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Abstract: Because of its cleanness, safety, explosion proof, and other characteristics, pneumatic
technologies have been applied in numerous industrial automation fields. As a key controlling
element of a pneumatic system, electric-pneumatic pressure proportional valves have attracted
the attention of many scholars in recent years. In this paper, in order to illustrate the research
status and the development trend of electric-pneumatic pressure proportional valves, firstly, several
related technologies will be introduced, for example, simulation methods and experimental modes.
In addition, controlling methods, structural styles, and feedback forms are also compared in several
types of pressure proportional valves. Moreover, the controlling strategy, as a significant relevant
factor affecting the efficiency of valves, will be discussed in this paper. At the end, the conclusion and
worksof electric-pneumatic pressure proportional valves in the future will bediscussed to achieve the
electrical integration.

Keywords: pneumatic system; proportional pressure valve; proportional electromagnet; compressed
air; regulator

1. Introduction

Pneumatic technology was first developed in the military field to realize the stable control of the
space vehicle and the missile altitude. Shearer [1] has developed the pneumatic technology in the
control system in 1956. Burrows [2,3] has designed a switch servo control technology, and applied it to
the pneumatic servo mechanism so that a point-to-point control can be achieved although with a low
accuracy. Pneumatic technology is an important method of automatic production. Pneumatic systems
are widely used in various fields, such as semiconductor/microelectronic manufacturing, biological
engineering, medicine industry, and so on. Proportional valves play an important role in pneumatic
servo control system. The first person who developed pneumatic servo valves is W. Professor [4]
back in 1979, who promoted the rapid development of servo control technology. In the late 1980s,
the pneumatic control system developed into an accurate proportional servo control based on nozzle
flapper pneumatic servo valves and pneumatic proportional solenoid valves, which was replaced by
the position and speed of the programmable controller [5-7]. The electric proportional pressure valve
was born and started to develop rapidly since then.

Electric-pneumatic pressure proportional valves are introduced in control mode, control method,
internal structure, and other aspects in this paper. In addition, the research methods, research contents,
and developing trend of the electric-pneumatic pressure proportional valves will also be introduced.
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2. Research Status of Electric-Pneumatic Pressure Proportional Valve

Pneumatic high-speed switch solenoid valve contains many advantages, such as small size,
convenience in integrating, anti-pollution, low production costs, and high speed. It is more common
for solenoid valves to be the pilot level proportional pressure valves, which are composed of a main
valve, a pilot control valve, a digital controller, and a pressure sensor [8-11]. The pressure sensor is
used to detect the pressure of the outlet; it is a closed-loop control, as shown in Figures 1 and 2.

Figure 1 is a modified polyphenylene oxide (MPPE) type electric proportional valve of FESTO
Company; Figure 2 is the ITV series valve of SMC Company. There are differences between them,
but the principles of both are the same. The square wave signal is controlled by the digital controller
output of the electromagnetic pneumatic pressure proportional valve in Figure 3, pilot inlet valve a
and exhaust valve b are controlled by square wave signal. When the intake valve a is opened and the
exhaust valve b is closed, the output pressure of the pilot valve can be increased, at this time, the active
valve core is pushed, and the airflow is increased due to the opening of the opened throttle, the intake
port P is connected to the output port Pa.
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Figure 1. FESTO proportional valve. (a) FESTO pneumatic pressure proportional valve modified
polyphenylene oxide (MPPE); (b) FESTO MPPE proportional valve working principle diagram.
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Figure 2. SMC pneumatic pressure proportional valve. (a) SMC ITV series electric proportional valve;
(b) SMCITV electric proportional valve working principle diagram.

Figure 3. Switch solenoid pneumatic pressure proportional valve. (a) Solenoid valve control circuit
diagram; (b) Schematic diagram of switch solenoid valve.
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Switching solenoid pneumatic pressure proportional valve has been studied by a large number of
scholars both at home and abroad [12-15], among whom the most representative research is the Parker
P3P-R pneumatic electromagnetic proportional valve conducted by Massimo Sorli [16-18]. Parker
P3P-R pneumatic solenoid proportional pressure relief valve is a common market in the typical switch
solenoid pneumatic pressure proportional valve, as shown in Figure 4a,b. Based on the relationship
among the internal parts of the valve, the nonlinear mathematical model of the valve is established,
and the dynamic behavior of the valve in the time domain and the frequency domain is studied with
numerical analysis and experiments.

