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A B S T R A C T

This study proposed an active control method, namely FNNPID-FxLMS, which combined a fuzzy neural network 
PID controller with the FxLMS algorithm to address the problem of low-frequency vibration and radiated noise of 
piezoelectric propeller blades. First, the dynamic characteristics of the blade system were accurately obtained 
through an offline identification method. A closed-loop hardware-in-the-loop control platform was established to 
simulate the vibration response of the blades under practical operating conditions. The experimental results 
showed that, under constant-speed propulsion conditions, the RMS values of vibration were significantly reduced 
at advance speeds of 6, 12, and 18 knots, while noise reduction at 18 knots was limited. In addition, under multi- 
line disturbance conditions, the FNNPID-FxLMS algorithm also effectively suppressed vibration and noise, with 
the maximum reduction in noise RMS reaching 80.3% and the maximum reduction in vibration RMS reaching 
52.7%. These results indicated that the FNNPID-FxLMS algorithm exhibited significant advantages in vibration 
and noise control, including faster convergence speed, lower steady-state error, and stronger robustness. This 
study provided an effective solution for the active control of propeller vibration and noise in ships and offered 
support for the application of control technologies in related fields.

Nomenclature W(k) Control filter
FNNPID- 

FxLMS
Fuzzy neural network PID 
filtered-x least mean square

y(k) Secondary path output 
signal

[M] Mass matrix C(k) Secondary path transfer 
function

[C] Damping matrix Cʹ(k) Secondary path 
estimation

[K] Stiffness matrix c Filter weight vector
{xʹ́ (t)} Acceleration response s(k) Combined sensor signal
{xʹ(t)} Velocity response matrix e(k) Error signal
{x(t)} Displacement response matrix d(k) Desired signal
{F(t)} External excitation force matrix μ Step size
{φr} The r-th mode shape Xf (k) Reference signal 

autocorrelation matrix
xs Excitation-point response e Bias
xe Observation-point response ec Bias rate
Hes FRF between excitation-point 

and observation-point
I Input of the network 

layer
[H] Transfer function matrix O Output of the network 

layer

(continued on next column)

(continued )

k0 Acoustic wave number xi Input of the first layer
r Propeller radius cij Center of the 

membership function
d Receiver–source distance bij Width of the membership 

function
Fi Unsteady blade force λl Firing strength of the 

fuzzy rule
x(k) Reference signal ηkl Connection weight

1. Introduction

During the propulsion process, a ship propeller not only overcomes 
fluid resistance to generate thrust but is also subjected to the combined 
action of complex unsteady hydrodynamic forces and excitations 
transmitted through the shafting–hull system. These excitations induce 
periodic or multi-mode vibrations of the blades, which subsequently 
radiate noise into the surrounding water and become critical factors 
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influencing both crew health and overall ship comfort. Traditional 
passive vibration reduction and noise isolation methods are typically 
effective only within narrow frequency ranges and are insufficient to 
meet the requirements of multi-condition and broadband noise sup
pression. Active vibration and noise control (AVC/ANC) technologies, 
owing to their real-time adaptability, gradually become key approaches 
to addressing such challenges. In particular, with the advancement of 
piezoelectric materials and embedded hardware, coupling active control 
with piezoelectric propeller blades in practical propulsion systems has 
become a research frontier in ship noise control. Although existing 
studies have made some progress in propeller fluid–structure interaction 
modeling, system identification, and control strategies, achieving 
simultaneous suppression of vibration and noise under full-scale blade 
operating conditions still remains a challenge. Channel delay, system 
nonlinearity, and the strong coupling between vibration and noise cause 
traditional control algorithms to suffer from slow convergence, large 
steady-state errors, and unstable control outputs. Therefore, the core 
problem of this study is how to establish a high-precision system model 
under typical operating conditions and to achieve vibration and noise 
control of the blades through improved control strategies.

The study of propeller vibration and noise had long received exten
sive attention. In the field of fluid–structure interaction and acoustic 
modeling, scholars gradually revealed the dynamic characteristics of 
blades under unsteady hydrodynamic forces and the mechanisms of 
radiated noise by employing analytical methods, finite element/ 
boundary element methods, and hybrid numerical approaches (Sujbert; 
Aboutiman et al.; Watanabe and Prasad; Zhang et al.a; Chen et al.). Some 
works verified the accuracy of simulations based on experiments or 
scaled models (Gao et al.; Lu et al.), while other studies established near- 
and far-field acoustic radiation models for practical propulsion systems 
and conducted further investigations. In the field of system identifica
tion, sweep-frequency tests combined with modal analysis were widely 
employed to extract transfer functions and system models (Li et al.a; 
Lopes and Gerald; Ouyang et al.; Xu et al.a). Further improvements 
included the introduction of ARX/NARX and Volterra models to enhance 
identification accuracy under conditions of time delay and weak 
nonlinearity (Wu et al.a; Duan et al.; Yang et al.a). At the same time, 
studies also emphasized the influence of sensor placement and regula
rization methods on model observability and robustness (Zhang et al.b). 
Such work provided applicable models for the controller design of 
complex coupled systems. In the development of active control algo
rithms, FxLMS and its improved versions consistently served as the 
research core. Early studies compared the convergence and steady-state 
performance of single-channel and multi-channel FxLMS, as well as their 
normalized and variable step-size variants (Yang et al.b). For scenarios 
involving time delays and non-minimum phase channels, researchers 
introduced Kalman filtering and predictive control to improve broad
band suppression performance (Kamaldar et al.; Song et al.). Under 
multi-harmonic excitation conditions, multi-reference decoupling and 
subband parallel updating strategies demonstrated outstanding effec
tiveness (Sharma et al.a; Jamshidi and Jafari; Park et al.). In addition, 
some studies also addressed practical issues such as sensor saturation, 
channel mismatch, and online compensation (Xu et al.b; Zhang et al.c; 
Tian et al.). Intelligent and robust control methods gradually emerged in 
recent years. Fuzzy logic, neural networks, and ANFIS were employed 
for gain scheduling and nonlinear compensation to enhance stability and 
adaptability under operating condition switching and time-varying en
vironments (Chai et al.a; Wan et al.; Xu et al.c; Singh et al.a; Cheng 
et al.). Integrated approaches, such as fuzzy–sliding mode or optimal 
control, also achieved significant effectiveness in disturbance rejection 
and constraint handling (Zhang et al.d; Li et al.b). At the same time, by 
combining passive or semi-active measures (e.g., piezoelectric shunting, 
damping layers, and periodic struts), hybrid control realized superior 
vibration and noise reduction performance over broadband ranges 
(Al-Souqi et al.; Huang et al.; Muthalif et al.; Callipari et al.; Zhang et al. 
e; Zhang et al.f). Research progress was also made on the nonlinear 

