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The conventional electro-hydraulic servo valve is driven by an electromagnet, which is easily dis-
turbed and has poor dynamic performance, seriously restricting the flow control accuracy. In view of this sit-
uation and based on the high-precision, fast-response, and self-locking characteristics of ultrasonic motors, a
structural scheme involving a hollow ultrasonic motor driving a servo valve through a ball screw is designed in
this work. The structure and the principle of the whole system are analyzed, and a mathematical model is estab-
lished; moreover the dynamic characteristics of the system under adaptive fuzzy proportional-integral-derivative
(PID) control are analyzed using MATLAB/Simulink and Simcenter Amesim simulation software. The results
show that, compared with electromagnetic drive and conventional PID control, under adaptive fuzzy PID control,
the overshoot of the servo valve driven by an ultrasonic motor is eliminated and the adjustment time is reduced
by 33 %. Furthermore, after being disturbed, the recovery time is reduced by 25 %. After the system is stable,
the influence of a hydraulic pressure change can be eliminated. Therefore, the system has a better robustness
and anti-interference ability, can realize the accurate control of spool displacement, and is more suitable for the
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high-precision control of flow.

Electro-hydraulic servo valves are widely used in industrial
production, defense manufacturing, and other fields, serv-
ing as key control components in hydraulic systems. Con-
ventional electro-hydraulic servo valves employ proportional
solenoids as electro-mechanical converters, where the elec-
tromagnetic force is nonlinear relative to the displacement
of the iron core. The susceptibility of solenoids to heating
can lead to a decrease in electromagnetic force, and fluctu-
ations in current can also have a significant impact on elec-
tromagnetic force. These factors make it difficult to further
improve the flow control accuracy of conventional electro-
hydraulic servo valves (Mi and Huang, 2023; Milecki et al.,
2023; Fan et al., 2023). With the development of technology,
frontier fields such as biomedicine and aerospace have set
higher standards for flow control accuracy, placing greater
demands on the precision of electro-hydraulic servo valves.
Therefore, research on the drivers of electro-hydraulic servo

valves is one of the current directions for improving flow
control accuracy.

In 2022, RWTH Aachen University in Germany proposed
a ring-shaped traveling-wave ultrasonic-motor direct-drive
valve core structure based on piezoelectric ceramics, achiev-
ing a step response time of 0.1 ms, which is more than 5 times
faster than traditional electromagnetic drives. In 2021, the
Tokyo Institute of Technology in Japan developed a minia-
ture ultrasonic motor combined with a two-stage hydraulic
amplification mechanism, generating an output force of 20 N
within a volume of 10 mm?>. In 2023, Purdue University in
the United States focused on studying the driving stability of
ultrasonic motors in extreme temperature environments (—50
to 150°C), achieving performance fluctuations controlled
within +5 % through material optimization. In domestic re-
search, Zhejiang University (China) innovatively combined
ultrasonic motors with digital valves in 2020, achieving 16-
bit resolution position control. These studies collectively
demonstrate that ultrasonic-motor drives offer significant ad-



vantages in terms of response speed, power density, and en-
vironmental adaptability. Piezoelectric actuators are charac-
terized by a fast response speed, high control accuracy, and
high power density. Scholars from various countries have
conducted in-depth research on their application in electro-
hydraulic servo valves (Zhang et al., 2023; Liu et al., 2024a;
Guo et al., 2022; Wang et al., 2024; Liu et al., 2024b). Ul-
trasonic motors, as one of the mature piezoelectric actua-
tor products, are rarely used for driving control in electro-
hydraulic servo valves. Ultrasonic motors possess superior
characteristics, such as high torque, high displacement reso-
lution, self-locking upon power loss, and no electromagnetic
interference (Xiang et al., 2024; Gao et al., 2023). Compared
to proportional solenoids, they offer higher control accuracy;
compared to ordinary piezoelectric actuators, they overcome
the limitation of short displacement.