Massimo Sorli discovered that when the output pressure of the pressure-reducing valve reaches
the preset pressure, the two switches in the control chamber will remain closed, hence there is no
excessive energy consumption. However, when the preset pressure changes, it needs to adjust the
control valve in the cavity to control the pressure in the valve cavity, frequent opening and closing,
and the slow response of the valve, which causes the output frequency response of low pressure valve.

At the same time, the correctness of the mathematical model of Massimo Sorli has been verified,
as shown in Figure 4c. Figure 4d is the frequency response of the valve; the results show that the
cutoff frequency of the pressure relief valve is 5 Hz. When the valve reaches a frequency of 5 Hz,
the pressure chamber will show instantaneous fluctuating pressure and flow and the valve precision
will be affected due to the unavoidable limited movement position that is caused by valve position.
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Figure 4. ParkerP3P-R pneumatic solenoid pneumatic pressure proportional valve. (a) P3P-R
pneumatic solenoid pneumatic pressure proportional valve; (b) Schematic of P arkerP3P-R pneumatic
solenoid; (c) Sinusoidal tracking signal; (d) Frequency response.

Switch electromagnetic pneumatic pressure proportional valve has the advantages of consuming
low energy, having a simple structure, low costs, and so on; it has obvious advantages in static pressure
regulation. It is insensitive to the rapidly changing pressure signal because it has a low frequency
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response. At the same time, in the process of pressure regulation, the pressure loss in the control
chamber is large, which seriously affects the service life and the reliability of the pressure reducing valve
and also restricts the application of switch electromagnetic pneumatic pressure proportional valve.

At present, the most effective way to improve the lifespan of switch electromagnetic pneumatic
pressure proportional valve is to increase the frequency of the switch [16-19].

3. Related Technology Research Progresses

3.1. Numerical Simulation Researches

Pneumatic pressure proportional valve is composed of more complex pneumatic components,
including a variety of gas, pneumatic actuators, controllers, and electrical mechanical converters.
When analyzing the relationships among various components of the valve, the numerical analysis
method is often used, which can predict the performance of the valve, optimize the structure design of
the valve, and improve the design efficiency.

Electric mechanical converter will be the proportion of the input current or voltage converted into
force or displacement output through the armature of special design. To establish the mathematical
model is the key for modeling proportional solenoid valve. Vaughan, N.D., Gamble, J.B. [20] proposed
a kind of nonlinear dynamic model of high speed solenoid valve that comprises of a proportional
solenoid and the spool, and the model can accurately predict for a given input voltage steady state and
dynamic response. The dynamic analysis of the proportional pressure valve is carried out by Dasgupta,
K. and Karmakar, R. [21,22]. The dynamic mathematical model of the valve is established, and the
flow characteristics of the valve pressure are taken into account to improve the dynamic response
characteristics of the pressure valve.

Excepting the direct relationship between the input signal and the output force, the magnetic
circuit analysis is a common method thatcan clearly identify each physical quantity and can be used
to analyze the static performance of electromagnet. However, the magnetic circuit analysis method
cannot describe the dynamic of the electromagnet. In the current study, the researchers tend to limit
the method to establish the mathematical model of the electromagnet [23].

For example, Kawase, Y. and Ohachi, Y. [24] analyzed various characteristics of electromagnets
by using the finite element method, including resistivity, response speed, and material properties.
The finite element model has the advantages of high precision, but it is difficult to use it to find out
effective results because there is a large amount of calculation and complex algorithm.

Furthermore, except for the mathematical models, there are semi-empirical modeling methods in
which the experimental data are used to fit the nonlinear part of the system [9,20,25-27]. In the research
of proportional electromagnet circuit, there is the nonlinear induced voltage of the electromagnet
motion and in the modeling of a proportional electromagnet, it is hard to find the reasonable
approximation of induced voltage.

Many scholars estimated the induced voltage indirectly, that is to say, that they obtained the
relationship between the induced voltages by fitting the experimental data. The semi-empirical model
is used to study the approximate the induced voltage in XU [25], which is based on the relationship
between the output force of the electromagnet and the armature. The linear least square method is
used to fit the static experimental results of electromagnetic force, and further obtain the approximate
nonlinear induction voltage.