characteristics of piezoelectric materials (Wu et al.b; Lin et al.), which 
were widely applied in the driving field. These achievements indicated 
that coupling intelligent methods with the traditional FxLMS framework 
provided distinct advantages. In addition, ARX/NARX, RLS, and Baye
sian/Kalman approaches were applied to path identification and 
steady-state analysis under channel uncertainty and background noise 
(Yang et al.c; Wang et al.; Sharma et al.b; Zhang and Zhu, 2023; Singh 
et al.b; Pulthasthan and Pota; Zhang et al.g). These methods ensured the 
stability of closed-loop systems in low signal-to-noise ratio and 
time-varying environments. In terms of engineering applications and 
system verification, research already covered subsystems such as pro
pulsion shafting, propeller blades, cabin sections, and pipelines. Exper
imental and prototype tests demonstrated that multi-channel sensing 
and actuation layouts effectively suppressed transverse or axial vibra
tions (Yue et al.; Aktas and Esen). Variable stiffness and magnetic sus
pension support technologies significantly reduced displacement and 
resonance responses (Xiong et al.). Hybrid control methods achieved 
engineering validation in suppressing aft system far-field noise and 
pipeline structural noise (Luo et al.; Geng et al.; Chai et al.b). Some 
studies also explored fault-tolerant control and the optimization of 
sensor–actuator layouts (Przybylski and Kulinski; Jiang et al.; 
Jalalnezhad).

In summary, existing studies had established a complete chain in 
mechanism modeling, system identification, and control strategies; 
however, research on the simultaneous active control of vibration and 
noise of propeller blades under typical operating conditions remained 
limited. This gap provided the innovation space for the FNNPID-FxLMS 
algorithm and its experimental validation proposed in this paper. Sec
tion 2 introduced the blade dynamics, acoustic radiation modeling, and 
the derivation of the control algorithm. Section 3 described the con
struction of the experimental platform and the testing scheme. Section 4
presented and analyzed the experimental results under typical operating 
conditions. Section 5 summarized the main findings of this study and 
outlined future prospects for its extension to multi-channel coupling and 
more complex nonlinear environments.

2. Piezoelectric propeller blade theory

2.1. Constitutive equations

The equations of motion for an N-degree-of-freedom system in the 
physical coordinate system are expressed as: 

[M]{xʹ́ (t)}+ [C]{xʹ(t)}+ [K]{x(t)}= {F(t)} (1) 

In the equation, [M] denotes the mass matrix of the system, [C] de
notes the damping matrix, [K] denotes the stiffness matrix, {xʹ́ (t)} de
notes the acceleration response vector, {xʹ(t)} denotes the velocity 
response vector, {x(t)} denotes the displacement response vector, and 
{F(t)} denotes the external excitation force vector of the system.

By applying the Fourier transform, the coordinate transformation 
leads to the equations of motion in the modal coordinate system: 
(
− ω2[M] + jω[C] + [K]

)
{X(jω)}= {F(jω)} (2) 

The r-th order modal differential equation is expressed as: 
(
− ω2[M]r + jω[C]r + [K]r

)
qr ={φr}

T
{F(jω)} (3) 

Where {φr} denotes the r-th mode shape. Let [φ] = [{φ1}{φ2}⋯{φn}], 
When the system is subjected to an excitation {F(jω)} = [0⋯0⋯f(jω)⋯ 
0⋯0] at point s, it follows that: 

qr =
φsrfs(jω)

([K]r − ω2[M]r + jω[C]r)
(4) 

The response of the system at any point e is expressed as: 
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xe(jω)=
∑n

r=1
φerqr =

φerφsrfs(jω)

([K]r − ω2[M]r + jω[C]r)
(5) 

The frequency response function between point s and point e is 
expressed as: 

Hes(jω)=
∑n

r=1

φerφsr

([K]r − ω2[M]r + jω[C]r)
(6) 

The transfer function matrix of the system is expressed as: 

[H(jω)] =
∑n

r=1

1
([K]r − ω2[M]r + jω[C]r)

⎡

⎢
⎢
⎣

φ1rφ1r φ1rφ2r ⋯ φ1rφnr
φ2rφ1r φ2rφ2r ⋯ φ2rφnr

⋮ ⋮ ⋮ ⋮
φnrφ1r φnrφ2r ⋯ φnrφnr

⎤

⎥
⎥
⎦

(7) 

Each row or column of the above transfer function matrix corre
sponds to the relevant parameters of the modal matrix of the propeller 
blades.