Yao Yifan from Kunming University of Science and Tech-
nology used the RTWUAMG60-type standing-wave ultra-
sonic stepping motor to drive an incremental digital flow
valve and then analyzed its static-torque characteristics and
dynamic amplitude—frequency characteristics through sim-
ulation (Yao, 2017; Qiao et al., 2023; Ling and Wang,
2023; Niu et al., 2025). Huang Yao from Harbin Institute
of Technology used the Model 8303 fine-tuning linear ul-
trasonic motor produced by New Focus Company in the
United States to drive a pilot-operated nozzle—flapperelectro-
pneumatic proportional pressure valve and then studied the
relationship between the valve’s dynamic response char-
acteristics and the driver (Huang, 2010; Niu et al., 2023;
Wang et al., 2023; Zhao et al., 2024). Guo Xiangdong from
Harbin Institute of Technology designed a patch-type ultra-
sonic motor with a second-order bending vibration mode
to drive a nozzle—flapper pilot-operated electro-pneumatic
proportional pressure valve. Compared with similar electro-
pneumatic proportional valves, the steady-state accuracy was
improved by about 75 %, while the resolution was improved
by about 28 % (Guo, 2012; Li et al., 2024; Chen et al.,
2023; Gao et al., 2024). Currently, the application of ultra-
sonic motors to driving valves is based on pilot-operated
control, and the application to directly driving servo valves
is still untested. Therefore, work on ultrasonic-motor-driven
electro-hydraulic servo valves to improve both accuracy and
resolution is of great research value.

This paper employs a 70-type hollow ultrasonic motor
as the driver, utilizes a ball screw to convert torque into
axial force, and drives the valve spool to move. The dy-
namic characteristics of the servo valve under adaptive fuzzy
proportional-integral-derivative (PID) control are analyzed
using MATLAB/Simulink and Simcenter Amesim simula-
tion software. This study directly connects the ultrasonic mo-
tor to the hydraulic valve spool, eliminating the need for tra-
ditional reduction mechanisms. Compared with similar stud-
ies in China and abroad, it is the first to systematically ad-
dress the engineering application bottlenecks of ultrasonic-
motor-driven valves, particularly in terms of compact struc-

ture and environmental adaptability, providing a new drive
solution for high-end equipment such as aerospace instru-
mentation.

Ultrasonic motors exhibit high torque density, which can
reach 5-10 times that of electromagnetic motors of the same
size. The amplitude of the stator of an ultrasonic motor is
generally in the micrometer range, enabling high-precision
position and speed control. The 70-type hollow ultrasonic
motor is a traveling-wave ultrasonic motor that utilizes the
inverse piezoelectric effect of piezoelectric ceramics. Under
external high-frequency (generally greater than 20 kHz) ex-
citation, the ceramic ring and its attached metal elastomer
deform, generating micro-amplitude vibrations that rotate in
a traveling-wave manner. The vibrations are then transmitted
to the rotor through frictional contact, driving it to rotate (Liu
etal., 2023).

The torque of an ultrasonic motor can be expressed as fol-
lows:

1
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Here, n is the order number of the motor working mode;
ug is the sliding friction coefficient; r, is the outer radius
of the contact excircle; Ky is the equivalent stiffness of the
friction layer, where K¢ = Etb,/z4; & is the stator traveling-
wave amplitude, where & = woe_CF n; k is the wavenumber
of the stator traveling-wave vibration; xq is the critical con-
tact point between the traveling wave on the stator surface
and the friction layer; and x; is the point at which the rotor
speed equals the transverse speed of the traveling wave.