Vaughan [20] used a semi-empirical modeling method to estimate the electromagnet as a pure
combination of resistance and nonlinear inductance. The coil current and magnetic flux are calculated
by experiment. In Elmer’s Research [26], which is based on the linear relationship between the
reciprocal of the equivalent inductance of the coil and the coil current, the linear coefficients are fitted
by the experimental data but are less effective. The reason is the ignorance of the influence of the
armature displacement on the output force of the proportional electromagnet.



Appl. Sci. 2017, 7, 1074 50f 16

A pneumatic pressure proportional valve for ankle foot orthopedic instruments was studied
by Lescano, C.N. [28]. Based on the linear model of the voltage signal and the output pressure,
the dynamic response of the pneumatic pressure proportional valve is studied and the open-loop
transfer function model of the system is obtained, as shown in Figure 5. Finally, the model is verified
by experiments. It can guide the development of driving system of medical instrument gas.

Closed-loop controller Disturbances 5 |
Ty lz
i 4 r Psin
H Closed-looj H al ¢ - /
Vref w e ‘“ P i Final control Controlled | x i 7 T Re
y re L control > element a e > Pc .% ; / ! Pref
Rctc.rcncc E element ! (valve piston) system Controlled E .’
variable ! r 1 variable H
\ w2
[ FYSPRPRR R IR a i
!
Feedback signal Measuring i
asuring |
device .
0 005 o1 015 02 025 0.3
Time[e]
(a) (b)

Figure 5. Linear model of Lescano, C.N. voltage signal and output pressure. (a) Schematic of pneumatic
pressure proportional valve circuit; (b) Comparison of model validation.

When compared with the finite element method, the semi-empirical modeling method can solve
the problem in proportional electromagnet design. However, the non-human factors often affect
the accuracy of calculation. Therefore, the researchers often combine finite element methods such
as the magnetic circuit structure, material properties, and other physical quantities obtained by the
finite element method, thus improving the accuracy of the calculation done by the semi-empirical
modeling method.

Massimo Sorli [29] used the finite element method and the semi-empirical model to build the
mathematical model of the proportional electromagnet, as shown in Figure 6. The data of Speedance
and differential inductance are calculated by finite element method. The semi-empirical modeling
method, combined with the finite element method, has the advantages of a high accuracy in calculation,
simplified calculation, and high efficiency, and is widely used now [27].
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Figure 6. Electromagnet model of Massimo Sorli. (a) Electromagnet model; (b) Finite element model.

3.2. Modeling of Mechanical Structure

The key of structural modeling of pneumatic pressure proportional valve is the modeling of
the valve core, in which the force balance is the essence of pneumatic pressure proportional valve.
The forces acting on the valve core include friction force, driving force, aerodynamic force, and contact
force, and in this paper, various forces will be introduced.
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The contact forces also include the spool stroke limit force and the contact force between the valve
cores, while the spool stroke limit force is the key to the valve core modeling. The earliest research
on the spool stroke limit force is done by Kukulka [15]. They used a simple method to make it easy
to travel limit force to a special spring, which is related to the amount of compression. Kukulka
determined the relationship between the stiffness and the amount of compression.

Elmer [26] continued the study of Kukulka and found that there was no relationship between
the stiffness of the special stiffness and the amount of compression. Based on this, the limit force is
simplified as an ordinary spring with an elastic coefficient. It has been pointed out that the contact force
between the valve core and the contact material is the hard point in valve core modeling. Massimo
Sorli [16] studied this problem and came up with the assumption that the core and contact material are
simplified as a spring damping system, and the results are verified by numerical simulation.

The friction force is generated by the contact between the sealing ring and the metal wall of the
valve core, and it has been studied by a large number of scholars [30,31]. At present, the most widely
used friction model is “Stribeck + viscous friction + Kulun + static friction”:

Fo { sag(%)[Fe + (Fs — Fo)e — | /x| |* +bx #0 @
Fo else

In the formula, F. refers to the dynamic friction force of Kulun, Fs refers to the maximum
static friction force, b is a viscous friction coefficient, and x is Stribeck velocity. The input multiple
superimposed flutter signal allows the spool to do a small reciprocating motion, which can effectively
eliminates the static friction, thereby eliminating the influence of static friction.

