to improve the
flow rate linearity by reducing the signal frequency under a small duty cycle. To address
the problem of low positioning accuracy in the digital valve-controlled position system,
a position control strategy combining PNM coding and differential PWM was proposed
by Gao et al. [85]. In this research, a cost function with adaptive weights was proposed
to achieve a better balance between the total number of switching times and the control
accuracy of the digital valves. Further, to improve the uniformity of switching times of
the digital valves, a circular buffer and a new circular switching method were proposed.
The results show that the average and minimum positioning errors were 10 um and 1 um,
respectively. Moreover, the uniformity of switching times among all digital valves was
significantly improved.

4.2.4. Other Types

In recent years, to improve the control accuracy and service life of digital hydraulic
systems, besides the coding control algorithms described above, various advanced control
algorithms have been successively proposed, including bang-bang, phase control, multi-
mode control, time-interlaced modulation, and sliding mode control. For example, in
2010, Long et al. [86] compared the control performance of a 2-position 3-way HSV and
2-position 2-way HSV by theory and experiment. The performances of some control
algorithms were also investigated. The results show that the control accuracy and the
switching times of the on/off valve could be effectively balanced under the pulse control
strategy. Hodgson et al. [87] used four HSVs to form a full bridge to control the cylinder’s
position and proposed a new seven-mode sliding mode control algorithm. The results
show that, compared with the three-mode control, both the position error and switching
times could be reduced under the seven-mode sliding mode strategy. Four on/off valve
groups were used in Ref. [88] to form an independent metering control structure to control
the position of the hydraulic cylinder. In contrast to the conventional PWM control and
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PEM control, a smaller number of pulse signals were used to control the on/off valve. High
precision positioning of the hydraulic cylinder was achieved by adjusting the pulse timing
length of the inlet and outlet on/off valves. The results show that the positioning accuracy
of the hydraulic cylinder reached £1 pm.

Lin et al. [89,90] proposed a variable-phase PWM sliding-mode control strategy based
on the principle of time-interlaced modulation. The strategy has smaller overshoot and
steady-state error than the traditional seven-mode control. Further, a differential switching
strategy was proposed, and the closing time of each valve was determined by theoretical
calculation to achieve the high-precision flow rate output. The results show that the steady-
state error of position tracking was only 0.018 mm. Guo and Li [91] used four pneumatic
on/off valves to control the position of the cylinder, and a binary coded on/off valve group
was installed on the exhaust side. A hybrid control strategy based on PID and fuzzy control
was further proposed. The results show that the accuracy of the cylinder positioning
reached 0.3 mm. A digital hydraulic braking system based on an on/off valves array, and a
model prediction strategy were both proposed by Shang et al. [92]. The unknown input
state observer was used to realize the feedback of the brake cylinder, which was used as
the calculation basis for the output flow rate of the valve array.

4.3. Comparative Analysis of the Parallel HSV's Control Strategies

We have summarized the research status of the control strategies for the parallel HSVs
under the assumption that the opening time and closing time of each HSV are not exactly
equal. The comprehensive performances of the different coding control strategies are shown
in Table 2. The greater the number of asterisks “*”, the higher the corresponding index.

Table 2. Comparison of control strategies performance for parallel HSVs.

Control Strategy Control Accuracy Service Life Pressure Shock

PWM AR * FHHH

PFM EEAA * FRHEF

PNM * FAAAR %

PCM ** *Xk -
PCM+PWM okt - .
PCM+analog ks *oxok —_—
PNM+PWM ** *kk ot

Seven-mode control hk - o

Asterisks denots the superiority degree of the performance. The greater the number of asterisks “*”, the better the
corresponding performance.

The results shown in Table 2 indicate that the control accuracy of different coding
strategies is ordered as follows: PWM = PFM > PCM+analog > PCM+PWM = seven-mode
control > PCM = PNM+PWM > PNM. The service life of the HSV controlled by different
coding strategies in descending order is: PNM > PNM+PWM = PCM+analog = PCM >
seven-mode control = PCM+PWM > PFM = PWM. In addition, the uncertainty of the
transient flow rate caused by the asynchronous opening and closing of the parallel on/off
valves leads to pressure fluctuation. Therefore, the magnitude of the pressure fluctuation
under different coding control strategies is ordered as follows: PWM = PFM > PCM+PWM
> PCM = PCM+analog > PNM+PWM = seven-mode control > PNM.

In summary, the hybrid coding control strategy achieves complementary advantages
based on different coding characteristics. At present, PWM control or PEM control is often
used to improve control accuracy but inevitably causes problems such as short lifetimes and
large pressure fluctuations. Therefore, in the real world, PWM and PFM control strategies
are only suitable for short-term working conditions, such as fuel injection systems and
automotive braking systems. Conversely, PNM and PCM coding strategies regulate the
flow rate by controlling the opening and closing combinations of parallel HSVs, which
have the advantages of low pressure fluctuation and long life. Therefore, PNM and PCM
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coding strategies are mainly used for long-term working conditions, such as construction
machinery, energy recovery systems, and flight surface control systems.