The rotor speed of an ultrasonic motor can be expressed as
follows:

khcos(kxy) / T — Tioad
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J
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Here, h is the distance from the upper end face of the stator
to the neutral plane, f is the voltage excitation frequency, T
is the motor output torque, Tjpaq is the load torque, and J is
the rotational inertia of the rotor.
The critical contact point xo between the traveling wave
on the stator surface and the friction layer can be determined
using the following formula:

X0 = %acos (%)
miwy = F, — F,, — du; 3)
F, =2nK& (% sinkxy — xocoskxo) .
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Here, w; is the distance from the bottom of the rotor to the

neutral layer of the stator, m is the rotor mass, F, is the ax-
ial pressure applied by the stator to the rotor, F}, is the pre-
pressure, and d is the axial damping coefficient.

Through a dynamic model, a mechanical model of the two-
dimensional sliding contact interface between the stator and
rotor can be constructed, and a simulation model can be built
in MATLAB/Simulink to simulate the output characteristics
of the motor (Yuan et al., 2023; Zhu et al., 2023; Yang et al.,
2024).

The simulation results of the output characteristics of the
ultrasonic motor in MATLAB/Simulink are shown in Figs. 1
and 2. In Fig. 1, at an excitation frequency of 25 kHz, as the
pre-pressure of the motor increases from 300 to 900N, the
no-load speed and torque first increase and then decrease,
with the optimal output characteristics occurring at a pre-
pressure of around 600 N. In Fig. 2, under a pre-pressure of
600 N, as the excitation frequency gradually increases from
24 to 28 kHz, the no-load speed and maximum torque of the
motor first rapidly increase and then slowly decrease, reach-
ing a peak at around 25 kHz.

The structure of an electro-hydraulic servo valve driven by an
ultrasonic motor, as proposed in this paper, is shown in Fig. 3.
It primarily consists of an ultrasonic motor, ball screw, slide
valve, displacement sensor, and constraint components. The
core of its structure lies in efficiently converting the high-
frequency vibration energy of the ultrasonic motor into me-
chanical displacement control for the hydraulic servo valve,
thereby achieving electromagnetic interference-free, high-
precision flow and pressure regulation. This drive method of-
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fers significant advantages. Due to its non-electromagnetic
drive characteristics, it effectively avoids the magnetic in-
terference issues faced by traditional electromagnetic servo
valves, providing a pure power source for the system. As the
drive core, the ultrasonic motor utilizes the inverse piezo-
electric effect of piezoelectric ceramics to convert high-
frequency electrical signals into microscopic vibrations of
the stator. These vibrations are then transmitted through fric-
tion coupling to drive the rotor’s rotation or linear motion. Its
non-electromagnetic drive characteristics eliminate the mag-
netic interference issues associated with traditional electro-
magnetic servo valves.

In the energy transmission path design, a three-stage en-
ergy conversion mechanism is employed: first, the inverse
piezoelectric effect converts electrical signals into micro-
scopic vibrations of the stator; second, the vibration energy is
converted into mechanical energy through friction coupling
between the stator and rotor; finally, a specially designed
flexible guiding mechanism achieves motion transmission
and error compensation. The transmission mechanism adopts
a flexible hinge structure with preload adjustment functional-
ity, ensuring gap-free transmission while also automatically
compensating for dimensional tolerances caused by temper-
ature changes.

In terms of overall design, the high-frequency characteris-
tics of ultrasonic motors require minimizing the inertia of the
transmission chain, while the high-pressure environment of
hydraulic systems demands valve body materials with wear-
resistant and corrosion-resistant properties. The design of the
hydraulic valve body must be compatible with the drive char-
acteristics. When the ultrasonic motor drives the valve core
displacement, the hydraulic oil flow is regulated by adjusting
the valve opening, thereby controlling the action of the actua-
tor. This mechanism is controlled by an upper-level computer
setting the excitation frequency, which is applied to the ultra-
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Overall structure of an electro-hydraulic servo valve driven by an ultrasonic motor.

sonic motor to generate output torque, driving the nut of the
ball screw to rotate. The ball screw shaft is constrained cir-
cumferentially by a constraint component, allowing only ax-
ial displacement, thereby converting motor torque into axial
force. This pushes the valve core to move axially, altering the
overlap area between the valve core’s U-shaped groove and
the valve orifice, ultimately achieving high-precision control
of fluid flow. A displacement sensor is located at the left end
of the slide valve to collect the valve core displacement sig-
nal. Based on an adaptive fuzzy PID algorithm, closed-loop
control is achieved, further enhancing the system’s respon-
siveness and stability.

