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Abstract: Vibrations generated from equipment mounted on ships radiate into the water and affect
covert operation capabilities. Accordingly, various studies are being conducted to reduce vibration
transmitted from mounted equipment. In this study, a system consisting of mounting equipment,
a 3-axis active mount, a middle pedestal, and a lower mount of the middle pedestal was modeled
using a finite element analysis program, and a mobility model was constructed by calculating the
frequency response function between the positions required for analysis. The error signal (primary
path) obtained using the mobility model and the response at the operating point by the control force of
the actuator (secondary path) are applied to the narrowband Fx-LMS algorithm for vibration control,
and the control performance was compared. Through coupling analysis of the middle pedestal, the
control influence according to the rigidity of the middle pedestal was analyzed. As a result of the
control simulation, the time required for vibration control was controlled approximately 6 times
faster in the model, with increased stiffness of the middle pedestal, and the vibration reduction
performance was predicted to improve by a minimum of 0.9 dB and a maximum of 13.3 dB. Through
this study, a simulation model that can provide a guide for the design of the middle pedestal of a
ship was obtained, and it is expected that it can be utilized for a preliminary design review before
manufacturing the middle pedestal of a ship.

Keywords: mobility model; vibration reduction; finite element analysis; active vibration control;
Fx-LMS; active mount

1. Introduction

Equipment mounted on naval ships generates vibrations while the ship is in opera-
tion, and the structural transmission sound generated by the vibration of the equipment
is transmitted externally through the ship’s body and radiated into the water. This is
especially important for warships, as such noise can inform the enemy of their location and
degrade the performance of underwater target detection systems using sonar. Reducing
noise radiated into the water is essential to enhance stealth capabilities and ensure crew
survivability. To address this, ship systems require high-performance mounts, and research
is being conducted in various directions in the industry to reduce vibrations transmitted
from above [1–8]. Previously, methods for reducing vibration using materials such as
rubber mounts [9] were common, and studies were mainly conducted to reduce vibra-
tion by improving the characteristics of elastic mounts, which are the paths for structural
vibration transmitted from the upper part. However, using only elastic mounts may be
structurally simple and effective within a certain frequency range, but has limitations in
resolving low-frequency and horizontal vibrations corresponding to the structural vibration
frequency of the system. Recently, studies have been conducted to control vibration by
applying control force using hybrid mounts that combine electromagnetic actuators and

Vibration 2024, 7, 999–1012. https://doi.org/10.3390/vibration7040053 https://www.mdpi.com/journal/vibration

https://doi.org/10.3390/vibration7040053
https://doi.org/10.3390/vibration7040053
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/vibration
https://www.mdpi.com
https://orcid.org/0000-0003-3274-076X
https://doi.org/10.3390/vibration7040053
https://www.mdpi.com/journal/vibration
https://www.mdpi.com/article/10.3390/vibration7040053?type=check_update&version=1


