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Abstract: This work presents a study on the modeling, analysis, and control of asymmetric source
structures, which focuses on a multi-directional active mounting system that aims to consider the
location and orientation of an actual automotive powertrain mount. An active mount was created by
connecting a PZT (piezo-stack) actuator with a rubber grommet. Additional force necessary for every
mount was determined by using forces caused by harmonic stimulation and the control input has the
capability to reduce vibrations by engaging in detrimental opposition against the input. In addition,
the vibration in the horizontal direction can be reduced with the adjustment of variables that can
be modified via the dynamic interconnection of the source frame. This study especially evaluated
the effectiveness of vibration reduction without a horizontal active component and determined
the feasibility of control. Through sequences of simulated outcomes, it was demonstrated that the
implementation of this asymmetric, bi-directional (both horizontally and vertically) active mount
may effectively reduce stimulation oscillations. Additionally, a numerical validation was performed
to reduce the vibrations generated by the modulation. It was accomplished by observing the system’s
response utilizing a digital filter with a normalized least mean square method. The simulations of
adaptive digital filters demonstrated that the efficacy of control diminishes when faced with intricate
noise and signals, while the attenuation trend stays unaltered.

Keywords: active elements; automotive mount; faulty actuator; multiband controller; normalized
LMS algorithm; piezo-stack actuator

1. Introduction
1.1. Research Background

The operation of most mechanical devices generates vibration and noise, which re-
duces machine performance in terms of dependability and longevity. In light of the
accelerated advancements in technology, it is critical that products provide satisfactory
performance and elicit emotional responses through the five human senses. As an illus-
tration, during the previous stage of automobile development, durability, fuel economy,
and crash performance were considered essential for this emblematic emotional product.
In recent times, however, consumers have emphasized performances on ride comfort and
noise vibration harshness (NVH). Figure 1a depicts the overall engine and transmission
(powertrain) configuration of an automobile, consisting of an engine with two brackets and
a transmission with one bracket. The brackets function as a means of linking the subframe
of the car and also act as a rubber mount to minimize the transmission of vibration from
the powerplant. Figure 1b depicts the real powertrain of a commercial car, with the red
circle indicating the specific section of the automotive mounts linked to the car frame. The
left upper one is the engine mount, the right upper one is the transmission mount, and the
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bottom one is the roll rod. The advances in electric vehicles have introduced the challenge
of vibration and noise control that is more crucial to achieve because of the force stimulation
generated from the powertrain, such as the inverter, gearbox and motor, as opposed to the
excitation force of traditional engines. More research and the design of engine mounts that
support the vehicle powertrain and insulate the interior from vibrations transmitted by the
powertrain are needed.
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Figure 1. (a) Vibrations from the powertrain; (b) mount structure (red solid circles indicate engine
mount, roll-rod, and transmission mount, from the left).

While conventional engine mounting systems effectively mitigate vibrations at low
frequencies, they cannot do so at high frequencies. Currently, these techniques are found in
the overwhelming majority of commercial vehicles. Consequently, active mount structures
with smart actuators are attracting considerable attention as a pivotal methodology in the
research of automotive manufacturing. This technology can enhance performances on ride
comfort and NVH within a versatile context with the adjustment of mount characteristics to
correspond with either a low or high range of frequency. Figure 2 is a visionary illustration
of the active vibration control technology utilized in the mounting system of automobiles.
The basis of this system is that, when a sinusoidal perturbation is produced, as seen
above on the left, the actuator generates an additional (secondary) force with the same
frequency and amplitude, but with a phase difference of 180 degrees from the disturbance.
By combining these two signals, it is theoretically possible to totally eliminate the resulting
vibration at the conclusion.
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Figure 2. Active mounts integrated into automobiles for active vibration control.
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1.2. Review of Previous Works

A powertrain mounting system for automotive vehicles is a component that holds up
the engine and transmission of a car and restricts their vibration from transferring to the
chassis of the car. Rubber is typically used because it is viscoelastic, but it is only effective
as insulation within the range of relatively low frequencies and cannot prevent vibration
within the range of relatively high frequencies. Automotive fields have recently invested
heavily in commercializing electric cars, and considerable research is being conducted to
deal with the unexpected force caused by motors and gearboxes, which is more complicated
than that generated by the internal combustion engines that are now in use. Yu et al. [1]
reported the fundamentals and constraints of three difference mount types (passive, active,
and half active). Elastic and manual hydraulic mountings are examples of representative
passive mounts. These mounts can control vibration within the range of relatively low
frequencies, but have limits regarding their inability to do so in the high-frequency region.
Electrorheological (ER) and magnetorheological (MR) fluid mounts are commonly used
in half-active mounts. These mounts exhibit a superior vibration control ability within
the range of low frequencies distinguished with passive ones, yet they are still unable to
control vibration within the range of high frequencies. Examples of typical active mounting
systems consist of active hydraulic and elastic mountings, which integrate an actuator
with an original rubber (passive) mount. The control of vibrations in both high- and
low-frequency ranges may be achieved by adjusting the dynamic stiffness of the actuator
specific to each frequency band.

