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Abstract:

To improve energy density, the transportation, storage, and operations of hydrogen, methane, and compressed air vehicles currently
require high-pressure compression. High-pressure solenoid valve becomes the vital element to above system. In order to reduce
leakage and aerodynamic force influence, a new type high-pressure solenoid valve was proposed. The simulation model which included
electromagnetic model, aerodynamic force model was established by means of the nonlinear mathematic models. Using the software
MATLAB/Simulink for simulation, the dynamic response characteristics of high-pressure pneumatic solenoid valve were obtained
under different pulse width modulation (PWM) input control signals. Results show that, first of all, the new type of high-pressure
solenoid valve can meet the switch requirement. Secondly, the opening movement and closing movement of the spool lags the PWM
rising signal, and the coil current fluctuates significantly during the movement of the spool. Lastly, on/off status of high-pressure valve
cannot be represented by the duty cycle. This research can be referred in the design of the high-pressure solenoid valve..
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was proposed. The simulation model which included
electromagnetic model, aerodynamic force model was
established by means of the nonlinear mathematic models.
Using the software MATLAB/Simulink for simulation,
the dynamic response characteristics of high-pressure
pneumatic solenoid valve were obtained under different
pulse width modulation (PWM) input control signals. This
research can be referred in the design of the high-pressure

1 Introduction

To improve energy density, the transportation, storage,
and operations of hydrogen, methane, and compressed air
vehicles currently require high-pressure compression. The
use of electronic control technology is a major direction
for the development of above systems. To gas distribution
system, the high-pressure solenoid valve is the vital part.

The control performance of the gas distribution system is
mainly determined by the applied high-pressure solenoid
valve. Its dynamic response characteristics directly affect
the efficiency and reliability of the system.

Normally, the electromagnetic switch valve is used
as the pilot valve of the control stage 1", which is directly
controlled by the pulse width modulation (PWM) method
and the output pulse flow rate is the control variable of
the power level pilot valve. Most researches are based on
simulation under the no-load condition of the solenoid
valve 22, and the pressure characteristics of the fluid is
neglected. In order to reduce leakage and aerodynamic
force influence, a new type high-pressure solenoid valve

solenoid valve.

2 Working principle of high-pressure solenoid
valve

To reduce leakage and aerodynamic force influence,
the main structure consists two parts: one is pressure
compensated which is adopted slide valve mechanism; the
other is seal which is adopted poppet valve mechanism
which has good sealing performance. Figure 1 is the
structural schematic diagram of the force balanced high
pressure solenoid valve which was used in high pressure
pneumatic engine.
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Figure 1 The structure of high-pressure solenoid valve

The valve working process can be divided into the
following two stages:

2.1 Opening phase

According to the requirements of gas distribution control,
the electronic control unit sends control pulses to the
drive module of the solenoid valve at a specific time. The
drive module provides a high peak drive voltage, and the
solenoid valve generates an electromagnetic force on the
spool. When the electromagnetic force is greater than the
preload of the return spring, the spool moves upward to
quickly open the valve.

2.2 Closing phase

When the control pulse is terminated, the driving voltage
is cut off, and the solenoid valve is de-energized, the
electromagnetic force quickly disappears. Under the action
of the return spring, the spool moves downward until the
solenoid valve is completely closed.

The high-pressure solenoid valve used in the
pneumatic engine gas distribution system should have
good fast response performance, the main reasons are the
following aspects:

(1) The rapid opening of the solenoid valve is
conducive to ensuring the accurate timing of the valve and
the rapid formation of high pressure; the quick closing
of valve is helpful to ensure the quick cutting off of high-
pressure gas. The slow opening of the valve makes the high-
pressure gas entering the pneumatic engine unable to be
distributed according to the predetermined control law,
thus greatly reducing the economy and efficiency of the
pneumatic engine.

(2) The response time of the closing process and
opening process of the solenoid valve has a great influence
on the air distribution of the pneumatic engine. Especially
when the air supply pressure is high and the engine's
angular speed is very fast, in order to obtain stable output
power, the response time of the solenoid valve should be
appropriately short.

From the above analysis, it can be seen that shortening
the response time of the closing and opening process of the
solenoid valve is the key to achieving good performance
of the electronically controlled gas distribution system, and

also the key to improving the comprehensive performance
of the pneumatic engine.

3 Theoretical analysis of driving characteristics
of high-pressure solenoid valve

The flow of gas in a valve is a thermodynamic process of a
complex open system. To simplify the model, the following
assumptions were made 4

(1) Pressure fields and velocity fields in chambers are
homogenous;

(2) Leakage and pressure loss are ignored;

(3) The working medium is an ideal air that followed
the equation of an ideal air state;

(4) Impact contact influence is ignored.