Therefore, the model can be considered without static friction. The viscous friction force is often
used for modeling the viscous friction; the absolute value of the spool speed is in proportion to the size
of the viscous friction, while the direction of the force is opposite to the direction of the spool [14,19,25].
The viscous friction coefficient is determined by the trial and error method.

Aerodynamic force is the key factor that must be taken into account during the modeling process
of the valve core. This is because the changing rate of the aerodynamic force with the displacement
of the spool is large, which makes the aerodynamic force enable to produce considerable equivalent
stiffness [32]. For this problem, the method of gas resistance is often used, [33]. According to the
law of gas flow to the general conversion formula, Piao [34] proposed the concept of air resistance
characteristic in series and obtained the conclusion that all of the nonlinear gas resistance has a common
series of characteristics. Liu [35] established the model and condition of gas volume, air resistance,
and gas resistance in the pneumatic stripping system, and obtained the parameters of air volume and
air-flow in pneumatic stripping. In addition, some other scholars have made a preliminary study of
the gas resistance and gas content [36].

3.3. Modeling of Gas Flow Characteristics

In terms of the analysis of gas flow characteristics of pneumatic pressure proportional valve,
many scholars studied the flow characteristics of the gas passing through the valve port and the
thermodynamic properties of the gas in the cavity [32].

By simplifying the complex process of flowing through the valve port of the gas, the process is
considered as a constant flow of the nozzle in the research of Venant. If it is assumed that the specific
heat of gas is constant, the one-dimensional constant drop flow equation of the ideal gas passing
through the contraction nozzle can be presented like:
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In the formula, R is the gas constant, T}, is the upper temperature of the gas, m is the gas mass
flow through the valve port, P, and P, are the downstream pressure of the contraction pipe, and C;
is the critical pressure ratio. For air, C; = 0.528. When the pressure difference between upstream
and downstream is very small as AP = (P, —P4) — 0, this excessive gain will enlarge the error in
numerical calculation. At the same time when AP — 0, the gas flow rate approaches 0, and the flow
of gas is laminar flow, expressing the gas flow in the quality problems. In order to solve this problem,
the following modified formula is needed:

ka-A- Tuio‘S(Pu _Pd) ﬁlﬂm < 1% <1
2/k (k+1)/(k)
. P P, P,
my = A'Pu'\/lgkl'R,lTu[((pi) _([Tj) )] bgﬁi<ﬁlam (3)
K
APy g bE P<b

In the formula, By, is the threshold value which is 0.995~0.999, b is C; in the formula and ka is
the compensation coefficient.

The actual pressure proportional valve orifice is not smooth; it causes the flow loss of the
convective gas [37]. Therefore, the actual flow quality is less than the theoretical value of the formula,
in order to further improve the flow quality it needs the following formula:

m = Cy - 11 4)

The experimental results showed that the flow coefficient C; in different types of orifice is different.
Perry [37] further suggested that the flow coefficient C; in the orifice is related to the upstream and
downstream pressure ratio, and established the corresponding relation. Reid [38] and Fleischer [39]
established the relationship between the flow coefficient and the orifice geometry. The empirical
formula of flow coefficient C; and upstream and downstream pressure ratio is given by Mozer [40].
In addition, some scholars further standardized the calculation of C; based on the empirical formula
of Mozer.

For the study of gas in the cavity of thermodynamics, both domestic and foreign scholars
all referred to the ideal gas state equation, the mass continuity equation, and the first law of
thermodynamics. The differential equations of pressure and temperature are established, and then the
differential equation is simplified. Massimo Sorli [14] calculated the gas in the cavity, and the variation
law of pressure in the cavity is given by using the ideal gas state equation. According to the law of
adiabatic change, the change of pressure and temperature of the gas in the cavity is obtained according
to the change rule in research on Nabi [41]. Cai thought that the heat exchange between the gas and
the inner wall of the cavity could be deduced from the energy equation. Richer [38] thought that the
gas’s physical changes of entering and leaving the gas chamber are different. It is suggested that when
the gas enters the gas chamber, the adiabatic process can be used to estimate the gas. But when the gas
flows out of the chamber, it is isothermal.