Hosseini et al. [2] devised an experimental setup and a nonlinear model of a motor
mount with a solenoid actuator. Kraus et al. [3] demonstrated that a mechanism for re-
ducing noise and vibration in an engine mount may be achieved by connecting a viscous
damper and an actuator side by side. Chae et al. [4] reduced vibrations on an ambulance
bed stage by incorporating an MR damper. Yang et al. [5] used an adaptive technique using
a multinotch filter to mitigate vibrations on four hydromechanical actuators. Jeon et al. [6]
introduced a new controllable mount system for engine. This system utilized a piezoelec-
tric stack-type actuator and a magnetorheological fluid actuator. Jiang et al. [7] applied a
magnetostrictive actuator to control active vibration. Fakhari et al. [8] demonstrated atten-
uation with the application of an adaptive control with a robust model to an engine mount
with electromagnetic actuators by way of simulations and experiments. Elahinia et al. [9]
developed a half-active actuator containing electrorheological and magnetorheological
fluids for the isolation of vibrations and shock. Wu et al. [10] developed a vibration reducer
utilizing the high-static and low-dynamic stiffness properties of a negative-stiffness magne-
tized spring. Truong [11] performed the simulation of a hydraulic engine mount based on
mathematical modeling. Kamada et al. [12] reported that active vibration control can be
achieved by combining a column and piezo-stack actuator to attenuate structural vibrations.
Loukil et al. [13] introduced a methodology that harnesses the energy of a piezoelectric
actuator to achieve efficient isolation. Sui et al. [14] utilized piezoelectric actuators to
fabricate an automotive engine mounting system that exhibited rapid response properties;
they validated the performance of the mount in reducing vibrations using simulations.

Choi et al. designed a sliding mode controller (SMC) to compare the vibration reduc-
tion capabilities of the engine mount with ER fluid using the shear mode [15]. In contrast
to the scenario where a constant electric field is supplied, the vibration response decreased
using the SMC with a variably changing electric field for the input current. Sarkar et al. [16]
proposed utilizing MR fluid to produce the perfect engine mount. The fluid reduced
vibrations across the whole range of frequency by regulating the dynamic stiffness using
a magnetic field [16]. On the other hand, when used as an engine mount, there was the
issue of fluid leakage that was very difficult to regulate. Chang et al. extended the dynamic
vibration absorber approach to include the quasi-zero stiffness method to control the anti-
resonance formed in the ultra-low frequency that was not controllable by DVAs [17]. Liette
et al. reduced the automotive noise and vibration attenuation capabilities in the PE (power
electric) frequency region of a hybrid vehicle [18] using an active mounting system that
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connects a passive mount and a piezo-stack actuator in series. Hong and Kim [19] analyzed
a mounting system comprising three mounts, including one active path, along with the
combination of a piezoelectric stack actuator and a passive mount on a plate-structured
automotive model. Hong and Kim [20] devised a quantification method for analytically
determining the optimal inputs for active structural trajectories. Numerically, the derived
inputs performed admirably, but they may benefit from some experimental tuning.

Qiu et al. suggested standards of the active elements’ placement to minimize vibration
based on their verification of the efficacy of vibration reduction concerning the shift in
the location of the piezoelectric stack actuator in the model of plate-type structures [21].
Two issues being experienced by the existing mounting method are fluid leakage and
uncontrollability in the high-frequency band, which may be best addressed with this
approach. It can also benefit from the low power and quick reaction times of the PZT.
The controller is also a crucial consideration when using active engine mounts (AEMs).
Hausberg et al. used the adaptive filter Fx-LMS method to forecast the dynamic properties
of AEMs after conducting a theoretical and experimental analysis of the secondary path
change in AEMs [22]. Bartel et al. [23] proposed a new engine mount design that includes
dynamic force resistance. The outcomes confirmed that the suggested mounting system for
engines could mitigate vibrations.

Several ongoing research projects are now working on implementing active control
using skyhook attenuation. Li and Goodall [24] investigated several control approaches
used in the active suspension systems of railway cars and applied skyhook damping control.
The velocity signal was filtered using nonlinear methods based on the Kalman filter. The
authors Singal and Rajamani [25] included an energy-adaptive skyhook gain into their
innovative zero-energy active suspension system. The system operated actively across a
broad range of frequencies and passively over all frequencies. Emura et al. [26] introduced
a semi-active suspension system that incorporates skyhook damping to allow for active
control of the damping coefficient and system design. Chai et al. investigated the practical
use of composite lattice sandwich plates with a piezoelectric actuator and sensor for active
control purposes. The plates’ reactions were calculated by the use of nonlinear equations,
and the implementation of velocity feedback and H-infinity controllers [27].

1.3. Research Purpose

Diverse research cases provide evidence that many intelligent material formulations
have been suggested to insulate the vehicle body from vibrations caused by the engine.
Implementing smart structure-based engine mounting systems for vibration isolation
presents challenges in regulating vibrations across a broad frequency range. The half-
active engine mount, which uses electro- and magneto-rheological fluids, is particularly
susceptible to fluid leakage and is thus unreliable. For covering a broad frequency range
and better reliability, a hybrid mounting system (both passive and active) comprising
rubber, a viscoelastic material, and a piezoelectric stack-type actuator was suggested as a
solution to this issue. However, since the actuators are along the force path and affected by
the engine force directly, a durability issue can occur. This can be overcome by using a type
of casing that can endure transmitted force. In addition, a technique was suggested for
mitigating vibration using a digital filter as the actuator input and a signal that tracked the
system’s response. Furthermore, the configuration can be modified to reduce vibrations
within a narrow band or when a specific frequency is aroused. Nevertheless, this approach
does not apply to electric vehicles, which generate complex signals from the gearbox,
transmission, and motor.