3.1 Electromagnetic characteristic equation of solenoid
valve

The working process of the solenoid valve is simplified into
the electromagnetic circuit equation and the equation of
motion 1,

In general, the inductance of the electromagnet can be
expressed by equation (1):

[=HmD* NI,
4, (l,—x)+rD (1

where y is the vacuum permeability, D is armature
diameter, N is coil turns, [ is the length of valve spool
armature, r is the average width of the working air gap, /,
is the maximum length of the working air gap, x is spool
displacement.

The derivative of equation (1) is obtained:

dL _4u,nD*N*I?
dx [41, (1, —x)+ rD]2 )

Using the principle of virtual displacement and setting
the amount of change in the air gap of the electromagnet,
the mechanical work done by electromagnetic force can be
obtained. The mechanical work is equal to the change of the
total magnetic energy of the system. According to equation
(3), the electromagnetic force can be obtained as shown in
equation (4):

— —_1/2
Fdv=dW = V)i*dL )
F = ll'z dL

2 dx (4)

where dx is the amount of change in the air gap of the
electromagnet, Fdx is mechanical work, dW is the change
in total magnetic energy, i is the current in the solenoid
coil.

The current in the solenoid valve coil can be obtained
by equation (5):
V.=iR+L dai + id—L
dt dt Q)

where V_is the coil excitation voltage, R is resistance
of the coil, ¢ is time.

Before the armature is moved, dL/dt=0; once the
armature is attracted, the kinematic counter electromotive
force will be generated. At this time, the spool motion



voltage equation is as follows:
dL dL

e=i—=vi—
t dx (6)
where v is the movement speed of the spool.

3.2 Dynamic equation of solenoid valve

The equation of motion of the solenoid valve can be
expressed as follows:
F —kx,—kx-bx-F, =ma )
where a is motion acceleration, F s electromagnetic
force of the solenoid valve, ks is stiﬁ%ess of the return
spring, x, is initial pretension length of the return spring,
b, is the viscosity coefficient of air, F, is the aerodynamic
force suffered by the spool, m is spool mass.

As can be seen from equation (7), in the opening
process of the solenoid valve, in order to shorten the
response time, it is expected that the electromagnetic force
will increase, and the air force on the valve core, the return
spring force, and the mass of the valve core will decrease. In
the closing process, in order to shorten the response time,
it is hoped that the solenoid valve acting force will quickly
reduce to zero, the return spring acting force will increase,
the aerodynamic force of the valve core will increase, the
gas resistance will decrease, and the quality of the valve
core will decrease.

3.3 Aerodynamic equation of solenoid valve
spool
From the spool structure shown in Figure 1, the principle

diagram of the mechanism can be obtained as shown in
Figure 2:
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Figure 2 The schematic structure of the poppet valve

The aerodynamic force received by the spool can
be derived from Euler's law of momentum, as shown in
Equation 8 below:

F, = —%UV pfth}— Lﬁ( pudd, ) "

where V is volume of the control body formed by the
inner cavity of the valve core, p is gas density, 7 is gas flow
rate, A is equivalent cross-sectional area of the flow cross-
section.

The above formula is mainly composed of two parts,
among which the first term on the right represents the
transient aerodynamic force required for the valve core
inner chamber to control the gas in the body to accelerate
(or decelerate), the second term represents the steady-
state aerodynamic force caused by the different velocities
of the gas at different positions. Because the transient
aerodynamic force of the spool is mainly caused by the
speed change of the spool, and the air gap of the spool
of the switching valve is very short, the maximum speed
that the spool can reach is limited, so the influence of the
transient aerodynamic force is ignored here.

Finally, the aerodynamic force experienced by the

spool can be expressed as:
D
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where p, is pressure of the intake, p_ is pressure of
the exhaust, x is distance the spool moves, « is half the cone
angle of the cone valve, 7 is dynamic viscosity of a gas, R,
is gas constant, T is temperature of the environment, ¢, is
speed factor, p is velocity distribution at the orifice, g, is the
mass flow of gas through the orifice, p is average density of
the gas in the valve. The remaining structural parameters
can be seen in Figure 2.