4. Proportional Controller

4.1. Research on Proportional Controller

Proportional controller and proportional solenoid actuator cooperate with each other to convert
the electrical signal (voltage and current) into force proportional to the displacement of the physical
output, and their performance often depends on the level of them. The proportional controller is
the key of the whole conversion element, which has attracted much attention in both domestic and
abroad researches.

The earliest research on proportional controller is developed in Europe and the United States,
and other hydraulic components companies, including Moog, Towler, Vickers, as well as Japan’s oil
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research company. With the development of pneumatic technology, some pneumatic components
manufacturers such as ASCO, SMC, FESTO, etc., also joined the ranks of the proportional controller.
Figure 7a is a Control D type proportional NUMATICS’s controller that comprises a power unit, signal
processing unit, and a main control unit, according to the input coil current in proportional valve
control. It can also be connected to the PC through the mini USB, to support open-loop control, single
closed-loop control, and double closed-loop control mode, as shown in Figure 7b.
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Figure 7. NUMATICS D Control proportional controller. (a) Control type proportional controller;
(b) Schematic diagram of control mode.

In the research of component level controller, the power drive circuit is the main research object.
The performance of the simulation is poor, the power is low, and it is not easy to integrate. The switch
has many advantages, such as high efficiency, small size, and low power consumption.

Figure 8 is the topology of the common high side single tube drive circuit. Liu [42,43]
wanted to improve the performance of a single drive circuit based on the structure of the proposed
“anti-unloading structure”. As shown in Figure 9, the improved structure and the current drop speed
are obvious, but it consumes more power. Nie [44] further improved the anti-unloading structure,
including the proposed three state modulation proportional electromagnet power anti-unloading
mode, the driver, and the realization of arbitrary current control and tracking, which has made great
progress. Rexroth proposed the “supercharged driven” method, in which when the current rises,
it provides the voltage booster circuit, making the current rapidly rise and improving the driving
circuit and the frequency of response. Amirante [45] used the method of “boost drive” in the control
of proportional directional valve and put forward the method of increasing current drive, which
improved the response time of the control circuit.
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Figure 8. High side single tube driving circuit.
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Figure 9. Anti unloading driving structure.

With the development of electronic technology, the integration of the proportional controller is
increasing. In addition to the proportional control circuit, there are many independent modules in
the control chip, with the advantages of high integration, low cost, and high performance. Figure 10
represents the design of Infineon R & D of proportional solenoid driver chip, which contains the driver
transistor, the transistor, and the current recovery resistor. It is composed of a current detection circuit,
power driver circuit, and chatter generation circuit with the purpose of realizing the closed-loop
control of the coil current. The principle of the control is to adjust the switch of the power tube by
dynamic adjustment, so that the coil current reaches the set value. It is widely used in the middle
precision proportional control.
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Figure 10. Infineon Company’s proportional solenoid drive chip. (a) Driver chip; (b) Schematic
diagram of current control.

When compared with the design of system level and component level proportional controller
proportional controller, the former one more focuses on the overall performance of stability, reliability,
and universality, and it is the component proportion controller after a certain stage of development of
the new design idea. The latter satisfies the reliability level of the proportional controller. As far as the
domestic research design is concerned, there are a number of universities and research institutes in
China that are only in the experimental stage.

4.2. Research on Control Strategy

The control strategy determines the performance of the pneumatic pressure proportional valve to
a great extent, and in the choice of control strategy, it needs to be combined with various components
of the function to give full play to the performance of various components. Effective control strategy is
the principle in designing the proportional valve. According to proportional pressure relief valve with
no pressure electrical feedback, pneumatic pressure proportional valve can be divided into closed-loop
control and open-loop control. While the control modes can be divided into sliding mode control and
adaptive control.



Appl. Sci. 2017, 7,1074 100f 16

The current control of solenoid coil is the key of open-loop control design. In the early stage,
the coil current is controlled by the P or PI circuit, but it has many disadvantages like poor flexibility
and a complicated operation process. Subsequently, the digital controller has been widely used and
the coil current control is generally controlled by Proportion Integration Differentiation (PID). Many
foreign and domestic scholars have conducted a research on how to improve the accuracy of current
control. Ally [46] and Liu [47] studied the control system and since the effect of controller depends
on the exact mathematical model of the controlled system, the adaptive parameter method, based
on Lyapunov analysis, can compensate the uncertainty of system parameters. Lee, S.R. [48,49] used
the least square method to identify the system in real time. Based on this, the controller is designed
according to the pole placement.