For the low-frequency noise generated by vibration during propeller 
propulsion, the unsteady force acts as a compact acoustic source, and the 
noise is considered to be directly radiated from the unsteady force. 
Therefore, given the unsteady force of propeller propulsion, the radiated 
noise can be calculated as follows: 

pa = − jk0Fi
d
r

e− jω(t− r/c0)

4πr
(8) 

In the equation, k0 is the acoustic wave number. For a given oper
ating condition, it is determined by the acoustic frequency and sound 
speed, and is not treated in this study as an independent flow-field 
variable. ω

c0 
denotes the ratio of frequency to sound velocity, r denotes 

the propeller radius, and d denotes the distance from the acoustic source 
to the receiving point with the source taken as the origin. Fi denotes the 
unsteady force acting on the blade, which can be taken as the maximum 
axial unsteady force, as shown in Fig. 1. In the three-dimensional multi- 
degree-of-freedom propeller system, the external excitation force vector 
of the system is denoted as {F(t)} = [0, Fi, 0]T.

2.2. Governing equations

The active control algorithm is the core of an active control system, 
and the quality of the algorithm determines the performance of the 
entire system. The earliest active control algorithm is the least mean- 
square (LMS) algorithm based on the stochastic gradient method, 
which is characterized by finding the optimal weight vector through 
simple and efficient recursive computation. However, because the 
physical channel between the secondary path and the error sensor is 
neglected, a time delay problem arises. To overcome the adverse effects 
of the secondary path, accelerate convergence, and reduce adaptive 
steady-state error, the filtered-x least mean-square (FxLMS) algorithm 
becomes one of the most commonly used control strategies, as shown in 
Fig. 2.

If a control system has I reference sensors, J secondary sources, and K 
error sensors, then the numbers of primary and secondary channels are 
I × J and J× K. x(n) denotes the acquired reference signal, and the 
reference signal vector received by the I-th reference sensor is assumed 
to be: 

X(n)= [x1(n), x2(n),⋯, xI(n)] (9) 

The reference signal vector of the i-th reference sensor is expressed 
as: 

xi(n)= [xi(n), xi(n − 1),⋯, xi(n − L + 1)]T (10) 

W(n) denotes the control filter with a length of L, where the weight 
coefficient of the j-th filter is expressed as: 

Wj(n)=
[
wj,1(n),wj,2(n),⋯,wj,L(n)

]T (11) 

The output signal of the j-th secondary path at time n is yj(n), which is 
obtained as: 

yj(n)=
∑L

l=1

wj,l(n)*x(n − l+1)=wT
j *x(n) (12) 

Let C(n) denote the transfer function of the secondary path, and let 
Cʹ(n) denote the estimated value of C(n) obtained through secondary 
path identification. The transfer function of the secondary path is 
expressed as: 

C(n)=

⎛

⎜
⎜
⎝

c11(n) c12(n) ⋯ c1K(n)
c21(n) c22(n) ⋯ c2K(n)

⋮ ⋮ ⋮ ⋮
cJ1(n) cJ1(n) ⋯ cJK(n)

⎞

⎟
⎟
⎠ (13) 

Each element cjk(n) represents the weight vector of a filter with 
length L, which is denoted as: 

cjk =
[
ωjk1(n),ωjk2(n),⋯,ωjkL(n)

]T (14) 

s(n) denotes the output secondary signal: 

s(n)= [s1(n), s2(n),⋯, sK(n)]T (15) 

The signal sk(n) received by the k-th sensor, which is the super
position of the J-th output after passing through the secondary path, is 
expressed as: 

sk(n)=
∑J

j=1
cjk(n)*yj(n) (16) 

The multi-channel system achieves the cancellation of the primary 
signal by minimizing the sum of squares of error signals. After the sec
ondary signal cancels the desired signal, the error signal e(n) is gener
ated. The weight vector composed of the outputs of the error sensors is 
denoted as: 

e(n)= d(n) − s(n) (17) 

Where d(n) denotes the desired signal, and the filter weight vector is 
expressed as: 

W(n+ 1)=W(n) − 2μXf (n)e(n) (18) 

Where μ denotes the step size, and Xf (n) denotes the autocorrelation 
matrix of the reference signal: 

Fig. 1. Schematic diagram of the propeller blade.

Fig. 2. Block diagram of the FxLMS algorithm.

X. Zhang et al.                                                                                                                                                                                                                                   Ocean Engineering 357 (2026) 125586 

3 



Xf (n)=Cʹ(n)*X(n) (19) 

To better compensate for the coupled components in the control 
system and to make it more suitable for time-varying and nonlinear 
objects, this study proposes the FxLMS algorithm combined with the 
fuzzy neural network PID (FNNPID-FxLMS) algorithm, as shown in 
Fig. 3.

As shown in Fig. 4, the first layer is the input layer, and each node is 
directly connected to the input variables. This layer also serves as the 
direct data transmission layer, which does not require data processing 
and directly assigns values to the inputs. The layer contains two nodes, 
namely the error e and the rate of change of error ec. 
{

I(1)i = xi

O(1)
i = I(1)i

(20) 

In the equation, I and O denote the input and output of the network 
layer, respectively, and the superscript denotes the number of the 
network layer; i = 1,2.

