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The piezoelectric high-speed on/off valve (PHSV) encounters two primary challenges under high-frequency pulse
width modulation (PWM) driving conditions: electromagnetic noise resulting from the high-frequency charging
and discharging of piezoelectric materials, and mechanical noise arising from the rapid, high-frequency impact
between the valve spool and the valve seat. In order to solve this problem, this study proposes a vibration and
noise reduction pulse width modulation (VNR-PWM) strategy based on second-order S-curve, aiming at realizing
the soft-start and soft landing of the spool by optimizing the variation rules of the rising and falling curves in the
PWM excitation voltage signal of the PHSV. The optimal parameter combinations of delay time Ty and accel-
eration time t,c in the VNR-PWM strategy are determined through simulation analysis. A prototype was
developed, and the valve spool displacement, vibration noise and vibration acceleration experiments are carried
out on the experimental platform to verify the performance of the VNR-PWM strategy. The vibration and noise
experiments show that the opening and closing noise of the high-speed on/off valve is 70 dB and 80 dB
respectively under the 0.25 Hz and 200 Hz VNR-PWM driving strategies. Compared with the traditional PWM
driving strategy, the opening and closing noise is reduced by 12.5% and 16.3%, respectively. The acceleration
test of the valve block shows that under the VNR-PWM drive strategy, the vibration acceleration of the valve
block is reduced from 1130 m/s? to 265 m/s> (closing process) and 570 m/s? to 170 m/s> (opening process), with

a decrease of about 76.5% and 70.2%.

1. Introduction

As the key core component of digital hydraulic technology, the dy-
namic characteristics of high-speed on/off valve have a direct impact on
the performance of digital hydraulic components and even the whole
system [1-3]. In order to achieve high flow resolution, zero leakage and
wide duty cycle, both academia and industry research has focused on
improving the dynamic response speed of high-speed on/off valve,
particularly those employing ball and conical spool designs [4-6].
However, as the dynamic response speed of high-speed on/off valve
increases, it inevitably results in high-frequency opening and closing of
the valve spool, causing it to strike the valve seat at extremely high
speeds. This leads to high-frequency impact noise and accelerates metal
fatigue wear. This not only compromises the comfort of the working
environment but also directly impacts the flow coefficient of the valve
port and leakage characteristics, significantly shortening the service life
of the high-speed on/off valve [7]. This contradicts the current trend
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toward developing hydraulic components with longer lifespans and
higher reliability. Therefore, it is of great significance to study the vi-
bration and noise reduction methods of the high-speed on/off valve.

In the research of vibration and noise reduction driving methods,
some foreign scholars have achieved shock absorption and noise
reduction through structural optimization. Amini et al.proposed a new
configuration of a 60° conical spool and a rear seat gas pressure reducing
valve, which reduced the noise by 12 dB [8]. Youn C.developed a
pressure reducing valve with a radial slit throttling structure, and the
experimental results show that the noise level is reduced by about 40 dB
[9]. Borg et al. proposed an injector mount installation scheme, which
reduced the noise of each characteristic frequency band of the gasoline
direct injection system by 2 to 6 dB [10]. Lilia Badykova et al. installed a
muffler at the outlet of the pressure reducing valve to reduce the
working noise [11].

On the other hand, a large number of foreign scholars have achieved
shock absorption and noise reduction through control strategies.
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Peterson et al. proposed an extreme value optimization controller based
on the theory of impact sound intensity [12]. The controller employed
the eddy current sensor to collect the displacement signal of the solenoid
valve in real time. A velocity closed-loop control system was proposed,
successfully achieving optimized control over the landing speed of the
valve spool. Reuter et al. realized the smooth contact control of the spool
trajectory by using the backstepping control strategy [13]. Tsai et al.
proposed a adaptive feedforward approximation algorithm, which has
good soft landing optimization ability, strong anti-disturbance robust-
ness and high computational efficiency [14]. Gliick et al. designed a
feedforward controller for the oft landing time optimization problem of
fast switching solenoid valve, and experimentally validated the feasi-
bility of the algorithm. [15]. Bernardo et al. proposed a force control
algorithm combining feedforward and feedback sliding mode for the
soft-landing control problem of the dual-magnet solenoid valve [16].
The simulation results show that the proposed control method still has
good soft-landing effect under the condition of external force distur-
bance and friction change. Mercorelli et al. used the coil current signal to
estimate the valve speed, and adopted the control strategy of PID
controller combined with feedforward controller to compensate the
fixed error, which realized the effective control of the valve speed [17].