If the structure is symmetric, horizontal motion can be ignored with vertical excita-
tions only. However, the layouts of typical powertrain systems are mostly asymmetric and
the horizontal motion will be relatively large with vertical excitations, so that it cannot
be disregarded. Hence, the present study devised a source—paths—receiver configuration
considering the vertical and horizontal combination of vehicle engine mounts. Vibration
reduction was assessed using a piezoelectric stack actuator and a passive mount-coupled
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active mount. A comprehensive methodology is recommended for analyzing the vibra-
tional behavior of mounting structures. The interactions of a structure whose design was
influenced by an automotive mount with respect to lateral and vertical vibrations are inves-
tigated. Additionally, a comparison and evaluation of the efficacy of vibration attenuation
are conducted regarding the particular locations utilized for the actuator input measure-
ment. In conclusion, multispectral stimulations are employed to the proposed framework
to evaluate its ability to reduce vibrations caused by relatively intricate vibrations.

The present work is structured in this way: Section 2 introduces a 5DOF model, where
active mounts are integrated in the horizontal and vertical orientations to mitigate vibration,
considering the scenario where the horizontal mounting system breaks down, and thus
only the vertical mounting system continues to function without any interruptions. The
attenuation level is evaluated by enumerating the input analytically for individual paths
after the structure is stimulated by a single sinusoidal signal. Furthermore, an analysis was
performed to compare the mitigation ability of the system when relatively complicated
signals (such as modulated signals) are excited, and the response signal was traced using
the NLMS algorithm versus when the analytically calculated input signal is used in the
secondary path (Section 3). Section 4 provides a summary of the findings of this paper as
well as suggestions for future research.

2. Active Mounting Structure for Vibration Attenuation
2.1. Mathematical Modeling

The horizontal active mount failed, leaving only the vertical mount operational.
Figure 3 shows the active engine mount, powertrain, and subframe structure of the vehicle.
The vibrations are hypothesized to originate from the engine, traverse through the sub-
frame, and be received by the active mount containing a piezoelectric stack connected with
rubber. The engineers constructed the source as a curved two-dimensional structure and
devised the receiver as a beam-type structure owing to the horizontal attachment of the
engine mount to the subframe and the engine in the actual vehicle.

y
Source [P (A (074 e -5 -
(52
Paths £
ki
Receiver m,, 12
PATA)

‘m2

Figure 3. Multi-directional mounting system model with a faulty horizontal active path.

The symbols in Figure 3 used to denote different components of the system are as
follows: my and m; are the mass of the source and receiver, respectively; 1, is the actuator
mass in the vertical direction; Ily is the moment of inertia of the source in the y direction;
and I3 is the receiver’s moment of inertia in the y direction. d denotes the distance from the
source’s center of gravity to the point where the exciting force is applied, while [;; and [,;
are the span between paths and the receiver’s center of gravity and the source, individually.
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The Kelvin—Voigt expression was applied to the complex stiffness values, resulting in the
following expressions for damping and real stiffness: k7., k; ,, ki, and c; ., c; ., and cj;.
The translational and vertical motions of the vertically connected active mounting system,
the y-axis rotating motion, and the translational and vertical motions of both the receiver
and the source were all accounted for using a five-degrees-of-freedom (DOF) model. The
displacement vector, €7, describes the source’s vertical displacement; 0% is the angle of
rotation; €7 is the receiver’s vertical displacement; and Gg is the angle of rotation. & ; is
the displacement in the vertical direction for the vertical active mounting system. The
variables W# and f7; represent “excitation force” and “control force,” respectively, because
they relate to the vertical active mount. The following equation expresses the constitutive
equations that result from deriving the model described above employing the second law
of motion by Newton:

Mg+Cqg+Kg=W+F 1)

where M, C, K, W, E and q are the mass, damping, and stiffness matrix, excitation force,
active mount control force, and displacement vector, respectively. They are presented as
Equations (2)-(7):

M = dlﬂg( [ml my Mgl Mgl 1]1/ 132/]) (2)
o+ Koo e K
. klrcnzz Kz + kmskJZF kg1 + ki . _kmliz
= - - -
K L — K — 2 ] Iy N
m2ts2 m2's3 m1tsl m2ts2 m2ts3 m1tsl
kfylerS - kfnzlﬂl kfn3lr3 + kfnzlr4 - killrl + kizer - k}zriczlrS _kfngl;ﬁ (3)
kmals2 = koala — kiplss kalrs = Kiplva
Kbl — Kol K2l + Kaplys — Kl + Kiyha — k2 los
kst K25l
Kol + kol + kipll — 2k 5ol —Knalsalya + Kplolis — koyolsslys + kilsalra