Vibration 2024, 7 1000

piezoelectric stack actuators [10–13]. In the process of controlling vibration using such
active mounts, a control algorithm for effective vibration control is required. The PID
(proportional–integral–derivative) control method [14–16] is relatively simple and provides
stable performance, but it requires prior knowledge of the dynamic characteristics of the
target system, is difficult to configure control for multiple channels, and has difficulty
responding quickly to complex vibration patterns. To solve these problems, the Fx-LMS
(Filtered-x Least Mean Squares) [17–21] method has been introduced, and among them,
research on the narrowband Fx-LMS algorithm is increasing. The narrowband Fx-LMS
algorithm can effectively control vibration by filtering the input signal in real time and
adjusting the output signal. In this study, a vibration reduction test device similar to the
operational state of a ship was modeled using a finite element analysis program, and a
mobility model was constructed by calculating the frequency response function between
the positions required for the analysis. The primary and secondary paths required for active
vibration control simulation were obtained using the finite element analysis program, and
each path was applied to the narrowband Fx-LMS algorithm for vibration control, and the
control performance according to the stiffness size of the middle pedestal was predicted
and compared when the exciting force occurs from the upper-mounted equipment. In the
existing vibration reduction technology using elastic mounts, research results have been
published that the greater the stiffness of the middle pedestal, the greater the vibration
reduction effect. However, in the case of a system combining an elastic mount and an
actuator, most of the research on vibration reduction performance according to the stiffness
of the middle pedestal is related to defense technology, so specific information has not
been disclosed. In general, in vibration control using an actuator, the size of the signal
input to the sensor is large, so control can be easy. On the other hand, in the case of small
micro-vibrations transmitted through an elastic mount, it is difficult for the sensor to detect
them sensitively, so control can become complicated. Therefore, information on under what
conditions the middle pedestal can effectively control vibration is limited. Therefore, this
study aims to predict the vibration control characteristics according to the stiffness of the
middle pedestal through simulation. To this end, two models were considered. The first
model is Case 1 (Young’s modulus: 2 × 1011), which uses the material properties of an ac-
tual production model, and the second model is Case 2 (Young’s modulus: 2 × 1013), which
increases Young’s modulus by 100 times to be similar to the floor foundation impedance of
an actual naval ship. Vibration control simulations were performed targeting the funda-
mental frequency and the second and third harmonic frequencies of 60 Hz, 120 Hz, and
180 Hz, which correspond to the equipment operating speed (typically about 3600 rpm).

2. Materials and Methods
2.1. Ship Vibration Reduction Test Equipment

The vibration reduction test device is an experimental device that simulates an en-
vironment similar to a real ship. The vibration reduction test device is a device that is
equipped with six three-axis active mounts and installs a device on the top of the structure
to simulate the vibration of the mounted equipment, thereby enabling active vibration
control experiments. The configuration of the vibration reduction test device is shown
in Figure 1. It consists of a mounted device to simulate the vibration of the equipment
mounted on the ship, a middle pedestal assuming the ship’s raft, a passive mount under
the middle pedestal, a three-axis active mount for vibration control, and an air mount for
vibration isolation from the floor.

• Onboard equipment: Equipment that generates vibrations similar to those of equip-
ment actually installed on a ship.

• Middle pedestal: This structure simulates the raft of the ship, with passive mounts
installed underneath.

• Three-axis active mount: Installed under the mounted equipment to pedestal it and
reduce the vibration transmitted from the equipment. This assembly is composed of
three actuators to control vibrations in the x, y, and z directions (refer to Figure 2).
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• Air mounts: These are used for vibration isolation from the floor.
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The vibration reduction mechanism works by applying electromagnetic control forces
of the same frequency and amplitude and the opposite phase to the vibrations generated by
the mounted equipment. This reduces the vibrations transmitted to the middle pedestal and
the ship’s hull (refer to Figure 3). The actuators attached to the 3-axis active mount are of the
inertial type using electromagnetic forces. They generate inertial forces through the moving
mass inside the actuators and apply these forces to the structure to reduce vibrations. With
this design, the vibration reduction test equipment provides an effective environment for
evaluating the vibration reduction performance under various vibration conditions.
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Figure 3. Mechanism for vibration reduction.

2.2. Mobility Model Using Finite Element Analysis

A finite element analysis model was used to calculate the mobility of the vibration
reduction test device. Mobility, a type of frequency response function, is the inverse of
mechanical impedance and is defined as the ratio of the velocity at a specific location to the
force applied at the same or different location. It describes the relationship between force
and velocity response and is used to analyze the dynamic characteristics of the system.
Mobility can be expressed as follows:

M = V/F (1)

where
M: Mobility (m/s/N);
F: Force applied to the structure (N);
V: Response velocity (m/s).
The finite element analysis was conducted using shell elements, and the boundary

conditions for the analysis are illustrated in Figure 4. The passive mounts (K1, K2) and the
air mount (K3) were modeled using bushing joint components to examine the dynamic
characteristics in the x, y, and z directions. The bushing joint component is a joint element
capable of defining the dynamic stiffness in both vertical and horizontal directions, allowing
the dynamic stiffness to be applied to the FEA model through displacement as a function
of force. The specifications of the vibration reduction test device and the parameters for the
finite element analysis are presented in Table 1. The weight of the mounted equipment is
approximately 45% of the total weight of the test device. The passive mounts (K1, K2) are
products from W Company, and to ensure that the dynamic characteristics are similar to
those of the actual system, the dynamic stiffness was applied based on the data sheet from
the product catalog. The stiffness of the air mount (K3) was set to a value that achieves a
system resonance frequency of 2 Hz.
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Table 1. Ship vibration reduction test equipment spec.

Onboard Equipment Weight (kg) 45% of the Total System Weight

Passive mount stiffness (N/m)
K1: Data sheets of the products used
K2: Data sheets of the products used

K3: Stiffness for a resonance frequency of 2 Hz in the system

2.3. Active Vibration Control Simulation Method for Ship Vibration Reduction Test Equipment

In this study, we compared the control performance based on the stiffness of the
middle pedestal when the excitation force is applied to the mounted equipment using
an adaptive algorithm called Filtered-x Least Mean Squares (Fx-LMS). Figure 5 is a block
diagram of a typical active vibration control system using an adaptive algorithm. The area
indicated by the blue dotted line in this figure means the actual system coupled with the
equipment that generates vibration, where u(n) represents the input signal, y(n) represents
the output signal, and e(n) represents the error signal. This algorithm works with the goal
of updating the coefficients w(n) of the control filter to reduce the error signal and converge
the error signal to ‘0’. This algorithm is a method of applying the LMS adaptive formula
after filtering the reference signal with the second-path impulse response to prevent the
optimal solution of the adaptive filter from being distorted by the path between the filter
output and the error sensor. When using the N-order FIR adaptive filter, the coefficient
update formula is as follows.

wi(n + 1) = wi(n) + µr(n − i)e(n), i = 0, 1, . . . , N − 1 (2)

In the above equation, r(x) is the following filtered reference signal.

r(n) = x(n) ⊗ sn =
L−1

∑
i=0

sn,ix(n − i) (3)

This signal is the signal filtered by the secondary path impulse response
sn,i, i = 0, 1, . . . L − 1 of the reference input signal x(n) and L is the order of the filter
modeling the secondary path. The control simulation method for the vibration reduction
test device is depicted in Figure 6. As previously described, mobility was calculated using
a finite element analysis program, and the primary and secondary paths necessary for vi-
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bration control simulation were obtained. Each path obtained using finite element analysis
was applied to the Fx-LMS control algorithm, and control performance according to the
stiffness of the middle pedestal was compared through a simulation.
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2.3.1. Primary Path

In this study, the primary path and secondary path required for vibration control
simulation were acquired using a mobility model created through a finite element analysis



Vibration 2024, 7 1005

program. The primary path is the route through which vibrations generated by the upper-
mounted equipment reach the error sensor, and it represents the response characteristics
that propagate from the vibration source to the control target location. As shown in Figure 7,
the primary path was determined by exciting the noise source of the mounted equipment
in the x, y, and z directions with an excitation force corresponding to 70 dB (velocity, ref.
5 × 10−8 m/s). The frequency responses in the x, y, and z directions at positions 1 to 6 of
the active mount, where the error sensors are attached, were obtained through frequency
response functions.

Vibration 2024, 7, FOR PEER REVIEW  7 
 

 

Primary path 
In this study, the primary path and secondary path required for vibration control 

simulation were acquired using a mobility model created through a finite element analysis 
program. The primary path is the route through which vibrations generated by the upper-
mounted equipment reach the error sensor, and it represents the response characteristics 
that propagate from the vibration source to the control target location. As shown in Figure 
7, the primary path was determined by exciting the noise source of the mounted equip-
ment in the x, y, and z directions with an excitation force corresponding to 70 dB (velocity, 
ref. 5 × 10−8 m/s). The frequency responses in the x, y, and z directions at positions 1 to 6 
of the active mount, where the error sensors are attached, were obtained through fre-
quency response functions. 