Based on Simcenter Amesim simulation software, during the
process of establishing a simulation model for a ball screw, a
two-port spring-damper model with linear motion capability
is established on the basis of the contact stiffness and con-
tact damping ratio, while neglecting the rolling friction be-
tween the ball and the screw. A simulation model of a three-
position four-way spool valve is constructed using the mini-
mum model unit from the basic hydraulic component design
library. Figure 4 depicts the ball screw—spool valve simula-
tion system built in Simcenter Amesim simulation software
(Yuan et al., 2022).

When constructing the Simcenter Amesim simulation
model of the ball screw valve core in this paper, a modular
modeling approach was adopted. First, based on the mechan-
ical structure and operating principle of the ball screw valve
core, it was decomposed into multiple subsystems, such as
the mechanical transmission module, fluid control module,
and load characteristic module. Second, standard compo-
nents from the hydraulic and mechanical libraries provided
by Simcenter Amesim (such as mass blocks, spring dampers,
and hydraulic valves) were used to build the basic model,
which was then matched with actual parameters.

The simulation principle of the model primarily relies
on multi-domain physical-system modeling methods, com-
bined with mechanical dynamics and fluid mechanics the-

Characteristic parameters of the ball screw—spool valve
system.

Parameter name Parameter values

Screw radius (mm) 12
Lead the way (mm) 5
Valve core diameter (mm) 12
Maximum valve opening (mm) 3
U-shaped throttle groove radius (mm) 2.5
Depth of U-shaped throttle groove (mm) 1

ories. In Simcenter Amesim, the mechanical motion of the
ball screw is simulated using a mass-spring-damper system,
while the hydraulic characteristics of the valve core are re-
alized through fluid models such as the throttling equation
and flow—pressure relationships. This paper focuses on the
coupled effect of valve spool displacement and hydraulic
feedback and uses state equations to describe its dynamic re-
sponse. Additionally, the simulation model may incorporate
a PID control strategy to simulate the closed-loop regulation
process in the actual system, ensuring that the simulation re-
sults closely align with real-world conditions.

The primary objectives of this simulation model include
the following: (1) analyzing the dynamic characteristics of
the ball screw valve spool under different operating condi-
tions, such as step response and frequency characteristics;
(2) optimizing valve spool structural parameters (such as lead
and damping coefficients) and control strategies to enhance
system stability and response speed; and (3) verifying the va-
lidity of the theoretical model and providing a reference basis
for subsequent experimental research or engineering applica-
tions.

The main parameters required for the Simcenter Amesim
simulation system of the ball screw—slide valve are shown in
Table 1.
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Simcenter Amesim simulation model of the ball screw—spool valve.

Adaptive fuzzy PID control, compared to conventional PID
control, can perform fuzzy logic reasoning on changes in in-
fluencing factors and automatically adjust PID parameters to
their optimal values, thereby enhancing the system’s adapt-
ability. The adaptive fuzzy PID control structure introduces a
dual-loop feedback mechanism based on traditional PID con-
trol: the inner loop is a fuzzy reasoning system based on error
e and error change rate ec, while the outer loop retains the tra-
ditional PID calculation framework. The core improvement
lies in paralleling the fuzzy controller with the PID parame-
ter adjustment module, forming a composite architecture of
“fuzzy rule library + parameter dynamic corrector”. Specif-
ically, this is manifested as follows: (1) a fuzzy interface de-
sign with two inputs (e and ec) and three outputs is adopted,
where actual signals are mapped to the fuzzy domain through
a quantization factor; (2) a parameter increment decoupling
module is added to avoid overshoot issues caused by parame-
ter coupling in traditional PID systems. This structure signif-
icantly enhances the system’s adaptability to nonlinear time-
varying operating conditions.