—kzplsalva + Koblsala — kiplsalis + Kiblsolys  KoalZ + Kiplly -+ koo l2s + ki 17 + K12 — 2k25Lals
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m2 ml
Z Z Z Z Z Z
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Crolrs — ol crals + Cplra — Cbllrl +ciplin — ciolis —cislia (4)
Z ] ] — cFX] X[ 2]
Cnts2 — Cyqls1 — Cypnts3 Contrs — Cyplra
C;lesg, - C%ZZSZ Cfnger + 6;2174 - Cillrl + Cizlrz - CfnlerS
Cﬁﬂlsl _sz3lr3
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Cmitsr T Clsa + Cunlsa Cm2ts2ts3 ) Cinots2 7;1 + G2 522 r5 Cn212 s34r5 —; Crnts3tra
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—Cpnlsalra + uplsalia — Coplsalys + coploalis  chglis 4 chpliy 4 cpplis 4 cpy Ly + cppliy — 2¢55lalys
_ [z z z X Y 1T
g=1[8 & €, €q 6 6] )
T
W = [WZ 0 0 0 W4 0} (6)
T
_ x
F= [0 00 fi, O 0] (7)

The significance of the vibration reduction performance was evaluated by analyzing
the displacement at the location adjoining the path in a model converted from the CG
(center of gravity) coordinates to the mount coordinates, as shown in Figure 4.
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Figure 4. Multi-directional mounting system model with mount coordinates.

Figure 4 presents the vertical displacement of various mounts and sources. Specifically,
%1 is the displacement of the vertical mounting system in the vertical direction and the
adjacent source; G, , is the displacement of the horizontal mounting system in the vertical
direction and the adjacent source; 7, 5 is the displacement of the vertical mounting system
in the vertical direction and the adjacent receiver; and ¢~ , is the displacement of the receiver
in the vertical direction. Equation (9) defines the conversion matrix of the 5 DOF model by
arranging each position according to the formulae for the internally and externally dividing
points, as expressed in Equation (8).

821 _ ‘:}anlsZ + g}znzlsl _ lsz fnl lsl Zm2 (8)
lsl + 12 lsl +1s2 lsl =+ 152
nt mig 0 00
000 o e
II=| 0 0 1 0 ©)
L G 0 00
000

Equation (11) expresses the equation of motion when all the matrices of the CG
coordinates are multiplied by the transformation matrix. Equation (10) expresses the
displacement vector with the mount coordinates through the conversion matrix described
in Equation (9).

T
9= T €a G Gl (10)
Mi +Cd +Kg =W+F (11)

The effectiveness of the vibration mitigation ability is confirmed only when the ac-
tive mounting system in the vertical direction is in operation through Equation (11); the
dynamic relationship expression is presented in the next sub-chapter. The response ten-
dency of the horizontal direction is obtained from the motion equations transformed to
mount coordinates.

2.2. Response Trend in the Horizontal Direction

Because of structure’s asymmetricity, horizontal motion cannot be ignored. With the
presented model, the vertical reaction at each place may be identified, but the horizon-
tal response cannot be estimated based on the suggested aggregated parameter model.
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The response tendency of the horizontal direction at each position was evaluated apply-
ing the dynamic relationship of the structure. The location bordering to the horizontal
mounting system, which significantly affects the displacement in the horizontal orientation,
was analyzed as the horizontal direction response trend. Figure 5 presents the source’s
dynamic motion.

| Sz

Figure 5. Source’s dynamic motion by excitation.

The dashed line presents the source’s equilibrium phase, while the blue solid line
depicts the source’s motion by perturbation. The source’s displacement adjacent to the
horizontal mounting system can be obtained by summing (0 and 2), where (D is derived
from the characteristic of an isosceles triangle and the trigonometric formulation, and (2) is
derived from the similitude ratio, as described in Equations (12) and (13), respectively.

oY
<3—§%mn<;> (12)

@ : G = liasin () : Losin () (13)

Equation (14) describes the horizontal movement pattern of the source located next to
the horizontal mount based on Equations (12) and (13).

X 9¥ 152 z
Gz =0+ @ = | tan| = +§ G (14)

Equation (15) can be derived by linearizing Equation (14).

oy

I\ .z
%f<2+é%m (15)

The source’s horizontal movement is influenced by the structural geometry, the rota-
tion angle of the source, and the vertical movement, as shown by the preceding equation.
The vertical displacement governs the horizontal movement of the source because of the
difficulty of changing the source structure. Figure 6 presents the receiver’s dynamic motion.
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Figure 6. Receiver’s dynamic motion by excitation.

The dashed line shows the receiver’s equilibrium phase, whereas the blue solid line
depicts the receiver’s motion by perturbation. The receiver’s displacement adjacent to
the horizontal mounting system is defined as ¢ ,, which is equal to ) when deducing
the source’s horizontal motion using the characteristics of an isosceles triangle and the
trigonometric formulation.

oY
G = Copatan 72 (16)
Equation (17) can be derived by linearizing Equation (16).
oY
ma = 32 ” (17)

This equation demonstrates that the receiver’s horizontal motion is influenced by both
its rotation angle and vertical displacement. Thus, it may be regulated by horizontal receiver
motion. Consequently, the model’s vertical and horizontal responses were examined.

2.3. Input Quantification for Active Elements

The amplitude and phase value significantly affect the resulting response when a
harmonic force is stimulated. Control forces and input disturbances in the form of harmonic
functions can be described as a form of complex numbers through Euler’s law as the
following equations:

WZ* (i’) — eriwt (18)
1 (t) = fiael o) (19)

acl

where W* is the amplitude of the input disturbance; w is the input frequency; fZ is
the amplitude of the control force in the vertical direction; and ¢, is the phase of the
vertical control force. Employing the control forces and the input disturbance to the mount
coordinate model will yield the response at each position. The response of each position is
expressed as Equation (20).