The second layer is the fuzzification layer, which performs fuzzifi
cation processing on the input variable xi from the first layer. Each node 
in this layer represents a linguistic variable value. 
⎧
⎨

⎩

I(2)i = O(1)
i

O(2)
ij = exp

[
−
(
xi − cij

)2
/

b2
ij

] (21) 

In the equation, cij denotes the center of the membership function, 
and bij denotes the width of the membership function.

The third layer is the fuzzy inference layer, which performs matching 
of the corresponding fuzzy rules. The combinations among the fuzzy 
nodes generate the applicability λl of the corresponding fuzzy rules, 
enabling fuzzy operations among the neural nodes. Each node in this 
layer corresponds to a fuzzy rule. 
⎧
⎨

⎩

I(3)ij = O(2)
ij

O(3)
l = λl = I(3)1j × I(3)2j

(22) 

The fourth layer is the output layer, which computes the fuzzy 
quantities obtained from fuzzy inference and generates the final output 
of the fuzzy neural network. This layer contains three output nodes, each 
corresponding to the variation of one parameter in the PID controller. 
⎧
⎪⎨

⎪⎩

I(4)l = O(3)
l

O(4)
k =

∑

k

∑

l

ηklI
(4)
l

(23) 

In the equation, ηkl denotes the connection weight between the fuz
zification layer and the output layer; k = 1,2,3.

The variations of the three parameters of the PID in the final output 
are expressed as: 

⎧
⎪⎪⎨

⎪⎪⎩

Δkp = O(4)
1

Δki = O(4)
2

Δkd = O(4)
3

(24) 

In the FNNPID module, the inputs of the fuzzy neural network are the 
error e and the rate of change of error ec, and the outputs are the in
cremental adjustments Δkp, Δki, and Δkd of the PID controller. The fuzzy 
rules are designed based on the tradeoff among response speed, over
shoot suppression, and steady-state accuracy. When the error is large, kp 

is increased to accelerate the response. When the error changes rapidly, 
kd is increased to improve damping and suppress oscillation. When the 
error becomes small and tends to be stable, ki is increased appropriately 
to reduce the steady-state error. Through fuzzy inference and neural- 
network weight adaptation, the PID parameters are adjusted online to 
match the time-varying dynamic characteristics of the blade system.

The computation process of the fuzzy PID neural network consists of 
two steps: forward calculation of the network and backward error 
propagation with weight adjustment. This process is repeated until the 
error is eliminated. When the input signal passes through one layer, the 
weight of the corresponding node is calculated based on the current 
weight and the activation function. The output result is then transferred 
to the next layer. When the network output is inconsistent with the 
desired output, the error signal between the output and the desired 
output is propagated backward, and the returned error is used as the 
basis for weight adjustment. This control system adjusts the output 
signal according to the weights to achieve the minimum mean square 
error.

PID control eliminates steady-state error and improves response 
speed; however, to enhance the performance of the PID controller, it is 
necessary to adjust the relationship among the proportional, integral, 
and derivative units. The fuzzy neural network is capable of approxi
mating any nonlinear function and can be used to identify the optimal 
PID parameters through the network. Therefore, the FNNPID-FxLMS 
algorithm not only provides the advantage of fast parameter conver
gence but also achieves multi-channel decoupling control based on the 
principle of optimal control.

3. Preparation

The original-size single E1619 blade was obtained through casting, 
as shown in Fig. 5. The blade was further processed using a five-axis CNC 
machine to refine the positions for the driver installation and vibrator 
connection.

To reduce the influence of fixed boundary conditions on the vibra
tion control experimental results, a single propeller blade was bolted to a 
rib plate, and the blade structure was rigidly connected to a cast iron 
platform. Surrounding plates were welded around the blade and 

Fig. 3. Block diagram of the FNNPID-FxLMS algorithm.

Fig. 4. Structural diagram of the fuzzy PID neural network.
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connected to the cast iron platform, after which water was injected to 
form a small hydrostatic test tank for the propeller blade, thereby 
establishing an active control platform for propeller vibration and noise, 
as shown in Fig. 6. The rotation radius of the blade was 1560 mm, and 
the blade profile was E1619, cast from H26 brass alloy. An exciter 
(model JZK-50; rated output force: 500 N, maximum amplitude: ±12.5 
mm) was mounted vertically at two-thirds of the blade chord length to 
induce vibration, with a force sensor (model CL-YD-2311; force mea
surement range: ±10 kN, sensitivity error: ≤2%) connected in series 
with the actuator rod. Two-thirds of the blade chord length corresponds 
to the region of significant bending and torsional strain in the propeller 
blade. It is also the position where the blade experiences the maximum 
unsteady fluid pulsating force from the surrounding flow field. A 
piezoelectric actuator and a preloading device were embedded in series 
at one-third of the blade chord length. An eddy-current displacement 
sensor (model ZA-21; measurement range: 1 mm, sensitivity error: ≤2%) 

was installed at the blade tip to measure vibration displacement at that 
point. In addition, a noise sensor (model HBK8103; Frequency range: 
0.1 Hz to 180 kHz) was placed in the hydrostatic water near the trailing 
edge of the blade to measure the radiated noise caused by blade 
vibration.