 
Figure 7. Excitation point and response point for primary path signal acquisition. 

2.3.2. Secondary path 
The secondary path is the path through which the output of the control filter reaches 

the error sensor, and represents the response characteristics transmitted to the controlled 
target position by the vibration control force of the actuator when the actuator operates 
for vibration control. The input of the secondary path is the control force of the actuator, 
and the output is the vibration response at the controlled position, which includes the 
dynamic characteristics of the power amplifier, the actuator, and the controlled target 
structure. Figure 8 shows the method for obtaining a secondary path. The secondary path 
was excited in the x, y, and z directions, respectively, at the active mount position where 
the actuator was attached, and the response characteristics were obtained as a frequency 
response function in the same way at the active mount 1 to 6 positions, which are the 
control force operating points. The operating force and phase dynamic characteristics of 
the actuator applied to the system were reflected when obtaining the secondary path us-
ing finite element analysis, which enabled the vibration control characteristics by the ex-
citing force of the actual system to be reflected. The dynamic characteristics of the actuator 
for control are shown in Figure 9. The actuator used to apply the control force has a natural 
frequency of less than 20 Hz and is designed to have a characteristic of maximum force at 
a frequency three times the natural frequency. The actuator has a characteristic of force 
linearity within ±10% in the target frequency range. 

Figure 7. Excitation point and response point for primary path signal acquisition.

2.3.2. Secondary Path

The secondary path is the path through which the output of the control filter reaches
the error sensor, and represents the response characteristics transmitted to the controlled
target position by the vibration control force of the actuator when the actuator operates
for vibration control. The input of the secondary path is the control force of the actuator,
and the output is the vibration response at the controlled position, which includes the
dynamic characteristics of the power amplifier, the actuator, and the controlled target
structure. Figure 8 shows the method for obtaining a secondary path. The secondary path
was excited in the x, y, and z directions, respectively, at the active mount position where
the actuator was attached, and the response characteristics were obtained as a frequency
response function in the same way at the active mount 1 to 6 positions, which are the
control force operating points. The operating force and phase dynamic characteristics of
the actuator applied to the system were reflected when obtaining the secondary path using
finite element analysis, which enabled the vibration control characteristics by the exciting
force of the actual system to be reflected. The dynamic characteristics of the actuator for
control are shown in Figure 9. The actuator used to apply the control force has a natural
frequency of less than 20 Hz and is designed to have a characteristic of maximum force
at a frequency three times the natural frequency. The actuator has a characteristic of force
linearity within ±10% in the target frequency range.
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3. Results
3.1. Review of Coupling of the System According to the Stiffness of the Middle Pedestal

To compare the control performance according to the stiffness of the middle pedestal,
the vibration mode coupling of the middle pedestal was analyzed. The mode coupling of
the middle pedestal refers to the response characteristics at the locations of adjacent 3-axis
active mounts when the actuators of the 3-axis active mounts apply control forces to control
the transmitted vibration. As shown in Figure 10, an exciting force was applied to one 3-axis
active mount using the dynamic characteristics of the actuator, and the responses were
obtained from adjacent 3-axis active mount assemblies. Since the vibration reduction test
equipment has a symmetrical shape, this study applied excitation forces to the 3-axis active
mount at position 1 along the x, y, and z axes, respectively, and observed the responses
generated from the 3-axis active mount assemblies at positions 2 and 3. The actual response
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characteristics at positions 4, 5, and 6 were examined and found to be identical to the
responses of the 3-axis active mounts at positions 1, 2, and 3.
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Figure 11 shows the response characteristics in the x, y, and z directions of the 3-axis
active mount at adjacent control locations 1, 2, and 3 when an excitation force is applied
to the 3-axis active mount at location 1 in the horizontal (x-axis) direction, with the x-
and y-axes normalized. In the figure, the black dotted line represents the response from
the excited location to the excited direction, the blue solid line represents the response
characteristics at location 2, and the red solid line represents the response characteristics
at location 3. The upper figure of Figure 11 represents the response characteristics in a
log scale, and, in the case of the lower figure, the difference between the maximum and
minimum values of the response is large, making it difficult to read this figure, so the
normalized Y-axis is shown as 0.4. As shown in this figure, even when an excitation force is
applied to the 3-axis active mount at position 1 in the horizontal (x-axis) direction, there
is a frequency range where a larger response occurs than the 3-axis active mount at other
control positions. Specifically, compared to the locations where the excitation force was
applied, it is predicted that larger responses will occur in the x-direction (103 Hz) and
z-direction (56 Hz) at location 2, and in the y-direction (96 Hz, 131 Hz) at locations 1 and 3.