(1) = &i(t) (20)

where &7 .(t) is the vertical motion of the i-position with the mount coordinates, which
is a response influenced by the control force and the input disturbance via a secondary
path. The determination of this displacement may be achieved by defining the compliance
matrix as the reciprocal of the dynamic stiffness matrix. The dynamic stiffness matrix and
compliance matrix are expressed as Equations (21) and (22), respectively, based on the
mount coordinates.

[K*/} = M +iwC + K 1)
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HY = [K*l] = |Hy' H3,' Hyp' Hy' Hy (22)

Equation (23) expresses each location’s displacement with the mount coordinates
obtained with the compliance matrix.

g =H"'W +H'F (23)

The response may be expressed by using the input disturbance, control force, and the
compliance matrix, as expressed in Equation (23). This suggests that the movement of each
position can be expressed using the amplitude of the input disturbance, the amplitude of
the control force, and the phase. Equation (24) expresses the displacement of each location:

HOE (Efn”}.eiﬁmj 8L e P +ﬁmj.acl)>eiwt (24)
At position j, Efn*] is the amplitude due to the input disturbance; B,,; is the phase
from the excitation force; E‘fn*] .1 18 the amplitude because of the vertical mount control
force; and B;j4c1 is the phase from the control force of the vertical mount control force.
Equations (25)—(28) express these amplitudes and phases with the compliance matrix:

=g = (Hy' + Hy'd)we (25)
Ertjact = Hfs/f;cl (26)
Buj =2 (H}‘ll + H;;’d) 27)
Bmjact = LHp' (28)

Equation (24) describes the displacement, and everything is known except the ampli-
tude and phase of the control force in the vertical mount. A phase of the control force that
equalizes the phase values is used to calculate the control force of the vertical mount that
results in non-movement, as expressed in Equation (29).

,ij = ,ij.acl + Dye1 (29)

Equation (30) shows the phase that the vertical mount should hold according to
Equation (29).
D1 = .ij - ,ij.acl (30)

Substituting Equation (30) into Equation (24) yields the following:
& (1) = (Bt + Bl gy ) P (31)

If the amplitude component in Equation (31) is set to zero, the displacement at position
j can also be set to zero because there is only one unknown to calculate. Equation (32)
defines the vertical mount amplitude that results in a zero displacement of the j position by
replacing the amplitude component of Equation (31) with Equations (25) and (26).

!/ !
we (Hy + Hy'd)
/
HS,

foe1 = — (32)

To nullify the displacement of position j, the secondary path must receive the con-
trol force determined by the phase value of Equation (30) and the amplitude value of
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Equation (32). In the 5-degrees-of-freedom model, there are four ways to target the move-
ment of the location bordering to the mount as zero: (1) focusing the source motion next to
the vertical mounting system, (2) focusing the receiver motion next to the vertical mount-
ing system, (3) focusing the source motion next to the horizontal mounting system, and
(4) focusing the receiver motion next to the horizontal mounting system.

3. Simulation

Before commencing the experiment to showcase the model and verify the aforemen-
tioned formulae, a numerical simulation was executed to ascertain the model’s achievement
utilizing a laboratory configuration, including a framework equipped with two mounts.
Table 1 lists the constituent parameters of the simulation. The subsequent experimental
apparatus in Figure 7 will be used to validate the simulation results experimentally, upon
which these values are predicated. The top section indicates the car’s powertrain, while the
bottom section indicates the chassis of the vehicle. Every operational pathway comprises
a piezo stack-type actuator and a rubber mount. The signal from accelerometers was
recorded instantaneously using a rapid control prototyping system (dSPACE 1104). An in-
put disturbance was engaged utilizing a shaker, and its measurement was obtained using
the force sensor (impedance head) connected to the stinger tip. The inertia and masses
were computed and measured. The damping coefficient and stiffness were measured using
multiple experiments. A pulse voltage signal was used to stimulate the stack mass, while
an accelerometer was used to quantify the resulting response. Consequently, a solitary
peak indicating the resonance was observed, which was the foundation for estimating the
rigidity value via the half-power method and the formulation for the natural frequency.

Table 1. Parameters used for simulations.

Variable Value Unit
my 1.721 kg
my 1.350 kg

Mae1 0.075 kg
L 33.402 gm?
I 18.070 gm?
K q 5.46 kN/mm
K, =k,=k 0.5 kN/mm
ks 0.61 kKN/mm
ki, = ki, 0.42 kN/mm
i 22 Ns/m
2 = Cma = Cad 140 Ns/m
i 64 Ns/m

Ch = iy 200 Ns/m

Is1 =13 50.686 mm
I 179.314 mm

Iy =1p 136 mm

Lz =15 0 mm
Ly 200 mm

d 50 mm
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Figure 7. Experimental structure utilized to determine the parameters.

Both horizontal and vertical mounts were located at the source’s and receiver’s CGs,
and a simulation with a quantified secondary path input was conducted. The output was
validated using the state space approach with linear and time-invariant conditions, and
the attenuation performance of vibration was validated through the comparison of the
response when just the input force was employed to the response when both the input
force and the computed control input were applied. Equations (33)—(35) express the state
space equation when the mass-spring-damper motion equation is converted to the mount
coordinates described in Equation (17).