The core working principle of the adaptive fuzzy PID con-
troller is to perform fuzzy logic reasoning on the input de-
viation signal e(¢) and its derivative de/df, and to adjust
the three PID parameters in real time, thereby further re-
ducing the overshoot and adjustment time of the entire sys-
tem. Figure 5 shows the structure of the adaptive fuzzy PID
controller designed for the ultrasonic-motor-driven electro-
hydraulic servo valve (Liao et al., 2024).

The innovation of this scheme lies in its dynamic param-
eter tuning mechanism: by establishing a fuzzy rule matrix
with e and ec as inputs (e.g., the Kp rule table uses a 7 x 7
Mamdani-type inference), it achieves online self-calibration
of PID parameters. Key technical breakthroughs include the
following:

1. A dynamic allocation algorithm for error gradient
membership functions is proposed that automatically
switches parameter adjustment strategies based on the
magnitude of |e|; when the error is large, it reinforces
the proportional action to suppress steady-state error,
and when the error is small, it enhances the integral ac-
tion to improve accuracy.

2. An anti-integral saturation logic is introduced that
freezes the integral term when ec exceeds the threshold,
addressing the windup issue of traditional PID.

Compared to traditional PID, the advantages of this
method’s control logic are concentrated in the three follow-
ing aspects:

1. Enhanced robustness. By encoding expert experience
into fuzzy rules, the method possesses adaptive com-
pensation capabilities for unmodeled dynamics (such as
the nonlinear friction of ball screw drives).

2. Optimized dynamic performance. Based on an ec-driven
differential lead control strategy, damping torque is pre-
generated in the phase lag loop.

3. Improved disturbance rejection capability. The parame-
ter tuning process has memory characteristics, automat-
ically adjusting fuzzy rule weights based on historical
error distributions.
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These advantages make it particularly suitable for servo con-
trol applications in high-precision mechatronic systems.

The entire ultrasonic-motor-driven electro-hydraulic servo
valve system design encompasses (1) the adaptive fuzzy PID
controller component in MATLAB/Simulink and the model-
ing of ultrasonic motors and (2) the modeling of ball screws
and hydraulic spool valves in the Simcenter Amesim envi-
ronment. The adaptive fuzzy PID controller is designed using
the Fuzzy Logic Toolbox in MATLAB (Liang et al., 2023).

The general approach for a conventional PID controller is
as follows:

t—Kt+1jt+Tde(t) 4
u(t) = Kpe(t) T e(t) D “)
0

The host computer samples the analog signal from the dis-
placement sensor periodically through analog-to-digital con-
verter, thus necessitating the use of a discrete control algo-
rithm by the controller. Discretizing the above formula yields
the following:

k

1 . Tp

u(k) = Kpe(k) + — E e(i)+ —ek)—e(k—1). )
Ti = T

Here, Kp represents the proportional coefficient; K1 = %’

represents the integral coefficient; Kp = KpTp represents
the differential coefficient; T represents the sampling period;
k represents the sampling sequence number; and e(k) and
e(k — 1) represent the error values at the kth and (k — 1)th
moments, respectively.

The adaptive fuzzy PID controller takes two inputs: in-
put deviation E and deviation change rate EC. The basic do-
mains of these two inputs are normalized to a discrete do-
main of [—6, 6], with seven variable value levels selected:

Displacement sensor

{NL,NM, NS, ZE, PS, PM, PL}. The three outputs of PID pa-
rameter variations A Kp, AK1, and A Kp are also divided into
seven fuzzy intervals, {NL, NM, NS, ZE, PS, PM, PL}, with
corresponding domains of [—6, 6]. Both input and output em-
ploy triangular membership functions, which are beneficial
for improving resolution and control sensitivity.