At the same time, many Chinese scholars have made significant
progress in the research of vibration and noise reduction driving stra-
tegies. Li et al. proposed a variable structure sliding mode PID control
strategy to solve the challenges of parameter uncertainty and strong
interference, and realized the soft-landing control of solenoid valve
[18]. Huang et al. proposed a staged control strategy to mitigate the
impact of engine solenoid valve opening and closing shocks: open-loop
control was used during the initial and early transitional phases of the
process, while a linear quadratic regulator (LQR) method was switched
to in the later motion stages to precisely control the seating speed [19].
Deng et al. proposed an observer-based feedback control system to
improve the service life of high-speed dot-matrix pulse jet generator.
This control strategy achieves precise trajectory tracking of high-speed
dot-ma trix pulse jet generator without a sensor, effectively reducing
the impact velocity and vibration noise of the valve spool and valve seat
[20]. In addition, Zhu et al. proposed a two-layer control strategy
composed of a semi-active controller in the inner layer and a linear
quadratic regulator integrated in the outer layer to realize the
soft-landing control of the solenoid valve. The experimental results show
that the contact speed of the spool is reduced by 75.8 % and the height of
spring back is reduced by 80 % [21]. In addition, the generation
mechanism of high-speed on/off valve noise is studied in depth. Huang
Hui et al.analyzed the motion characteristics of high-speed on/off valves
under the action of electro-magnetic-fluid-solid coupling, and found that
under 3Mpa, mechanical noise was the dominant. When it is greater
than 3Mpa, fluid noise plays a leading role [22-24]. Huang Qiufang
explored the influence of driving parameters of high-speed on/off valve
on vibration and noise. The experimental results show that the lower the
driving frequency and the larger the duty cycle, the more serious the
vibration noise of the high-speed on/off valve [25].

In summary, there are few studies on vibration reduction and noise
control strategies for high-speed on/off valves. Furthermore, existing
control strategies for hydraulic valves heavily rely on displacement
sensors or highly realistic simulation models to achieve precise identi-
fication of spool displacement states. These approaches impose stringent
requirements on installation space and model accuracy. Moreover, Most
existing research employ complex control algorithms to achieve spool
vibration and noise reduction, demanding higher computational capa-
bilities from hardware. In view of the above problems, this study aims to
explore and propose a vibration and noise reduction control strategy
that is widely applicable and consumes minimal computational re-
sources, without relying on displacement sensors or highly realistic
simulation models.

The manuscript focuses on the piezoelectric high speed on/off valve
(PHSV), a PWM drive strategy for vibration and noise reduction based
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on the second-order S-shaped curve is proposed to achieve vibration and
noise reduction. First, the structure, operating principle, and mechanism
of the vibration and noise reduction drive strategy for PHSVs are
analyzed. Then, through theoretical modeling and simulation analysis,
the impact of key structural parameters in vibration and noise reduction
control strategies on the dynamic characteristics of the piezoelectric
high speed on/off valve. Based on this, the optimal key structural pa-
rameters are determined. Finally, a test bench is built to experimentally
verify the effectiveness of the proposed vibration and noise reduction
drive strategy. These research results provide new ideas for improving
the service life and reliability of high speed on/off valves.