5(t) = Ax(t) + Bu(t) (33)
y(t) = Cx(t) + Du(t) (34)

_ Osx5 Isxs | Osxs | Dhx2 02kt 0o Ooxs| 4
A= ~M"7'K _M/_lcl] b= [—M/_l] €= |:02><2 0251 Ix2 0Oaxs D=0 (3

In Equation (35), A, B, C, and D matrices indicate the state, input, output, and direct
transfer term of the system, respectively. The output of simulation is indicated as the
displacement of the location adjacent to the mount by modifying the state variable using
Equation (36).

y(t) = [E0() En(t) () Ea®]’ (36)

3.1. Control via Quantified Input

The excitation frequency, excitation amplitude, and sampling frequency were set to
400 Hz, a sinusoidal signal of 10 N, and 15 kHz, respectively, to simulate the calculated
secondary path input of the five-DOF model. Figure 8 expresses each displacement response
in the case that the input force is only applied to the system model.

Figure 8 shows Mount(i); illustrating the displacement of the ith source position
in the vertical direction with respect to the left hand from the mount coordinates. The
displacement of the source in the horizontal direction bordering the horizontal mount
is designated as Mount2;. The displacement of the ith receiver position in the vertical
direction is designated as Mount(i)%, and the displacement of the receiver in the horizontal
direction bordering the horizontal mount is designated as Mount25. The vibration becomes
significantly more pronounced in the source directly affected by the input stimulation if
the control input is not supplied through the subordinate path. Mount2%, located at a
considerable distance from the CG, is specifically vulnerable to vibration. This concern
was addressed by verifying the vibration reduction performance by exchanging the input
values of the subordinate path calculated using the 4 methods mentioned earlier. The
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effectiveness of each technique in reducing five-DOF vibrations was assessed by comparing
its response plot in the steady state and the response’s root mean square value. Figure 9
presents the simulation using a simple diagram.
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Figure 8. Steady-state response under harmonic stimulation.

w? ’[r
| Position 2 (_T y
V4

5 N

| J . SENSOR |:| ACTUATOR
||

. RUBBER U sHaker

Figure 9. Simulation schematic for the model.

Position 1 in Figure 9 is Mount1% (marked as P1) in Figures 3 and 4; Position 2 is
Mount2% (marked as P2); Position 3 is Mount2g (marked as P3); Position 4 is Mount1%
(marked as P4); and Position 5 is Mount2% (marked as P5_vert) and Mount23 (marked as
P5_horiz) in Figure 4. In Case 1, the vertical displacement of zero is specified at position 1.
In Case 2, zero displacement in the vertical direction is specified at position 4. In Case 3,
the vertical displacement of zero is specified at position 2. In Case 4, zero displacement
in the vertical direction is specified at position 5. The input of the vertical active mount
in the subordinate route, which aims for zero displacement in the vertical direction, was
substituted to run the simulation. Table 2 lists the root mean square values without and
with controls, and Figure 10 shows the response plot in the steady state for Case 1, which
focuses on the displacement of the source in the vertical direction next to the vertical mount
to be ‘0"
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Table 2. Case-1 controlled results.
[Unit: pm] Source Receiver
P1 P2 P3 P4 P5_Vert P5_Horiz
Without 0.6002 1.0372 0.2932 0.0817 02214  2.03x1077
Control
With 0 0.7291 0.2061 0.0463 0.1685 1.01 x 1077
Control 100% | 29.7% | 29.7% | 43.34% |, 23.92% | 50.26% J.
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Figure 10. Case-1 controlled response in the steady state.

For Case 1, the input of the subordinate path was a sine wave with a 400 Hz frequency
and —8.1659 N amplitude in the vertical mount. The vibration of Mount1%, which was
targeted, was reduced by 100%, Mount2g and Mount2g by 29.7%, Mount1% by 43.34%,
Mount2% by 23.92%, and Mount2y by 50.26%. Hence, the vibration reduction performance
of the automobile in Case 1 is enhanced by isolating the engine and subframe vibrations.

Figure 11 and Table 3 display the results after control for Case 2 (the intended vertical
displacement of the receiver bordering the vertical mount is ‘0’).
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Figure 11. Case-2 controlled response in the steady state.
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Table 3. Case-2 controlled results.
[Unit: um] Source Receiver
P1 P2 P3 P4 P5_Vert P5_Horiz
Without 0.6002 1.0372 0.2932 0.0817 02214  2.03x1077
Control
With 0.5724 0.6747 0.1907 0 0.1729 9.15x 1078
Control 4.64% | 34.95% |, 34.95% |, 100% J. 21.92% | 54.9% |

In Case 2, the input of the subordinate path was calculated to be a 400 Hz sine wave
with an amplitude of —13.7238 N in a vertical mount. The vibration of Mount1%, which
was targeted, was reduced by 100%, Mount1g by 4.64%, Mount2g and Mount2g by 34.95%,
Mount1% by 43.34%, Mount2% by 21.92%, and Mount2y by 54.90%. Therefore, the vibration
reduction performance of the automobile is improved, even though the Case-2 method
insulated the powertrain and subframe vibrations.

Figure 12 and Table 4 (source displacement in the vertical direction bordering the
mount in the horizontal direction is set to ‘0’) present the control results of Case 3.
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Figure 12. Case-3 controlled response in the steady state.

Table 4. Case-3 controlled results.