Based on the embedded model control theory, the embedded model is established in Canuto’s
control system [50]. The utility model achieved the purpose of suppressing the disturbance of the
current value and the voltage value of the coil, and realized the accurate control. The control strategies
are based on the comparison between the current and the current in the coil. But in fact, the increase
in the coil temperature leads to changes in coil resistance and furthers the instability of the current
in the coil, therefore, some scholars think from the perspective of how to keep the coil resistance
constant. Based on the iterative method derived from the fixed point theory, Jung [51,52] estimated the
parameters of the coil resistance. Furthermore, the current value of the coil keeps a linear relationship
with the duty cycle of the Pulse Width Modulation (PWM) drive signal. Lannone [53] proposed a
hardware compensation scheme of coil resistance, the resistance increase of auxiliary circuit real-time
measurement coil values, the measured resistance value, and the duty ratio of PWM signal can
fix coil working state of the look-up table operation. These methods could effectively improve the
control accuracy.

The nonlinear problem in the control of pneumatic pressure proportional valve is caused by the
compressibility of the working medium of the gas, and is how to obtain the high precision control.
The domestic and foreign famous companies are solved by the closed loop control. PID control is
the main control strategy, and the conventional PID control has poor adaptability and low flexibility
so it is necessary to improve the PID control. Hamdan [54] believed that the nonlinear problems in
the proportional valve have hysteretic characteristics, therefore, they put forward the control strategy
of conventional PID, Anti-windup, Bang-bang, and feed forward variable gain control combination,
as shown in Figure 11. When compared with the conventional PID control, the control effect of this
control strategy is improved obviously, but there still exist many problems such as overshoot and the
lack of accuracy.
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Figure 11. ModifiedProportion Integration Differentiation (MPID) control strategy of Hamdan.
(a) Schematic diagram of control strategy; (b) Comparison of conventional PID and MPID.
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Wu [55] adopted a generalized predictive control that considered the influence of the change
of system stiffness and the setting value, and compensated for the high nonlinearity of the system.
As compared with the PID control, the performance of the system using generalized predictive control
is improved significantly and the robustness is stronger. Li [56] put forward a variable gain neuron
adaptive PID controller to realize the real-time control of piston displacement and the valve controlled
cylinder pneumatic position servo control system. This method does not require the accurate modeling
of the system. The controller has a simple structure, convenient design, and steady performance.

PWM has been successfully applied to pneumatic switch control [57-59], and has become the
most extensive and effective control method, and it can improve the regulating precision of the
regulating valve and reduce the power consumption. After turning on the solenoid valve, the circuit
is switched to PWM operation at once. The frequency of the PWM pulse is much larger than the
response frequency of the solenoid valve, so the time of the pulse flow on the coil is averaged to form
a sustainable current. The PWM drive mode also has the advantages of simple circuit structure, small
size, and low energy consumption, but the problem of slow opening and closing time of the pilot valve
is widespread [60-62]. In recent years, with the development of integrated circuits, insulated gate
bipolar transistors (IGBT) have gradually replaced Metal-Oxide-Semiconductor Field-Effect Transistor
(MOSFET) and Bipolar junction transistor (BJT) devices in PWM drive control of switching valves [63].

By measuring the input and output information, the adaptive control can adjust the air quantity
according to the dynamic characteristics of the controlled object and the system error, which means to
adjust the motion law of the controller so that the control performance of the system can be maintain
to optimally [64]. Wang [65] controlled the pressure in the gas tank, and established the three-order
controlled auto-regressive moving average model. For the state variables in the model and the
parameters of the model, Wang used the Calman filtering method and the recursive least squares
algorithm with a recursive factor.

In order to make the model more universal, Wang has also designed a linear two-time self-tuning
pressure regulator, which has a better pressure control effect. In order to reduce the overshoot of the
system and improve the precision of the system, Pipat Chaewieang [66] designed a generalized
predictive control method to control the load pressure, and Wang also used a similar solution
in the calculation process to achieve the desired objectives. Steven Lambeck [67] presented an
exact linearization control method for the nonlinear dynamic model based on pneumatic pressure
proportional valve. It can adapt great to the volume of gas in the valve chamber, which improves the
output linearity of the pneumatic pressure proportional valve.