The experiment adopted a closed-loop control method, and its 
principle was illustrated in Fig. 7. The hardware-in-the-loop control 
platform was equipped with an 8-core real-time controller (model PXIe- 
8881; running the Linux RT real-time operating system), a 2-channel 24- 
bit analog output dynamic signal generator (model PXIe-4463), and a 
16-channel 24-bit dynamic signal acquisition card (model PXIe-4497). 
Real-time data exchange between the control platform and the host 
computer was achieved. The host computer generated analog signals, 
which were converted by the dynamic signal generator and amplified by 
a power amplifier (model YE5874A; rated output power: 810 W) to 
produce voltage signals that drove the exciter, thereby inducing vibra
tion in the propeller blade. The noise sensor acquired radiated noise, 
while the eddy-current displacement sensor collected vibration data. 
The vibration displacement at the end of the blade is used as the input to 
the FNNPID-FxLMS controller. The noise signal is not directly used as a 
control input, but serves as a performance evaluation metric for acoustic 
suppression. The control system generated real-time control signals 
through the dynamic signal generator, which, after amplification by a 
piezoelectric ceramic power amplifier (model E00. C3; average power 
per channel: 7 W to 35 W), drove the piezoelectric actuator to suppress 
blade vibration. Real-time data exchange was continuously carried out, 
and the algorithm was executed with a step size of 1 ms.

This study mainly investigated the active control of low-frequency 
vibration and its radiated noise in piezoelectric propeller blade struc
tures. First, the sweep-frequency method was employed to obtain the 
dynamic response of the blade structure, and the dynamic characteris
tics of the FNNPID-FxLMS algorithm were analyzed based on numerical 
simulations. Subsequently, closed-loop vibration control experiments 
were conducted on the piezoelectric propeller blade structure using the 
control algorithm, and vibration and radiated noise data of the structure 
were collected.

4. Results and discussion

4.1. Active vibration control simulation of piezoelectric propeller blades

Before conducting the simulation of the blade system, a sweep- 
frequency test was carried out to obtain a more accurate understand
ing of the blade's dynamic response. The purpose of this test was to 
observe the dynamic behavior of the blade under excitations at different 
frequencies and thereby determine its response characteristics at various 
frequencies. The experimental data analyzed through the offline iden
tification method accurately described the dynamic characteristics of 
the blade and were further used to derive the transfer function of its 

Fig. 5. E1619 blades and casting site.

Fig. 6. Experimental platform for active vibration and noise control of piezo
electric propeller blades. Fig. 7. Schematic diagram of the closed-loop control method.
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discrete system.
Fig. 8 shows the offline identification process and the dynamic 

characteristic analysis results of the blade system. The figure presents 
the dynamic responses of the blade under excitations at different fre
quencies, and the transfer function was obtained through data fitting. 
This analysis not only provided the frequency response characteristics of 
the blade but also revealed key dynamic parameters of the blade system, 
such as damping ratio and natural frequency. The discretization of the 
transfer function made the dynamic model of the blade more suitable for 
digital simulation.

Fig. 8 shows the identified dynamic characteristics of the propeller 
blade system. The time-domain results in subfigure (a) indicate that the 
output generally follows the input excitation. Subfigure (b) presents the 
error curve of the FIR fitting result, showing that the fitting error is 
mainly concentrated in the transient stage. The delay estimation in 
subfigure (c) shows that the correlation peak is located near zero lag, 
indicating a small system delay. The impulse response in subfigure (d) 
confirms that the system has finite dynamic memory. The Bode magni
tude and phase results in subfigure (e) and subfigure (f) show that the 
FIR and ARX models capture the main frequency-response characteris
tics of the system, although deviations remain in some frequency bands. 
The step responses in subfigure (g) further reflect the dynamic charac
teristics of the identified models. As shown in subfigure (h), the coher
ence is high in the low-frequency range and decreases gradually with 
increasing frequency. The pole-zero distribution in subfigure (i) in
dicates that the system has clear resonant characteristics and provides 
the basis for the subsequent simplified modeling and controller design.

The FxLMS algorithm was simple to describe and easy to understand, 
and it was regarded as one of the most widely used adaptive control 
algorithms in the field of active vibration control. In particular, the 

algorithm required only multiplication and addition operations, which 
matched well with the operating structure of standard PXIe hardware. 
This compatibility facilitated its adaptation and implementation in 
practical engineering application systems.

As shown in Fig. 9, the FNNPID-FxLMS algorithm proposed in this 
study used the FxLMS algorithm as the core and introduced the FNNPID 
module and the Reset & Uniformization module. The FNNPID part 
provided nonlinear adaptive gain adjustment, compensating for the 
problems of slow convergence and large steady-state error encountered 
by the traditional FxLMS algorithm in time-varying or nonlinear noise 
environments. The Reset & Uniformization part normalized and limited 
the output of the FNNPID to prevent excessive control effort from 
causing filter divergence. The clock mechanism ensured “reset” or “re- 
uniformization” at fixed intervals, thereby enhancing the robustness of 
the system.

Building on the advantages of the FxLMS algorithm, the FNNPID- 
FxLMS algorithm employed a neural network with PID structural con
straints to provide adaptive compensation, allowing the system to reach 
steady state more quickly during startup and operating condition 
changes. The fuzzy neural network offered nonlinear mapping capa
bility, which compensated for the performance loss of the FxLMS algo
rithm under the assumption of linearity when the channel exhibited 
slight nonlinearity. Compared with the FxLMS algorithm, the FNNPID- 
FxLMS algorithm achieved faster convergence, greater stability, and 
improved robustness against time-varying and nonlinear conditions.

For the discrete system with time delay, the transfer function was 
identified offline and denoted as G(s) = 0.5684s2 − 1.0623s+0.5111

s2 − 1.9303s+0.9392 . The 
amplitude of the higher-order modes is relatively small and have rela
tively minor effect on the vibration control performance within the 
targeted frequency band. The second-order model captures the domi

Fig. 8. Offline identification and dynamic characteristic analysis of the blade system.
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nant resonant behavior and the main dynamic response relevant for 
controller design. A narrowband signal centered at the blade funda
mental frequency was used as the system input. Based on the identified 
transfer function, numerical simulations of the FxLMS and FNNPID- 
FxLMS algorithms were conducted for control. The simulation results 
are shown in Fig. 10.