2. The structure and working principle

The structure and key components of the piezoelectric high speed
on/off valve are shown in Fig. 1. It can be seen that the piezoelectric
high speed on/off valve is mainly composed of cover, anti-torsion
gasket, shell, ring/square piezoelectric, disc spring, adjusting screw,
push rod, valve body and spool. In this study, the radial stack axial
nested new structure is innovatively introduced into the electro-
mechanical converter, and the superposition of the output displace-
ment of the square and ring piezoelectricity is realized by the sleeve. It
has the advantages of high frequency response, large output force and
large output displacement, which meets the application requirements of
high-speed on/off valve electro-mechanical converter. In addition, the
spool is designed with a cone-slide valve structure, ensuring zero
leakage and excellent pressure resistance of the PHSV.

The piezoelectric high speed on/off valve has two working modes:
opening mode and closing mode. In the open mode, the piezoelectric
stack is excited by the driving voltage to generate output displacement
and output force. When the output force is able to overcome the spring
force of the preloaded and reset disc springs as well as the obstruction
force during the spool movement, the spool moves under the action of
the output lever, allowing the inlet P to communicate with the outlet A,
and the hydraulic fluid to flow through the cone-slip spool. On the
contrary, the piezoelectric stack is not excited by the voltage in the
closed mode, and the cone-slide valve spool is closely attached to the
throttle valve seat under the combined action of the spring force of the
preloaded disc spring and the reset disc spring. The inlet P and outlet A
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Fig. 1. Structure and key components of piezoelectric high speed on/off.
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are effectively isolated, preventing hydraulic fluid from passing through
the cone-slide valve.

3. Mathematical modeling
3.1. Piegoelectric stack motor converter

As shown in Fig. 2, the relationship curve between the output
displacement and the output force of the piezoelectric stack motor
converter under different supply voltages is described. This curve re-
flects the most critical output characteristic of the piezoelectric stack
motor converter, namely, the correlation between the output displace-
ment and the output force.

As shown in Fig. 2, there is a distinct linear correlation between the
output force and the output displacement of the piezoelectric stack
under different driving voltages. The relationship between the effective
output force F; and the output displacement Xx;, of the piezoelectric stack
motor converter can be mathematically represented as:

1
Fpi — Fpo = (§m1 + mz)xl" +c3 X
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where K7y is the stiffness of the ring piezoelectric stack, n, is the number
of ring piezoelectric stack.

The square piezoelectric output force Fy, excitation voltage U and
output displacement x5 can be expressed as:

Fpo = Kndss U — Kroxo (C))

where K7y is the stiffness of the ring piezoelectric stack, n, is the number
of square piezoelectric stack.

3.2. Dynamics modeling

According to the structure and working principle of the PHSV, the
dynamic diagram of the PHSV is shown in Fig. 3. In the study, the elastic
deformation is neglected because the spring stiffness of the sleeve, the
output rod and the valve spool is much larger than that of the preloaded
disc spring and the reset spring. According to Fig. 3, the dynamic
mathematical model of the PHSV can be expressed as:

)

1 . p
Fpo —F,—F = (—m3 +my +m5)(x1 +X2)" + (1 +c2)(x1 +x2) + (ki +ka)(x1 +x2)

3

Fp = KTTld33U — KTxp (1)

in which n is the number of stacks, dss is the piezoelectric coefficient,
and U is the driving voltage, and Kr is the stiffness of the piezoelectric
stack, which can be calculated by the following formula:

_EAp

K
T L,

(2)

Which E,, is the stiffness of the piezoelectric stack, A, is the cross-
sectional area of the stack material, and L, is the total length of the
piezoelectric stack.