[Unit: um] Source Receiver
P1 P2 P3 P4 P5_Vert P5 _Horiz
Without 0.6002 1.0372 0.2932 0.0817 02214  2.03x10~7
Control
With 1.4142 0 0 0.1058 00583 843 x 109
Control  135.6% 1 100% | 100% | 2957%1  73.68% |  95.85% |

For Case 3, the input of the subordinate path was a 400 Hz sine wave with an amplitude
of —27.3703 N in the vertical mount. The vibration of Mount27, which was targeted, was
reduced by 100%, Mount2g by 100%, Mount2} by 73.68%, and Mount2y, by 95.85%, while
the vibrations of Mount1% and Mount1} show deteriorating trends of 135.6% and 29.57%,
respectively. This suggests that the method in Case 3 calculates the subordinate path
targeting the displacement of a location far from the active mount, resulting in a significant
displacement of the location bordering the active mount. Thus, the Case-3 control is
inefficient and intensifies the vibration.

Figure 13 and Table 5 present the Case-4 control results (the intended receiver displace-
ment in the vertical direction bordering the mount in the horizontal direction is ‘0").
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Figure 13. Case-4 controlled response in the steady state.
Table 5. Case-4 controlled results.
[Unit: um] Source Receiver
P1 P2 P3 P4 P5_Vert P5_Horiz
Without 0.6002 1.0372 0.2932 0.0817 02214  2.03x10~7
Control
With 1.7821 0.3184 0.09 0.148 0 0
Control 196.9% 1 69.3% | 69.3% | 81.1% 1 100% | 100% |

For Case 4, the input of the subordinate path was a 400 Hz sine wave with an amplitude
of —31.8566 N in the vertical mount. The vibration of Mount2%, which was targeted, was
reduced by 100%, Mount2y by 100%, and Mount2% and Mount2g by 69.3%, while the
vibrations of Mount1 and Mount1} showed a deteriorating trend by 196.9% and 81.1%,
respectively. Hence, the method in this case calculates the subordinate path targeting the
displacement at a point far from the active path in the same manner as the method in Case
3, resulting in a larger displacement close to the active mount. Thus, the Case-4 control is
unproductive and worsens the vibration. Comparing the results of every scenario shows
that the movement of the active path and bordering location must be controlled to show
the appropriate control force and control result. Moreover, compared to the seven-DOF
model [28], the five-DOF model required a substantially greater control force when aiming

at a position bordering the mount in the horizontal direction and demonstrated poor NVH
reduction performance.

3.2. Control via the Adaptive Filtering Algorithm

When using the estimated input of the subordinate path for controlling, the control
input needs to be calculated again each time there is a change in the surrounding envi-
ronment or the stimulation force. It should be handled by an adaptive digital filter that
regulates the filter coefficients in response to environmental factors to address this problem.
Vibrations can be managed using representative adaptive filter techniques, like the algo-
rithm called least mean squares (LMS). The LMS algorithm is often used for vibration and
noise reduction because it is a straightforward and reliable technique. Also, the algorithm
is easy to implement and shows relatively good performance for active vibration control
(signal tracking problems). The disadvantage is that the convergence rate is somewhat
sluggish, and the initial values heavily affect the convergence characteristics’ filter coef-
ficients. The normalized LMS (NLMS) technique, which focuses on the shortcomings of
the original LMS, and the vibration control approach in real time by closely observing the
response of the source—a signal with the highest level from all the responses—were used
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in this study. A computer simulation assessed the suitability of the procedure before it was
tested experimentally. Figure 14 presents a diagrammatic version of the five-DOF NLMS
control simulation.
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Figure 14. Five-degrees-of-freedom NLMS control simulation schematic.

“hr

A basic sinusoidal signal, AM signal, and FM signal can be excited using the NLMS,
an adaptive filtering algorithm for the five-DOF model, by replacing the signal that tracks
the source signal next to the active mount in the vertical direction as an active mount input
with the appropriate gain and phase. A numerical simulation was run to validate the
persuasiveness of vibration attenuation; Figure 10 presents a simple illustration.

A sine wave with a 10 N amplitude and an excitation frequency of 400 Hz was
provided because the simulation input for the case where the stimulation force is a plain
sine wave, as expressed in Equation (37).

u(t) = 10sin(400 x 27tt) (37)

For the case of excitation with a straightforward sinusoid, the numerical simulation
yielded the response graphs in the time domain in Figures 15 and 16, comparing the RMS
value of the steady-state response without and with control in Table 6 and the frequency
spectrum in Table 7. The RMS comparison enabled the vibration reduction performance to
be determined.

In accordance with Tables 3-6, the vibrations showed a propensity to decrease as
below: Mount1; by 82.14%, Mount2; by 25.18%, Mount1% by 10.1%, Mount2% by 21.14%,
and Mount2y by 40.64%. Mount2% had a very small value both before and after control,
similar to the seven-DOF results [28]. Therefore, the Mount2} results were excluded from
the results in the frequency domain, as shown in Table 7. The responses before and after
control were compared via the FRF RMS from 300 Hz to 500 Hz. Vibration was reduced by
88.36% in Mount1;, 26.48% in Mount2; and Mount2g, 0.78% in Mount1%, and 21.39% in
Mount2%. This can be interpreted as minimizing the powertrain and subframe vibrations in
the automobile. Therefore, NLMS control can enhance the vibration reduction performance
of the automobile.