As shown in Fig. 10, the numerical simulation results of the tradi
tional FxLMS control algorithm and the improved FNNPID-FxLMS con
trol algorithm were compared. A comprehensive analysis was conducted 
on the time-domain response, power spectral density, phase plane, 
Poincaré section, as well as the cumulative probability distributions of 
error and amplitude. The results indicated that the FNNPID-FxLMS 
control algorithm generally outperformed the traditional FxLMS con
trol in most evaluated aspects. Its advantages were particularly evident 
in the time-domain response, power spectral density reduction, and 
dynamic stability improvement. In the cumulative probability distri
bution of the control error, the improvement was comparatively mod
erate, but the proposed method still exhibited a more concentrated error 
distribution and a lower probability of large errors. Specifically, the 
FNNPID-FxLMS control not only significantly reduced system fluctua
tions in the time domain but also effectively decreased the peak values of 
power spectral density in the frequency domain, particularly within 
critical frequency ranges. In addition, the FNNPID-FxLMS control 
improved system stability by converging the dynamic trajectories and 
state points, and it effectively reduced control error and amplitude 
fluctuation, thereby enhancing the overall control accuracy of the 
system.

4.2. Experimental results of active vibration and noise control for 
piezoelectric propeller blades

The experimental work was divided into two operating conditions to 
simulate the vibration and noise radiation characteristics of the pro
peller under different scenarios. The first condition simulated the pro
peller under constant-speed propulsion, where the blade vibration was 
induced by unsteady hydrodynamic forces. These unsteady forces were 
typically generated by fluid turbulence, vortices, and the interactions 
between the propeller blades and the fluid. Such irregular force fluctu
ations caused the blades to undergo periodic or random vibrations 

during rotation. Blade vibration not only affected the propulsion effi
ciency of the propeller but also radiated intense low-frequency noise 
through blade–fluid interactions.

The second condition simulated the effect of transmitted vibrations 
from the shafting and the hull on the propeller. Specifically, the shafting 
transmitted the mechanical vibrations of the hull to the propeller 
through the drivetrain, while the interactions between the hull and the 
water also altered hull vibrations, which were further conducted 
through the shafting to the propeller. As a result, the blades generated 
multi-line vibrations. Such vibrations often exhibited more complex 
spectral features, characterized by multi-frequency vibration modes, 
and radiated broadband noise through the blades.

Through experimental analysis under these two conditions, a more 
comprehensive understanding of the vibration characteristics of the 
propeller and its radiated noise under different operating conditions was 
obtained, providing both data support and theoretical basis for subse
quent propeller design and noise suppression technologies.

In both the numerical simulations and the experiments, the same 
control framework was adopted, and the main parameter settings were 
kept consistent to ensure comparability. The control step size was set to 
1 ms. The adaptive learning rate and the initial PID parameters were 
selected within a stable range, and the representative values used in this 
study were 0.01, kp = 1.0, ki = 0.1, and kd = 0.01, respectively. Satu
ration and normalization constraints were introduced in the algorithm 
to improve numerical stability and prevent excessive control output. The 
rated driving voltage of the piezoelectric ceramic actuator is 1000 V; 
however, during the actual control process, the actuator does not 
continuously operate at this maximum voltage amplitude, and the 
driving level varies with the control demand. The total power con
sumption of the piezoelectric driving system, including the power 
amplifier and supporting equipment, was approximately 7 W.

4.2.1. Vibration and noise control experiment under constant-speed 
propulsion

Flow–structure interaction analysis of the full-scale E1619 blade was 
carried out using Ansys Fluent. By performing simulations under 
different advance speeds, the dynamic responses of the blade under 
various operating conditions were obtained, and the corresponding axial 
unsteady force data were derived, as shown in Table 1.

Fig. 9. Schematic diagram of the numerical simulation structure of the FNNPID-FxLMS algorithm.
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The exciter functioned by applying excitation forces with different 
frequencies and amplitudes, thereby inducing blade vibration responses 
that matched the unsteady forces. The FNNPID-FxLMS algorithm was 
then used to control the vibration and noise of the blade. The exciter 
applied the unsteady force corresponding to the 6 kn advance speed at 
the fundamental frequency of the blade, simulating the dynamic 
behavior of the blade under actual operating conditions. The collected 
data were analyzed, as shown in Fig. 11.

As shown in Fig. 11, the control effect is most evident under the 6 kn 
condition. The blade vibration amplitude is substantially reduced in the 
time domain, and the dominant low-frequency vibration components 
are strongly suppressed in the frequency domain. The radiated noise is 

also reduced over the main frequency range, indicating that under 
relatively low advance speed, the proposed strategy is effective for both 
vibration suppression and the associated noise reduction.

The exciter applied the unsteady force corresponding to the 12 kn 
advance speed at the fundamental frequency of the blade, simulating the 
dynamic behavior of the blade under actual operating conditions. The 
collected data were analyzed, as shown in Fig. 12.

As shown in Fig. 12, the control strategy remains effective at 12 kn, 
but the improvement is less pronounced than that at 6 kn. The vibration 
response is still clearly reduced, and the dominant spectral peaks are 
weakened after control. In contrast, the noise reduction is more mod
erate, indicating that as the operating condition becomes stronger, the 
vibration suppression remains evident whereas the corresponding noise 
reduction becomes more condition-dependent.