After fuzzifying the inputs and outputs, they need to be
linked together using fuzzy rules. Based on actual control ex-
perience, the fuzzy rules for the parameter adjustment quan-
tities AKp, AKj, and A Kp are summarized in Table 2.

Due to the fuzzy quantity results obtained from the fuzzy
decision-making process and the need for precise quanti-
ties in controlling the controlled object, it is necessary to
map the results of fuzzy inference from fuzzy sets to ordi-
nary sets. Common defuzzification methods include the co-
efficient weighted-average method and the centroid method.
The centroid method comprehensively considers relevant in-
formation about fuzzy quantities, is intuitive and reasonable,
and is easier to implement (Yang et al., 2022). Therefore, the
centroid method is adopted in this system for defuzzification.
The obtained changes in A Kp, AKj, and AKp are applied to
the PID controller through formula (6):

Kp = Kpo+ AKp - gp
K1 =Ko+ AK1-qi1 (6)
Kp = Kpo+ AKp - gp.

Here, gp, g1, and gp are the adjustment factors for parameters
Kp, Ki, and Kp, respectively.

Figure 6 shows the spatial observation surfaces of the out-
put variables AKp, AKj, and AKp, respectively. It can be
observed that the smoothness of the spatial surfaces is good,
indicating that the output is nearly continuous. Therefore, the
performance of the fuzzy control system is good.



Fuzzy control rule table for AKp, AKy, and AKp.

EC
NL NM NS ZE PS PM PL
NL  PL/NL/PS PL/NL/NS PM/NM/NL PM/NM/NL  PS/NS/NL  ZE/ZE/NM  ZE/ZE/PS
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Fuzzy rule diagram for AKp, AK7, and AKp.

Simulation analysis was conducted on three scenar-
ios: conventional electromagnetic drive, conventional PID-
controlled ultrasonic-motor drive, and ultrasonic-motor drive
with adaptive fuzzy PID control. The trial-and-error method
was used to determine the parameters as Kpy = 4.3, Kjo =
0.15, and Kpp =0.1. A step signal with an amplitude of 2
was applied to simulate a valve core displacement of 2 mm.
The simulation duration was set to 5s with a step size of
0.01s.

As can be seen from Fig. 7, under the influence of a step
signal, the conventional electromagnetic drive exhibits an
overshoot of 15 % in the displacement of the spool valve core
and a regulation time of 2.3s. The main reason for this is
that the electromagnetic drive lacks self-locking character-
istics and can only slow down through reverse electromag-
netic force, resulting in significant inertia and poor control
accuracy. For the spool valve driven by an ultrasonic mo-
tor under conventional PID control, the overshoot in the dis-
placement of the spool valve core is reduced to 8 % and the
regulation time is shortened to 1.3s. After the overshoot,
the self-locking and fast-response characteristics of the ultra-
sonic motor enable the system to quickly respond and com-
pensate, resulting in a more ideal control effect compared to
the electromagnetic valve. When fuzzy adaptive PID control
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is applied, the overshoot is reduced to 4 % and the regulation
time is shortened to 1.1s.

To further compare the control performance of conven-
tional electromagnetic drive, conventional PID-controlled
ultrasonic-motor drive, and ultrasonic-motor drive with
adaptive fuzzy PID control, a simulated step signal interfer-
ence was applied to the control signal after the spool valve
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core stopped moving (at 3 s), resulting in the simulation re-
sponse curve shown in Fig. 8.

As can be seen from Fig. 8, after being subjected to a
step signal with interference, the conventional electromag-
netic drive produced an overshoot of 6 % with a recov-
ery time of 0.4s. When subjected to the interference sig-
nal, the conventional PID-controlled ultrasonic-motor drive
exhibited an increased overshoot of 10 % compared to the
electromagnetic drive, yet it recovered to stability in as lit-
tle as 0.2s. Conversely, the adaptive fuzzy PID-controlled
ultrasonic-motor drive produced an overshoot of 6 % after
being subjected to the interference signal and recovered to
stability in 0.1s. In terms of flow control accuracy for the
spool valve, the adaptive fuzzy PID-controlled ultrasonic-
motor drive demonstrates superior performance.