Therefore, the output force F,;, excitation voltage U and output
displacement x; of the ring piezoelectric stack can be expressed as:

Fy1 =KpnedssU — Kpxy 3)

— Fhox: Blocking force

150V

\% N
Xfree:

90
: Nominal displacement
30V \\L_>

Output displacement xy/um

Effective output force F/N

Fig. 2. Force-displacement output of piezoelectric stack motor converter under
different supply voltage(Fpjock: blocking force, Xgee: nominal displacement).

where x; is the output displacement of ring piezoelectric, x5 is the output
displacement of square piezoelectric, Fp is the ring piezoelectric effec-
tive output force, F3 is the effective output force of square piezoelectric,
Fs and F; are the steady-state and transient hydrodynamic forces of the
valve spool, m; is the mass of ring piezoelectric, my is the mass of sleeve,
mg is the mass of square piezoelectric, my is the mass of output rod, ms is
the mass of valve spool, k; is the stiffness of the preloaded disc spring, ks
is the stiffness of the reset disc spring, c1, ¢ and c3 are the kinematic
viscous damping coefficients of the output rod, valve spool and sleeve,
respectively.

3.3. Flow force of the spool

The spool of the PHSV is a cone-slide valve structure, where the slide
valve structure serves to balance hydraulic pressure and provide guid-
ance. The cone valve structure is responsible for controlling the fluid
flow, and a schematic of the cone valve structure is shown in Fig. 4.

The flow area A, of the cone valve can be expressed as:

A, =mx,, sin a(ds — x, sin a cos a) (6)

Ring Square
piezoelectric Sleeve piezoelectricity ~Pushrod — spool

K>

_Fs
Ft

Fo xi

Fr xitx2

Fig. 3. Force balance diagram of PHSV.



L. Liet al

Fig. 4. Schematic diagram of the valve spool structure.

where Xx;, is the cone valve opening, which can be obtained by x, = x1 +
X2, a is the half cone angle of the valve spool, and d; is the cone valve
diameter.

During hydraulic oil flow through the valve spool, hydrodynamic
forces are generated on the valve component. These forces can be
categorized into two distinct types based on their temporal character-
istics: transient hydrodynamic force and steady-state hydrodynamic
force. The steady-state hydrodynamic force F; acting on the valve spool
can be mathematically described as:

F,=2C,C4A,Ap cos )

where Cy is the velocity coefficient and @ is the jet angle.
The transient flow force F; of the poppet valve can be expressed as:

Fy = C4A,L+/2Appx, (C))

where L is the actual flow length of the fluid in the valve chamber, and p
is the density of the oil.

4. Vibration and noise reduction PWM control strategy (VNR-
PWM)

Fig. 5 shows the schematic diagram of the displacement and velocity
variations of the PHSV spool under conventional PWM and VNR-PWM
driving voltages. As shown in the figure, the conventional PWM drive
voltage primarily consists of three components: the rising edge, the
stabilization section, and the falling edge. Among these, the rapid
changes in driving voltage at the rising and falling edges cause the
piezoelectric stack to undergo rapid charging and discharging, which
drives the valve spool to move quickly. This results in a violent impact
when the valve spool contacts the valve seat. This impact is a key factor
contributing to the strong electromagnetic and mechanical noise pro-
duced by PHSV, as well as their shortened service life.

A  ___Conventional PWM - —. VNR-PWM

Driving
voltage
~<-

o8po Jursix
93 po Surpren

Spool
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Impact during
opening speed J-

-
L
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Tt T
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\ J
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=

Fig. 5. The variation of spool displacement and velocity of PHSV under
different control strategies.
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To address these issues, it is proposed to optimize the design of the
rising and falling edge curves of the conventional PWM driving voltage,
without relying on additional sensors to monitor the spool's motion
state. On the premise of sacrificing the dynamic performance of the
PHSV, the noise level during the opening and closing of the spool is
significantly reduced, and its service life is effectively extended.

At present, many scholars both domestically and internationally
have designed various types of target trajectory design methods, which
can be categorized according to the target trajectory: low-pass filtering
curves, power function curves [26], second-order S-shaped curves [27],
third-order S-shaped curves [28] and so on. The low-pass filtering curve
refers to the target trajectory of the valve spool, which is the square
wave curve after being processed by first-order low-pass filtering. Its
mathematical expression is:

xa(t) :%exp<f%) )

where T is the time constant, which determines the trajectory of the
curve. The rise time of the curve is defined as the delay time, given by T
= 4T.