Figure 12 shows the response characteristics in the x, y, and z directions of the 3-axis
active mount at adjacent control positions 1, 2, and 3 when an excitation force is applied to
the 3-axis active mount at position 1 in the vertical (z-axis) direction, with the x- and y-axes
normalized. In the figure, the black dotted line represents the response from the excited
position to the excited direction, the blue solid line represents the response characteristic at
position 2, and the red solid line represents the response characteristic at position 3. The
upper figure of Figure 12 represents the response characteristics in a log scale, and in the
case of the lower figure, the difference between the maximum and minimum values of
the response is large, making it difficult to read this figure, so the normalized Y-axis is
represented as 0.4. As can be seen in this figure, even if the excitation is applied at position 1
in the vertical (z) direction, there is a frequency range where a larger response occurs in the
3-axis active mount of other control positions. Specifically, compared to the locations where
the excitation force was applied, a larger response is predicted to occur at location 2 in the
x direction (141 Hz), and at locations 1 and 3 in the y direction (76 Hz, 131 Hz). As can be
seen from the modal analysis results in the figure, this is attributed to the structural mode of
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the middle pedestal. The response characteristic graphs indicate significant vibration mode
coupling between adjacent 3-axis active mounts for control, resulting in highly complex
response characteristics.
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The results of the vibration mode coupling depending on the stiffness of the middle
pedestal are shown in Figure 13, which illustrates that the response characteristics vary
significantly with changes in the stiffness of the middle pedestal. Figure 13a presents the
vibration response results due to the actuator’s control force under Case 1 conditions. In
Case 1, it is observed that there are numerous vibration modes associated with the middle
pedestal, suggesting that the actuator’s control force may induce different vibration modes.
This indicates that the system is not independent, and the elements of multiple vibration
systems are interacting with each other. Consequently, mode interference occurs due to the
control force, and some modes are more dominant, making control at the targeted control
frequencies challenging. Additionally, as shown in the phase results on the right side of
Figure 13a, the phase varies depending on the position of the 3-axis active mounts, which
complicates the calculations for control and is expected to make control more difficult.
Figure 13b shows the vibration response results caused by the actuator’s control force
under Case 2 conditions. As illustrated in this figure, the mode frequencies related to the
middle pedestal are shifted backward, resulting in a significantly simplified response and
phase characteristics. Fewer vibration modes related to the middle pedestal are present,
and the vibration modes are clearly separated, suggesting that control operations will be
easier compared to Case 1. Additionally, there are no phase differences among the 3-axis
active mount assemblies, which is expected to facilitate control.
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3.2. Active Vibration Control Simulation Result of Ship Vibration Reduction Test Equipment

The control performance based on the stiffness of the middle pedestal was compared
using the Fx-LMS algorithm when the excitation force was applied to the mounted equipment.
To compare the control performance, vibration control simulations were conducted under
identical conditions, and the results were summarized in Table 2. In conclusion, it was
predicted that control could be achieved under both Case 1 and Case 2 conditions. However,
in Case 1, it took 20 s to achieve the desired vibration reduction performance, whereas in Case
2, control could be achieved within 3 s to meet the target performance. The average vibration
reduction amounts for simulations performed under the same conditions are summarized
in Table 3. In the model with higher middle pedestal stiffness (Case 2), vibration reduction
performance improved, with a minimum of 0.9 dB and a maximum of 13.3 dB.