In addition, by altering the load after the system stabilizes,
we further analyzed the stability of the three drive control
methods. After the spool valve core stopped moving (at 3 s),
we doubled the load and conducted a simulation, obtaining
the simulation curve graph shown below.

As can be seen from Fig. 9, when the hydraulic load sud-
denly doubles to 600 N at the third second after stabilization,
the spool displacement of the conventional electromagnetic-
driven spool valve fluctuates to 1.7 mm and recovers stabil-
ity after 0.5 s. However, for the spool valves driven by con-
ventional PID control ultrasonic motors and adaptive fuzzy
PID control ultrasonic motors, the spool displacement re-
mains unchanged after the load doubles. The stable spool
displacement formed by electromagnetic driving is dynami-
cally stabilized by the electromagnetic force, hydraulic pres-
sure, and spring force. Changes in load lead to changes in
hydraulic pressure, breaking the dynamic stability. The sys-
tem restores stability by adjusting the electromagnetic force.
After the spool stabilizes, due to its self-locking characteris-
tics, the increase in load is much smaller than the self-locking

2:5 T T T T
7\
= o Hamoer (VA 1
= | v
g o |:
E 15 I .
s ]
g : JRNEITTRTH Conventional PID control ultrasonic motor
51 — - -Conventional electromagnetic driver
-g_ 1.0 H Adaptive fuzzy PID control of ultrasonic motor
w)
2
|
0.5+ . T
/
4
00 T T T T T
0 1 2 3 4 5

Time (s)

Comparison chart of load increase.

force of the ultrasonic motor, which cannot break the stability
of the spool.

The conventional electro-hydraulic servo valve, driven by
an electromagnet, exhibits poor dynamic characteristics and
low flow control accuracy. In response to this situation,
research has been conducted on ultrasonic-motor-driven
electro-hydraulic servo valves, and adaptive fuzzy PID algo-
rithms have been adopted to optimize control. The research
results on the dynamic characteristics of the system indicate
the following:

— Under adaptive fuzzy PID control, the ultrasonic-motor-
driven electro-hydraulic servo valve system exhibits an
11 % reduction in overshoot and a 52 % reduction in
adjustment time compared to conventional electromag-
netic drives.

— Under adaptive fuzzy PID control, after the spool valve
core stops moving (at 3 s), when subjected to a disturbed
step signal, the system’s overshoot is 6 % and the recov-
ery time is shortened by 25 %.

— Under adaptive fuzzy PID control, after the spool valve
core stops moving (at 3 s), even when the load suddenly
doubles, the servo valve system driven by the ultrasonic
motor remains unaffected.

— Under adaptive fuzzy PID control, the ultrasonic-motor-
driven electro-hydraulic servo valve system exhibits su-
perior robustness and anti-interference capabilities, en-
abling precise control of valve spool displacement and,
thus, being more suitable for high-precision flow con-
trol.



In future research, the following areas can be further ex-
plored: first, more complex types of disturbances can be in-
troduced to comprehensively evaluate the robustness of the
system; second, intelligent optimization algorithms can be
combined to dynamically adjust fuzzy rules and PID pa-
rameters to improve adaptive accuracy; in addition, the en-
gineering applicability of the algorithm should be verified
through hardware-in-the-loop (HIL) simulation and actual
system experiments, and the anti-interference performance
indicators should be quantified. To enhance the system’s in-
terference resistance, future research can focus on the fol-
lowing optimizations: in terms of control structure, a dis-
turbance observer (DOB) can be integrated to achieve feed-
forward compensation for disturbances, reducing reliance on
feedback regulation; in terms of parameter adaptation, rein-
forcement learning can be employed for online optimization
of the fuzzy PID adjustment strategy.
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