The expression for the power function curve is as follows:

X4(t) = Xmax — Xmax €XP (—g) 10)

where xn,x represents the maximum opening of the spool, and 7 is the
trajectory control parameter. By adjusting #, the ideal trajectory can be
achieved to ensure the spool moves at the desired speed. T is the delay
time of the curve.

The second-order S-shaped displacement curve is named according
to the characteristics of its position trajectory obtained by two integrals.
The acceleration expression of the curve is as follows:

Umax 0 <t < taee
a=<¢ 0 toee <t <Tp— tace an
—0Amax TO - tacc <t< TO
where anax is the maximum acceleration of the second-order S-shaped
curve, tac is the acceleration time, Ty is the delay time of the curve, and
velocity and displacement are the first-order and second-order integrals
of acceleration a, respectively.

By referencing the typical target trajectory curve, driving voltage
curves for vibration and noise reduction based on different function
types have been generated, as shown in Fig. 6. In the low-pass filter
curve, T = 0.25 ms and Ty = 1 ms; In the power function curve, n =
—20000; In the second-order S-shaped curve, toec = 0.2 ms and Tp = 1
ms.

As shown in Fig. 6, within the same voltage response time, the
maximum rate of voltage change of the low-pass filtering curve is 6.2 x
10° V/s, while that of the power function curve is 2.6 x 10° V/s. The
maximum rates of voltage change for the second-order and third-order
S-curves are similar, at 1.6 x 10° V/s and 1.8 x 10° V/s, respectively.
To reduce vibration and noise in the PHSV, the change rate of the driving
voltage should be smaller.

Considering both the implementation cost and effectiveness, the
second-order S-shaped curve is applied to the rising and falling edges of
the conventional PWM signal, thereby generating a vibration and noise
reducing PWM signal. The speed of the spool opening and closing pro-
cess is controlled, thereby reducing both the vibration noise and
piezoelectric excitation noise of the PHSV.

The movement displacement of the spool in the PHSV follows a
consistent trend with the driving voltage. This phenomenon is due to the
strong linear correlation between the driving voltage of the piezoelectric
stack and its output displacement. Therefore, in the follow-up study, a
reverse approach will be adopted: first, the displacement, velocity, and
acceleration parameters of the valve spool in the ideal state will be
determined; then, the required piezoelectric stack driving voltage will
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Fig. 7. Variation law of displacement, velocity and acceleration of PHSV by
VNR-PWM.

be derived inversely.

As shown in Fig. 7, within a single working cycle, the movement
process of the spool can be divided into four stages: rising, opening
holding, descending, and closing holding. Moreover, the displacement
change trends during the rising and descending stages are symmetrical.

Ring piezoelectric

Cone slide valve
spool

U
Square
piezelectricity

Electro-mechanical
converter

Fig. 8. Simulation model of PHSV.
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Table 1

Parameter table of simulation model of PHSV.
Name Sign Value
Half cone angle of cone slide valve/® (4 60
Flow coefficient Cq 0.4
0il density/Kg/m> p 870
Velocity factor Cy 0.9
Pre-tightening disc spring stiffness/N/mm ky 466
Stiffness of reset disc spring/N/mm ko 206
Ring piezoelectric stack mass/Kg m 0.07
Sleeve quality/Kg my 0.023
Square piezoelectric stack mass/Kg ms 0.015
Output rod mass/Kg my 0.04
Spool mass/Kg ms 0.035
Viscous damping coefficient of output rod/N/(m/s) C, 5000
Viscous damping coefficient of valve spool/N/(m/s) Cy 4000
Viscous damping coefficient of valve sleeve/N/(m/s) C3 4000

spool motion trajectory, the parameters Xp, Xs, tace, Vimax and T, need to
satisfy the following formulas:

Xm = Vmax T

Xs = Xa + Xm + Xa

Vmax

amax

Xs — 2Xa
Vmax

(12)

tace =
Tw =

When designing the S-shaped curve, the total displacement x; of the
spool movement, the displacement x, of the uniform acceleration stage
and the maximum speed Vp,qx of the spool can be determined first. The
acceleration time t, . and delay time Ty (Ty = 2*taec + Tmy) can be ob-
tained by using Formula 12, and then the expression of the spool
displacement in a working cycle can be obtained by using Formula 13:

1
Eamax tz

Eamax taccz + Vmax (t - tacc)

1 1
Eamaxtaccz + Vmame + Vmax(t - Tm - tacc) - Eamax (t - Tm - tacc)z
Amax tzcc + VimaxTm

1
amaxliu + Vmax Tm - Qamax(t+ TO - TT)Z

1

2amaxt§cc + Vinax T — Vinax (t = 7T +tace + T T+
1
éamaxtgcc

2

1
- Vmax*(t + tacc - TT) + Eamax (t + tacc - TT) TT+

0

5. Simulation modeling and simulation analysis
5.1. Simulation modeling

According to Equations (3)-(13), a simulation model of the PHSV is
established by MATLAB, as shown in Fig. 8. It can be seen that the
simulation model is mainly composed of five modules: drive signal, ring
piezoelectric, square piezoelectric, electro-mechanical converter and

Flow Measurement and Instrumentation 109 (2026) 103215

cone slide valve spool.

According to the structural characteristics and functional parameters
of the PHSV, the key parameters in the model are set. Table 1 shows the
set values of some key parameters in the simulation model of PHSV.

5.2. Simulation analysis

The delay time T and acceleration time t,. are critical parameters in
VNR-PWM based on the second-order S-curve. These parameters
directly influence the valve spool's vibration and noise reduction per-
formance as well as the dynamic response speed of its opening and
closing. However, a trade-off exists between the spool's vibration and
noise reduction effectiveness and its dynamic characteristics. Therefore,
it is essential to examine the impact of delay time T and acceleration
time t,cc on the dynamic behavior of the spool and identify the optimal
action times that achieve the best balance between the two factors.

(1) Delay time Ty

Fig. 9 shows the simulation results illustrating the influence of
different delay times T on the opening and closing characteristics of
PHSV. During the simulation, the acceleration time t,.. of the PWM
control strategy based on second-order S-curve vibration and noise
reduction is set to To/3. As shown in the figure, it can be seen that the
response time Ty in the second-order S-curve has a greater influence on
the displacement response of the PHSV. As the delay time T increases,
the displacement overshoot of the PHSV during the opening and closing
process gradually decreases, and the opening and closing time of the
valve spool gradually increases. Especially when Tp = 0.3 ms, the
displacement overshoot during the valve spool opening and closing
process is particularly obvious.

In order to further analyze the influence of different delay time T on
the opening and closing characteristics of the PHSV, the opening and
closing time of the valve spool under different delay time Ty is extracted,

0 <t <tue

tace <t < TO — lacc

TO_tacc<t§T0

To<t<tT
13)

TT <t <7T+tye

tace <t<TT+To — taee

To—tee <t<1T+T,

tT+Ty<t<T

and the results are shown in Fig. 10. As illustrated in the diagram, the
closing time of the spool is longer than the opening time. The opening
and closing time of the spool is proportional to the delay time. There-
fore, the delay time Ty should be appropriately selected based on the
opening and closing time requirements of the piezoelectric high-speed
switching valve.

(2) Acceleration time tacc

Fig. 11 shows the simulation results illustrating the influence of
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different acceleration times t,.. on the opening and closing character-
istics of PHSVs. During the simulation, the delay time T, of the PWM
control strategy based on the second-order S-curve vibration and noise
reduction is set to 1 ms. It can be seen from the diagram that the ac-
celeration time t,.. in the second-order S-shaped curve has little effect on
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the opening and closing time of the PHSV. In addition, since the delay
time in the second-order S-shaped curve is 1 ms, the displacement
response of the PHSV at different acceleration times has only a small
overshoot.
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Fig. 13. Experimental principle of vibration and noise test of piezoelectric high
speed on/off valve.
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Fig. 14. Experimental physical diagram of vibration and noise test of PHSV.