5. Development Trend of Control Strategy

At the end of the last century, with the rapid development of microprocessor technol-
ogy, sensing technology, and special processing technology, digital hydraulic technology
had its first opportunity to develop. In 2021, key technologies such as intelligent digital
hydraulic components and digital flow distribution were listed as critical development
areas in China [93], and it is foreseen that digital hydraulic technology will experience a
second leap forward. With the steady progress of the Industry 4.0 program, carbon peak
and neutrality unmanned technology, intelligence and multiple electric technologies have
become the development focus in current society [94]. Digital hydraulic technology not
only requires the intelligence of the system but also has higher requirements for the intelli-
gence of the components. The “chip” of the hydraulic components is one of the important
ways to achieve intelligence. In this article, we examine the role of control strategies in
promoting the intelligence of digital hydraulic systems.

5.1. Development Trend of Control Strategy for Single HSV

The development history of the control strategy for a single HSV is shown in Figure 15.
From the evolution law of the signal waveform, the discrete voltage signal differentiates
the motion of an HSV into different states. To fully release the dynamic performance of the
electromagnet, the coil is independently excited according to different motion states. In
contrast, pulse signal control is used to achieve multi-functional regulation of the parallel
HSVs by alogical combination of pulse signals with different functions. The results obtained
by the control strategy have evolved from early dynamic performance enhancement to soft
landing optimization, and now to current intelligent regulation.
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Figure 15. Development trends in control strategies for single valves.

In the future, the HSV will no longer be limited to digital flow distribution, but will
gradually develop in the direction of intelligence. The intelligence of the HSV is reflected
in two main aspects: on one hand, the HSV adjusts performance in real-time according to
load conditions to achieve optimal performance; and on the other hand, the performance
degradation of the HSV can be predicted by condition monitoring. Intelligent operation
and maintenance of the HSV during its whole life will be realized with the help of artificial
intelligence. These concepts are explained in detail below.

(1) Performance regulation of HSVs under complex operating conditions.

At present, the application of HSVs is occurring in the automobile [95], engineering
machinery [96], and aerospace [97] fields. Different application fields focus on different
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requirements for the performance of HSVs. For example, in the automotive anti-lock brake
system, the short-time dynamic performance of HSVs must be higher due to the intermittent
operation. In the field of construction machinery, the anti-pollution capability and efficiency
of the HSV are more important due to the harsh working environment and the need to limit
carbon emissions. In aerospace electro-hydrostatic actuators and aero-engine fuel metering
systems, the control accuracy and reliability of the HSV are more important.

In the future, the real states and requirements of the controlled object will be sensed
in real-time through component-level built-in chips and sensors. Then, the adaptive
weighting function will be designed to dynamically assign each performance index, such
as dynamics, vibration, efficiency, pollution resistance, reliability, and lifetime. Moreover,
deep reinforcement learning algorithms will be used to train control strategies of the HSV
in different application scenarios. Finally, the best match between the output performance
of the HSV and the real needs of the controlled object will be realized.

(2) Intelligent operation and maintenance of HSVs.

As service time increases, the attenuation of the HSV’s output performance becomes
more and more serious. For example, the aging of the coil leads to a decrease in the
energy conversion efficiency between the electrical and magnetic fields, which results in
the deterioration of the dynamic performance of the HSV. Due to the wear of the valve
seat caused by long-term and high-speed impact between the valve and the valve seat, the
flow area and the output flow rate both change, which leads to a reduction in the control
accuracy of the HSV’s output flow rate. In addition, the stability of the HSV’s output
performance is easily affected by the leakage characteristics of the magnetic field, which are
influenced by many factors, such as stress relief induced by temperature change, thermal
expansion, and cold contraction of the material. Therefore, it is necessary to monitor key
parameters of the HSV in service, and realize intelligent operation and maintenance. The
following aspects are analyzed in turn.

(a) In terms of parameter sensing, the displacement of the HSV cannot be directly
measured. Researchers can monitor the changing states in the electromagnetic field in
real-time with the help of non-contact sensors (such as a flux meter, current clamp, etc.).
The indirect measurement of mechanical motion and flow field is achieved by constructing
an analytical model between the coil current and the flow rate of the valve.

(b) In terms of a digital twin, the fusion modeling technology of the multi-physics
field is used to construct the digital twin of the HSV. Furthermore, the dynamic data fusion
between the twin model and physical object is realized by 5G high-bandwidth wireless
transmission technology. In addition, the key parameters of the digital twin model are
optimized and corrected in real-time based on real sensor data.