Table 2. Vibration control success or failure according to the middle pedestal stiffness.

Simulation Condition Case 1 Case 2

Simulation time [s]

3 x o
5 x o

10 x o
20 o o

Table 3. Vibration reduction performance according to middle pedestal stiffness [unit: dB, Ref.
5 × 10−8 m/s].

Simulation Condition Case 1 Case 2

Frequency [Hz] 60 Hz 120 Hz 180 Hz 60 Hz 120 Hz 180 Hz

Average vibration reduction [dB]
22.90 41.19 20.33 24.87 48.43 24.66
40.62 29.54 14.69 41.47 42.88 23.08
30.08 41.65 20.07 37.02 44.70 22.05

Figure 14 shows the vibration control results according to the stiffness of the middle
pedestal, and it is expected that vibration control is possible under both conditions. In
Case 1, mode interference occurs, and a phase difference appears depending on the control
location, the three-axis active mount location, but it was confirmed that vibration control is
possible by applying control force at different locations. Through this, it was confirmed
that control is possible even when the coupling of the system is severe. However, the
vibration mode appears differently depending on the control location (mount location), and
if the dominant vibration mode is different for each control location, the degree of coupling
according to the mode contribution also changes. In this situation, it is natural that the
calculation for vibration control becomes very complicated. As can be seen from the results
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in Tables 2 and 3 and Figure 14, it takes a relatively long time to complete the control, and
unstable control is achieved. In addition, when the control force is applied at a specific
mount location, a larger vibration response occurs at another adjacent control location, as
can be seen in Figures 11 and 12. This phenomenon occurs because the vibration transmitted
from the top and the vibration caused by the control force at the adjacent location overlap,
which makes the control operation more complicated. On the other hand, in Case 2, stable
control is possible, as can be seen from the vibration control results in Tables 2 and 3
and Figure 14. It can be confirmed that the vibration control is more effective when the
vibration mode is clearly separated and the vibration mode and phase according to the
control location are very similar. This suggests that it is very important to carefully examine
the coupling of the system and select an appropriate stiffness when designing the middle
pedestal. When separating the vibration mode and controlling the vibration transmitted
from the top, it can be seen that it is important to design the middle pedestal by selecting the
stiffness so that additional vibration response does not occur at the adjacent control location.
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4. Discussion

In this study, the system consisting of the mounted equipment, the three-axis active
mount, the middle pedestal, and the mount under the middle pedestal was modeled using
finite element analysis (FEA) in a manner similar to the actual mounting conditions. The
mobility model was constructed by calculating the frequency response function between the
required positions. Using the FEA program, the first path, which is the frequency response
function between the excitation force of the mounted equipment and the three-axis active
mount at the control position, and the second path, which is the frequency response function
between the excitation point of the actuator and the response point of the three-axis active
mount at the control position, were obtained. These paths were applied to the vibration
control algorithm Fx-LMS, and the vibration control performance was compared based on
the stiffness of the middle pedestal. The vibration control simulation confirmed that the
control was possible under both Case 1 and Case 2 conditions. However, when the stiffness
of the middle pedestal was larger (Case 2), the vibration control was executed faster than
in Case 1, and the average range of vibration reduction was 0.9 dB to 13.3 dB, indicating
that the vibration reduction performance was improved. The simulation results show that
when designing the middle pedestal, it is important to review the coupling of the system to
isolate the vibration mode and control the vibration transmitted from the top, and design
the middle pedestal with the stiffness selected so that no additional vibration response
occurs at the adjacent control location. This simulation model provides a guide for the
design of the middle pedestal of a warship and is expected to be useful for preliminary
design review before fabricating the middle pedestal in future warship projects.
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