Similarly, the opening and closing time of the PHSV for different
acceleration times t,¢. is shown in Fig. 12. From the figure, it can be seen
that under the effect of VNR-PWM, the closing time of the valve is
greater than the opening time. Additionally, the opening and closing
time under different acceleration times is also different, but the overall
variation range is small. When the acceleration time increases from 0.1
ms to 0.45 ms, the opening time of valve increases from 0.9 ms to 1.18
ms, and the closing time of valve increases from 1.18 ms to 1.42 ms.
After analyzing, the reason for the kind of phenomenon is that different
acceleration time t,¢. has less effect on the trajectory of the second-order
S-curve, and therefore its effect on the rise time of the displacement
response of the actuator is also less.

Based on the simulation results of the above research, the delay time
Ty is set to 1 ms, and the acceleration time t, is set to 1/3*T,. Based on
ensuring the dynamic response time of the PHSV, the vibration and noise
of the PHSV are effectively reduced.
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Fig. 17. Experimental results of the surface vibration acceleration of the valve
block with no hydraulic fluid flow.

6. Experimental verification
6.1. Experimental system composition and experimental principle

In order to verify the effectiveness of the VNR-PWM control strategy
proposed in this study, it is necessary to build a PHSV test bench. As
shown in Figs. 13 and 14, the experimental schematic diagram of the
vibration and noise test of the PHSV and the physical schematic diagram
are built respectively. The experimental platform is mainly composed of
hardware-in-the-loop simulation system (Box-03), power amplifier
(AETechron 7224), acceleration sensor (CA-YD-181), sound level meter
(AWA5661) and other core components.

To generate the excitation voltage for the PHSV, the VNR-PWM
based on S function is built by Simulink on the host computer. After
binary encoding, the program is transmitted to the industrial control
computer, which outputs the control signal to the power amplifier
through its built-in acquisition card. The control signal is then amplified
to meet the driving requirements of the PHSV. Furthermore, the accel-
eration sensor in the test bench is installed on the oil circuit block of the
PHSV, and its installation direction is strictly consistent with the
movement direction of the valve spool, so as to accurately evaluate the
vibration generated during the opening and closing of the PHSV. In
order to reduce the influence of the experimental device itself on the
noise measurement, the measuring point of the sound level meter is set
at a distance of 1m from the PHSV [29] to measure and record the noise
level generated by the PHSV in real time.

6.2. Experimental result analysis
(1) Displacement Experiment

As shown in Fig. 15, the simulation and experimental results of the
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Fig. 18. Experimental results of the surface vibration acceleration of the valve
block with hydraulic fluid flow.

spool displacement are compared. Under the control strategy of VNR-
PWM, the opening and closing time of the valve spool are 1.13 ms and
1.2 ms respectively. The simulation results are consistent with experi-
mental data, which fully verifies the accuracy of the established simu-
lation model. In addition, compared with the traditional PWM control
strategy, the VNR-PWM control strategy significantly reduces the
maximum overshoot of the spool and shortens its stabilization time. The
experimental results verify the effectiveness of the proposed control
strategy for VNR-PWM.

(2) Noise experiment

As shown in Fig. 16 (a), under the driving frequency of 0.25 Hz and
the duty cycle of 0.5, the noise amplitude of the valve spool during
opening and closing initially increases and then gradually decreases
under both the conventional PWM drive and the vibration and noise-
reduction PWM drive. Among them, the maximum noise of the high-
speed on/off valve spool opening/closing under the conventional
PWM drive is 80 dB and 75.5 dB respectively, while the maximum noise
of the high-speed on/off valve spool opening/closing under the VNR-
PWM drive is 70 dB. Compared with the conventional PWM drive
signal, the maximum valve spool opening and closing noise amplitude
under the VNR-PWM drive is reduced by 12.5% and 7.3% respectively,
which verifies the effectiveness of the VNR-PWM drive strategy pro-
posed in this paper.