The influence of friction force on the pressure pneumatic pressure proportional valve control
system is nonlinear. Regarding the study of friction, the general approach is to compensate the friction
force, especially in the spool type pressure pneumatic pressure proportional valve. The influence
of the uncertainty of the large friction parameters on the nonlinear robust control has been studied
by Shen [68], and the corresponding control method has been proposed. In the Arkan’s [69] study
of friction compensation, in order to realize a better linearity in the input and output, the discrete
filtering method is used and the Luenberger observer is used to realize the accurate displacement
observation, so as to compensate the influence of the friction force on the control system. Tore [70]
analyzed the motion of the valve core, including the amplitude, pulse width, and the fundamental
frequency, and put forward a reasonable superposition of the flutter signal that can be compensated for
the impact of friction on the control system. Except for the compensating friction, there are other ways
to reduce friction. For example, the air bearing has the advantages such as clean, small friction, and etc.
Kayihan [69] used air bearing to reduce the friction of spool movement. However, it is complex and
costly to apply the air bearing pressure pneumatic pressure proportional valve structure.

5. Conclusions

As the people’s awareness of environmental protection has enhanced, green clean energy is
developing rapidly. Compressed air has the unique advantages regarding the energy storage and
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transmission. It has been widely favored, and pneumatic components have also been developed
rapidly. For electric proportional valve pressure, to complete the precise regulation is no longer the
only goal, it aims to achieve the electrical integration and integration of the development direction
of the composite. “PLC + sensor + pneumatic components” has become a typical control system.
The pneumatic components or mechanisms with different functions form new integrated components
or mechanisms with additional functions are to make them composite and integrated. Composite
integration can shorten the design cycle, reduce wiring, piping, and components, while reducing the
impact and debugging time, thus improving work efficiency has become the development trend of
electric proportional valves.

High-pressure can improve the dynamic characteristics, the hardness, and the response speed of
the pneumatic system, and also realize the miniaturization and high speed of pneumatic components.
With the maturation of compressed gases, especially energy density devices, such as new fuel
cell vehicles, can effectively solve these problems, such as stringent energy storage, volume ratio,
and high-pressure. In addition, the pressure reduction can also reduce the volume of the actuating
element, and the corresponding auxiliary elements such as filters and electromagnetic valves. Pressure
reducing valves are correspondingly reduced in size. Thus, the cost, installation space, and resources
are also reduced. In the future, the development of high-pressure pneumatic components, energy
saving and safety research of components and systems will be the main research field of the electrical
pneumatic pressure proportional valve.

Moreover, regarding the research and application of the electric-pneumatic pressure proportional
valves, it is necessary to meet the following requirements:

5.1. Oil-Free

The mechanical components in the pneumatic system need to be lubricated so that the oil sprayer
in the system is indispensable. In the pneumatic system, there is no return pipeline for oil mist recovery,
and the exhaust gas causes pollution to the environment. The development of the non-oil system is
required in the development of the electric-pneumatic pressure proportional valves. With the extensive
research of self-lubrication special material and gas film lubrication, its unique lubricity can be applied
to an oil-free system, which provides the idea for oil-free system [71-76].

5.2. Miniaturization and Light-Weight

With the miniaturization of mechanical components and mechanical devices, the miniaturization
of pneumatic components, pneumatic auxiliary components, and control elements is becoming much
higher. The miniaturization and light-weight of pneumatic components consume less energy and cost,
and can thus reduce the overall cost of the system. At present, most of the components are made of
aluminum alloy and new plastic materials and they are made of ultra-thin, ultra short, and ultra-small
parts. But as the demand of miniaturization keeps growing, it is necessary to explore new methods of
miniaturization design.

5.3. Energy Saving

The manufacturing industry in all countries focuses on energy saving. While the energy saving of
pneumatic technology can be carried out in two ways: reducing the consumption of gas and reducing
the power of the system. Reducing power consumption as an important aspect of energy saving aims
to develop a variety of small power solenoid valves and the power of less than 2 W solenoid valve is
popular. Reducing the gas consumption aims to reduce the power consumption of the compressor
thus to achieve the effect of saving energy.
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