The exciter applied the unsteady force corresponding to the 18 kn 
advance speed at the fundamental frequency of the blade, simulating the 
dynamic behavior of the blade under actual operating conditions. The 
collected data were analyzed, as shown in Fig. 13.

As shown in Fig. 13, under the advance speed of 18 kn, the control 
strategy still effectively reduced the blade vibration, while the noise 
reduction effect was comparatively limited. Although the noise levels at 

Fig. 10. Numerical simulation results.

Table 1 
Axial unsteady force acting on the blade at different 
advance speeds.

Advance speed Unsteady force

6 kn 11.5 N
12 kn 44.8 N
18 kn 99.5 N
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some characteristic frequency points were suppressed, the overall 
reduction in radiated noise was less significant than that under lower 
advance speeds. This is mainly because, under high-speed conditions, 
the vibration–acoustic coupling becomes more complex, and the 
acoustic energy tends to redistribute toward higher-order harmonic 
components after control. In terms of vibration, the vibration amplitude 
of the system was significantly reduced after control, and the vibration 
peaks in the frequency domain were effectively suppressed. In terms of 
noise, the control strategy lowered the noise levels at the characteristic 
frequency points of the system.

By simulating blade vibration and conducting control experiments 
under different advance speeds, the dynamic responses and control 
performance of the blade under various operating conditions were ob
tained. The vibration and noise of the blade under each condition were 

summarized and analyzed, as shown in Fig. 14.
As shown in Fig. 14, analysis of the vibration and noise control ef

fects of the blade under different advance speeds demonstrated that the 
proposed control strategy significantly reduced both vibration and noise 
across all conditions. Specifically, under the advance speed of 6 kn, the 
root mean square (RMS) of blade vibration was reduced by 83.3%, while 
the noise RMS was reduced by 68.2%. At 12 kn, the vibration RMS was 
reduced by 60.1% and the noise RMS by 18.3%. At 18 kn, the vibration 
RMS was reduced by 66.5%, and the noise RMS was reduced by 6.4%, 
indicating that the control strategy was particularly effective in sup
pressing vibration and noise at lower advance speeds. After control, both 
vibration and radiated noise were reduced under most operating con
ditions; however, the degrees of reduction were not always consistent. 
This indicates that, although vibration and noise are coupled, the noise 

Fig. 11. Experimental results of vibration and noise control at an advance speed of 6 kn.

Fig. 12. Experimental results of vibration and noise control at an advance speed of 12 kn.

Fig. 13. Experimental results of vibration and noise control at an advance speed of 18 kn.
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response is additionally affected by acoustic radiation characteristics and operating conditions. Therefore, the proposed strategy shows more 

Fig. 14. Analysis of vibration and noise control results of the blade under constant-speed propulsion.

Fig. 15. Comparative control performance of the FxLMS and FNNPID-FxLMS algorithms under the 6 kn.
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direct effectiveness in vibration suppression, while the noise reduction 
effect depends on the specific vibration–acoustic coupling state. Overall, 
the proposed control method effectively suppressed blade vibration and 
noise under different advance speeds, showing superior performance 
especially at lower speeds.

To further verify the experimental advantage of the proposed 
FNNPID-FxLMS algorithm over the traditional FxLMS algorithm, a vi
bration comparative test was carried out under the 6 kn condition, and 
the corresponding results are shown in Fig. 15.

Fig. 15 compares the control performance of the traditional FxLMS 
algorithm and the proposed FNNPID-FxLMS algorithm under the 6 kn 
condition. As shown in Fig. 15(a), both algorithms reduce the vibration 
response compared with the uncontrolled case, while the FNNPID- 
FxLMS algorithm achieves a smaller time-domain amplitude. Fig. 15
(b) shows that the proposed algorithm provides stronger suppression of 
the dominant vibration-related components in the frequency domain, 
especially in the low- and mid-frequency ranges. This trend is further 
confirmed in Fig. 15(c), where the spectral energy of the FNNPID-FxLMS 
algorithm is lower than that of the FxLMS algorithm in all selected 
frequency bands. In addition, the CDF results in Fig. 15(d) indicate that 
the vibration amplitude under the proposed algorithm is more concen
trated within a smaller range, which reflects better control stability and 
robustness. These results demonstrate that the proposed FNNPID-FxLMS 
algorithm provides better overall vibration-control performance than 
the traditional FxLMS algorithm under the present operating condition.

4.2.2. Vibration and noise control experiment under multi-line disturbances
Under the multi-line disturbance conditions, the line-spectrum fre

quencies were selected as 5 Hz and its integer multiples, which enables 
simultaneous evaluation of the controller's performance under multi- 
line excitation and the system's stability when multiple harmonic dis
turbances exist. The amplitude of each harmonic component was 
approximately set according to the vibration levels observed under the 
12 kn advance speed condition.

The exciter applied a disturbance force composed of two super
imposed harmonic lines to the blade, simulating the possible dynamic 
behavior of the blade under actual operating conditions. The collected 
data were analyzed, as shown in Fig. 16.

As shown in Fig. 16, under the dual-line disturbance, the control 
strategy mainly suppresses the dominant low-frequency vibration 
components, resulting in a clear reduction in vibration amplitude. The 
noise response is also reduced, especially at the main concentrated 
spectral peaks. This result indicates that under relatively simple multi- 
frequency excitation, the proposed method can effectively attenuate 
both the structural vibration and its associated acoustic response.