From Fig. 16 (b), it can be seen that the noise of the opening and
closing process of the high-speed on/off valve spool is a stable value at
the driving frequency of 200 Hz and the duty cycle of 0.5, which is
caused by the insufficient resolution of the sound pressure meter used in
the experiment. Additionally, the opening and closing noise of the high-
speed on/off valve spool is 98 dB and 82 dB (a reduction of approxi-
mately 16.3%) under the conventional PWM and VNR-PWM drive,
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which is larger than the maximum opening and closing noise when the
driving frequency is 0.25 Hz. And it is consistent with the above change
rule of the opening and closing noise of the high-speed on/off valve and
the frequency of the drive signal.

(3) Acceleration experiment

In order to further verify the effect of the proposed VNR-PWM con-
trol strategy, the surface vibration acceleration of the oil circuit block,
designed for installing the PHSV, is studied under the step signal. As
shown in Fig. 17, the experimental results of the valve block under the
condition of no oil flow are presented.

As shown in Fig. 17(a), compared with the conventional PWM, the
vibration acceleration of the hydraulic oil circuit block under the VNR-
PWM control strategy is reduced from 1130 m/s2 to 265 m/s2, which is
reduced by 76.5 %; As shown in Fig. 17 (b), during the closing process,
the vibration acceleration of the valve block is reduced from 570 m/s? to
170 m/sz, a decrease of 70.2%. This further demonstrates that the vi-
bration and noise-reduction PWM effectively reduces the vibration of
the PHSV.

Experimental results of the surface vibration acceleration of the
valve block with hydraulic fluid flow are shown in Fig. 18. It can be seen
from the figure that compared with the valve block without oil, the
surface vibration acceleration of the valve block increases significantly
and the duration increases. The reason for this phenomenon is that,
under the condition with oil flow, the hydraulic circuit during the
opening and closing process of the PHSV generates pressure shocks.
These shocks are transmitted to the valve block and coupled with the
vibration of the valve seat impacted by the spool.

However, it can still be clearly seen from the figure that compared
with the PWM control strategy, the VNR-PWM control strategy still has a
significant damping effect. During the opening and closing process of the
spool, the vibration acceleration of the valve block is reduced by 70%
and 58.6% respectively.

7. Conclusion

To address the issues of significant electromagnetic and mechanical
noise, as well as the short service life of the piezoelectric high-speed
switching valve, a VNR-PWM strategy based on a second-order S-
curve is proposed. By precisely controlling the rise and fall rates of the
driving voltage, smooth charging and discharging of the PHSV's motor
converter are achieved, along with a soft landing of the valve spool. This
method effectively controls the noise while ensuring the dynamic
characteristics of the valve spool's opening and closing.

(1) The delay time Ty in the VNR-PWM strategy is directly propor-
tional to the spool's opening and closing time. The influence on
the opening and closing time of the valve spool is negligible when
the acceleration time t,.. changes within a certain range.

The results of vibration and noise experiments demonstrate that,
without compromising the dynamic performance of the spool's
opening and closing, the opening and closing noise of the high-
speed on/off valve is 70 dB and 80 dB respectively under the
0.25 Hz and 200 Hz damping and noise reduction PWM drive
strategies. Compared with the conventional PWM drive strategy,
the opening and closing noise is reduced by 12.5% and 16.3%
respectively.

The experimental results concerning the vibration acceleration of
the valve block demonstrate that, when employing the VNR-PWM
drive strategy, the vibration acceleration of the valve block de-
creases significantly: from 1130 m/s? to 265 m/s> when the spool
is closed, and from 570 m/s? to 170 m/s? when the spool is open.
These reductions correspond to approximately 76.5% and 70.2%,
respectively.

(2

(3)
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