Considering the continuity characteristics of
aerodynamic force, assuming that the steady-state
aerodynamic force maintains a linear relationship with
its opening within the spool action range, so a correction
coefficient is introduced in this way, and the above
aerodynamic force is corrected as:

ko,x
F, :(kfl+ f% jFﬂu
" (14)

Consider theboundary conditions when the correction
coeflicient is satisfied: when the opening and closing of the
valve is x>0, F = k,F = F, so take k,=1; When the opening
degree of the on-off valve is the maximum value, F =
(1+k,)F,, in this paper, the empirical value k=1.15 is used.
In this way, the aerodynamic force of the solenoid valve can
be obtained.

From the above analysis, the block diagram of the
nonlinear model of the spool can be obtained as follows:
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Figure 3 Non-linear model of the solenoid valve spool

4 Dynamic characteristics simulation analysis

The high-pressure solenoid valve performs "on" and "off"
actions according to the PWM control electrical signal.
It can be seen that the flow rate of the on-oft valve is
proportional to the duty cycle (7 = pulse width / pulse

PWM/null

period) of the input voltage signal. The larger the duty cycle,
the greater the corresponding control flow rate. Therefore,
to study the dynamic performance of the electromagnetic
switch valve, it is necessary to simulate the movement of
the spool under the PWM control signals of different duty
cycles. In this study, the step signal is used to excite the
PWM signal module. The PWM signal controls the on and
off of the electromagnetic switch valve.

In this study, the simulation parameters were set
to 3MPa gas pressure, PWM signal frequency 20Hz, and
PWM signal duty cycle 7 were 0.25, 0.5, 0.75, respectively.
The relationship between the PWM signal of the switching
valve, the coil current i of the electromagnet, and the
displacement S of the valve core is shown in Figures 4-6.
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Figure 4 The solenoid valve PWM signal, coil current and spool displacement curve (t=0.25)
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Figure 5 The solenoid valve PWM signal, coil current and spool displacement curve (1=0.5)
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Figure 6 The solenoid valve PWM signal, coil current and spool displacement curve (1=0.75)



By analyzing the relationship between the PWM
signal with different duty cycles, coil current, and spool
displacement in Figure 4-6, the following conclusions can
be drawn:

(1) The spool opening movement lags the PWM rising
signal, and the coil current fluctuates significantly during
the movement of the spool. The reason is that when PWM
input high level, the coil is connected to the power supply
voltage, where the current gradually increases from zero, and
the law of magnetic flux growth is the same as the current.
When the current increases so that the electromagnetic
attraction generated is sufficient to move the armature, the
armature begins to move. After the armature moves, the
air gap decreases, the magnetic resistance in the air gap
changes, and the coil inductance changes, causing a small
back electromotive force, which reduces the coil current.
This caused the coil current to fluctuate.

(2) The spool closing movement also lags the PWM
falling signal, and the coil current fluctuates significantly
during the spool movement. The reason is when PWM
input low level, the excitation in the coil is lost, and the
magnetic flux begins to decay. Due to the induced potential
and the eddy current in the iron core, the electromagnetic
attraction is gradually reduced. When the suction force is
not enough to hold the armature, the armature starts to
release, the air gap increases, the magnetic resistance in the
air gap changes, and the coil inductance changes, causing
a small positive potential to increase the coil current. This
causes the coil current to fluctuate when the spool is closed.

(3) When other parameters are unchanged, the
relationship between the duty cycle of the PWM signal,
the coil current and the displacement of the spool has
the following rules: with the decrease of 7, the duration
of the high level of the PWM input signal shortens, and
the coil the maximum value that the current can reach is
decreasing. When 7 is reduced to a certain value, the force
of the electromagnet is not enough to move the armature
then the spool cannot be opened. At this time, the solenoid
valve will be in a normally closed state, and the PWM
signal cannot be play a controlling role; with the increase of
7, the high level duration of PWM input signal is extended.
When the low level of PWM signal is not enough to close
the valve core, the coil current will start to increase. The
valve core cannot be closed, and the PWM signal cannot
play a control role at this time.

5 Conclusion

Through the above research on the dynamic characteristics
of the solenoid valve and the simulation results, the
following conclusions can be drawn:

(1) Since the presence of the high-speed switching
valve induced current causes the opening and closing of the
spool to lag behind the PWM control signal, the duty ratio
7 cannot be completely changed arbitrarily.

(2) Due to the time delay, the duty cycle cannot fully
represent the switching state of the spool.

In summary, the combination of MATLAB / Simulink
can better complete the simulation analysis of the modeling

process of pneumatic high-pressure high-frequency
solenoid valves. Provide a basis for the control efficiency
and control accuracy of high-pressure high-frequency
pneumatic solenoid valves.
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