(c) In terms of intelligent operation and maintenance, machine learning and artificial
intelligence technology are used to extract and model the deep features of multi-source
heterogeneous data. The influences of structural parameters on the output characteristics
of the HSV are studied based on the twin model. Subsequently, the output performance
of the HSV is optimized by improving the digital control signals (amplitude, frequency,
waveform, etc.) to compensate for the performance degradation caused by the variations
in structural parameters. Finally, comprehensive verifications of the HSV are conducted by
the twin model and physical object.

5.2. Development Trends of Control Strategies for Parallel HSV's

To improve the efficiency and intelligence of the host equipment, it is necessary to
improve the intelligence of the control technology for parallel HSVs. Based on this, major
development trends of the control technology for the parallel HSVs are proposed, such as
intelligent coding control and programmable control of function.

(1) Intelligent coding control.

Currently, using a single coding structure of the flow rate it is difficult to meet the
practical needs of complex objects. For example, pulse number coding and binary coding
cannot achieve a better balance between control accuracy, redundancy, and flow pulsation.



Processes 2023, 11, 160

21 of 25

Therefore, the development of the hybrid coding control strategy is timely. The core idea
of the hybrid coding control strategy is to enable different coding schemes according to
the movement speed of the controlled object based on the motion characteristics. For
example, the pulse number coding strategy is adopted in high-speed working conditions,
and approximate analog control is adopted in low-speed working conditions, but the
control accuracy is not improved in essence.

In contrast, the premise of intelligent coding is that parallel HSVs are no longer
limited to a fixed coding structure. Moreover, based on the full integration of different
coding schemes, such as pulse number coding, binary coding, and Fibonacci coding,
a new structure with multi-coding characteristics is established by constructing a new
sequence of parallel HSVs, adjusting the throttle area, merging and splitting parallel
circuits. Furthermore, the actual needs of the controlled object are autonomously sensed by
the controller and sensors, and the coding structure of the parallel HSVs is dynamically
regulated to achieve optimal performance.

(2) Programmable control of function.

Hydraulic valves can be classified as flow control valves, pressure control valves,
and directional control valves according to their function. For the hydraulic systems in
the construction machinery, there exist various functional circuits, such as load sensing,
balancing, multi-actuator distribution, and remote pressure regulation circuits, which leads
to dozens of different types of hydraulic valves in host equipment. Then, the costs of design,
manufacturing, operation, and maintenance are all significantly increased. Ultimately, the
existing hydraulic transmission system cannot meet the development needs of the “double
carbon” strategy in the current and future society.

The root cause of the above problem is that the design concept of the existing hydraulic
transmission system is the hardware realization of the system function (componentization),
and the output performance of the system is changed by controlling the hydraulic valves
with different functions. Conversely, in the parallel HSVs-controlled system, parallel
HSVs and controllers are used instead of different functional valves. In summary, the
parallel HSVs control technology replaces various types of functional hydraulic valves
by combining sensors and on/off valve groups to make conventional hydraulic systems
simpler. Then, the output pressure and flow rate of the system can be controlled by
changing the software program, and the system function is ultimately transplanted from
the hardware level to the software level.

6. Conclusions

In this paper, the research progress of different control strategies for single HSVs and
parallel HSVs are systematically introduced and analysed. The development trends of the
control strategies are predicted as follows:

(1) With the gradual expansion of HSV applications, the controlled object is becoming
increasingly complex. Only a dynamic performance enhancement strategy can no longer
meet the requirements. In the future, the performance of HSVs in different applications
will be improved by utilizing chip sensing technology, performance adaptive allocation,
and deep reinforcement learning algorithms.

(2) During their service life, the performance degradation of HSVs is easily affected
by coil aging, material wear, and stress release. Advanced technologies such as parameter
self-sensing, digital twins, and artificial intelligence can be used to achieve real-time
monitoring of key parameters, degradation prediction of performance parameters, and
adaptive compensation of the HSV.

(3) Due to the inherent contradiction of the control accuracy, redundancy and flow
fluctuation, the parallel HSVs based on single coding structures cannot meet the needs of
social development. In the future, a new flow coding structure with multiple coding features
may be developed by integration of the pulse number series, binary series and Fibonacci
series. Moreover, the real needs of the controlled object will be measured autonomously by
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several sensors, which will be then used to dynamically adjust the coding structure of the
flow rate and maintain the best performance.

(4) Digital hydraulic systems based on parallel HSVs combine different valve groups
and control algorithms, abandoning the design concept of the functional component used
in the traditional hydraulic systems. The output functions of the system are defined by the
software program to increase the intelligence of the system.
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