The exciter then applied a disturbance force composed of four 
superimposed harmonic lines to the blade, simulating the possible dy
namic behavior of the blade under actual operating conditions. The 
collected data were analyzed, as shown in Fig. 17.

As shown in Fig. 17, under the four-line disturbance, the vibration 
response after control becomes more stable, and multiple vibration 
peaks are simultaneously weakened. Compared with the dual-line case, 
the noise reduction is more pronounced in this condition, especially in 
the low- and mid-frequency ranges. This suggests that the proposed 
strategy has good adaptability under more complex multi-line excita
tion, particularly for noise suppression.

The exciter then applied a disturbance force composed of six 
superimposed harmonic lines to the blade, simulating the possible dy
namic behavior of the blade under actual operating conditions. The 
collected data were analyzed, as shown in Fig. 18.

As shown in Fig. 18, under the six-line disturbance, the control 
strategy still provides stable vibration suppression, as reflected by the 
smoother waveform and the reduction of multiple spectral peaks. The 
noise response is also weakened after control; however, compared with 
the four-line case, the reduction is more distributed across different 
frequency components rather than concentrated at a few dominant 
peaks. This result reflects the increased complexity of the vibra
tion–noise response under higher-order multi-line excitation.

The exciter then applied a disturbance force composed of eight 
superimposed harmonic lines to the blade, simulating the possible dy
namic behavior of the blade under actual operating conditions. The 
collected data were analyzed, as shown in Fig. 19.

As shown in Fig. 19, under the eight-line disturbance, the uncon
trolled system exhibits more complex vibration fluctuations, whereas 
the controlled response becomes noticeably more stable. The vibration 
amplitude is still reduced after control, indicating that the proposed 
method remains effective under highly complex excitation. The noise 
reduction is mainly reflected in part of the higher-frequency range, 
suggesting that under this condition the acoustic control effect is more 
selective and does not fully follow the vibration reduction trend.

By simulating blade vibration and conducting control experiments 
under multi-line disturbances, the dynamic responses and control per
formance of the blade under various operating conditions were ob
tained. The vibration and noise of the blade under each condition were 
summarized and analyzed, as shown in Fig. 20.

As shown in Fig. 20, the vibration RMS results indicated that the 
vibration amplitudes after control were significantly reduced as the 
number of spectral lines increased, demonstrating that the control 
strategy effectively suppressed vibration even at higher resolutions. The 
RMS of noise was also markedly reduced, with the most significant re
ductions observed under the four-line and six-line conditions. The 
maximum reduction in noise RMS reached 80.3% (at four lines), while 
the maximum reduction in vibration RMS reached 52.7% (at two lines). 
These results demonstrated the effectiveness of the control strategy in 
suppressing vibration and noise, as well as the differences in control 
performance under various resolutions.

Through the above analysis, the control strategy exhibited remark
able effectiveness under different numbers of spectral lines. The 

Fig. 16. Experimental results of vibration and noise control under dual-line disturbances.
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reduction in vibration and noise reached more than 80% in some cases. 
After control, both vibration and noise distributions tended to become 
more concentrated in several tested cases. However, the reductions in 
vibration and noise were not always synchronized, indicating that their 
relationship is influenced by multiple factors, including modal charac
teristics and acoustic radiation efficiency. Therefore, the control strategy 
can be considered more robust for vibration suppression, while its effect 
on radiated noise shows stronger condition dependence. These findings 
provided valuable references for further optimization of vibration and 
noise control of marine propellers.

5. Conclusion

This study proposed and investigated an active vibration and noise 

control method for piezoelectric propeller blades based on the FNNPID- 
FxLMS algorithm. The effectiveness of the algorithm in suppressing 
blade vibration and noise under different operating conditions was 
verified through a combination of experiments and numerical simula
tions. Experimental results showed that the control system significantly 
reduced the vibration amplitude of the blades at various advance speeds, 
with particularly effective suppression in the low-frequency range. At 
the same time, radiated noise was also markedly improved, with the 
noise level in the high-frequency range effectively reduced. Specifically, 
under the condition of an advance speed of 6 knots, the root mean 
square (RMS) of vibration decreased by 83.3%, while the noise RMS 
decreased by 68.2%. At advance speeds of 12 and 18 knots, vibration 
remained significantly reduced, while the degree of noise reduction 
depended on the operating condition and was less pronounced at higher 

Fig. 17. Experimental results of vibration and noise control under four-line disturbances.

Fig. 18. Experimental results of vibration and noise control under six-line disturbances.

Fig. 19. Experimental results of vibration and noise control under eight-line disturbances.
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speed.
In addition, analysis of vibration and noise control experiments 

under multi-line disturbances revealed that the control strategy effec
tively suppressed vibration and noise even at high resolutions. More
over, under different numbers of spectral lines, the proposed strategy 
consistently improved vibration suppression, whereas the noise reduc
tion performance varied with the disturbance condition.

In summary, the FNNPID-FxLMS algorithm, as a control method 
combining fuzzy PID control and adaptive filtering techniques, 
demonstrated significant advantages in the vibration and noise control 
of marine propellers. Its merits included faster convergence speed, lower 
steady-state error, and higher control accuracy, particularly when 
dealing with nonlinear and time-varying environments, where it pro
vided excellent control performance. By effectively suppressing the 
coupling effect between vibration and noise, the method markedly 
improved system stability and accuracy, showing broad application 
prospects. Future research could further optimize the FNNPID-FxLMS 
algorithm and extend its application to more complex control sce
narios, such as multi-channel coupled control and real engineering 
systems, in order to further enhance its control performance and 
applicability.
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