As a result of the development of electric vehicles, the powertrain of the vehicle gener-
ates signals with no less than 2-3 different frequencies. This suggests that it is challenging
to regulate by calculating the input of the subordinate path depicted in Section 2.3 or
by utilizing the NLMS only. Consequently, when modulated (AM and FM) signals with
diversified frequencies are stimulated, the multi-NLMS algorithm with diversified channels
is used for control, as shown in Figure 17.
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Figure 15. Source control result with NLMS in time domain.
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Figure 16. Receiver control result with NLMS in time domain.
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Table 6. RMS value comparison in the steady state with sinusoid.

[Unit: um] Source Receiver
P1 P2 P3 P4 P5_Vert P5_Horiz
Without 0.6286 1.0649 0.301 0.1785 04747 476 x 1077
Control
With 0.1123 0.7968 0.2252 0.1604 03739  2.83x 107

Control 82.14% | 25.18% | 25.18% | 10.1% | 21.14% | 40.64% |

Table 7. FRF RMS value comparison with sinusoid.

[Unit: mm)] Source Receiver
P1 P2 P3 P4 P5_Vert
Without 1.0103 1.7457 0.4935 0.2459 0.7447
Control
With 0.1176 1.2834 0.3628 0.244 0.5854
Control 88.36% | 26.48% | 26.48% | 0.78% | 21.39% |
Uy
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Figure 17. Schematic diagram for multi-NLMS algorithm.

An NLMS filter was Implemented for each frequency component of the input uy,
which consists of n components. This adjustment modifies the filter coefficient, and the
output signal is generated by summing the signals of single frequency. This method was
implemented to reduce signal errors. The input for the scenario in which the stimulation
force is an AM signal was an AM signal comprised of three frequency components and a
20 Hz carrier frequency, as indicated in Equation (38).

u(t) = 5sin(400 x 27tt){1 + cos(20 x 27tt)} (38)

The frequency component of Equation (38) was inserted for each NLMS input, as
expressed in Equations (39)-(41).

up (t) = sin(380 x 27t) (39)

uy(t) = sin(400 x 27t) (40)
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uz(t) = sin(420 x 27t) (41)

Through appropriate gain and phase control, the resultant signals were combined
and then applied to the input of the subordinate path. In contrast to sinusoidal signals,
comparing the responses of modulated (AM and FM) signals in the time domain is chal-
lenging. Hence, those signals were examined in contrast using FRF. The frequency response
diagrams in Figures 18 and 19 present the control results with multi-NLMS when the
stimulation input is an amplitude modulated (AM) signal. In addition, the RMS responses
from four seconds to 4.05 s in the time domain without and with control were examined
in contrast at each position (Table 8), and the frequency domain response from 300 Hz to
500 Hz was compared (Table 9) to determine the reduction performance.

According to the RMS in the time domain, as shown in Table 8, the motions were
attenuated by 67.38% in Mount13, 19.43% in Mount2Z and Mount2g, 18.92% in Mount1y,
18.41% in Mount2%, and 25.56% in Mount2%, compared to the values before control. Similar
to the time domain, the frequency domain RMS results in Table 9 demonstrate a decreasing
vibration trend by 72.33% in Mount1Z, 21.94% in Mount2%, 21.94% in Mount2g, 0.27% in
Mount1%, and 18.01% in Mount2%. The AM signal exhibited a comparable tendency to
the sine waves when it was stimulated, but its efficiency was inferior. This suggests that
the complicated signal is agitated and the mitigation performance is decreased. On the
other hand, the preceding results show that the powertrain and subframe of the automobile
generate less vibration. Therefore, NLMS control can enhance the vibration reduction
performance of the automobile.
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Figure 18. Comparison of FRF after NLMS control with AM.
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Figure 19. Comparison of FRF after NLMS control with AM.

Table 8. RMS value comparison in the steady state with AM.

[Unit: um] Source Receiver
P1 P2 P3 P4 P5_Vert P5_Horiz
Without 0.4125 0.6796 0.1921 0.137 03239  251x10°7
Control
With 0.1345 0.5475 0.1548 0.1111 0.2643 1.87 x 1077

Control 67.38% | 19.43% | 19.43% | 18.92% |

18.41% | 25.56% |

Table 9. FRF RMS value comparison with AM.

[Unit: mm)] Source Receiver
P1 P2 P3 P4 P5_Vert
Without 0.6227 1.0757 0.3041 0.1539 0.4664
Control
With 0.1723 0.8397 0.2374 0.1535 0.3825
Control 72.33% | 21.94% | 21.94% | 0.27% |, 18.01% |

The input involves a frequency modulated (FM) signal

with a carrier frequency of

20 Hz. The signal’s frequency changes sinusoidally and theoretically contains an unlimited

number of frequency components.

u(t) = 10cos(400 x 27t + sin(20 x 27t))

(42)

Equation (42) is used to provide the frequency components for each NLMS input, as
seen in Equations (39)—(41). Figures 20 and 21 depict the outcomes of the multi-NLMS
control when the excitation force is a frequency modulation (FM) signal. In addition, for
each position, the RMS response from four to 4.05 s in the time domain was compared
with Table 10 before and after control, and the RMS response from 300 Hz to 500 Hz in the
frequency domain was compared with Table 11 to understand the reduction performance.
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Frequency Response at Position 4 Frequency Response at Position 5
40 ‘ — 60| ' +396dB [
436 dB 1 No Control
= =Control ) 3.83d = =Control
0l
o o
3, 1 e
() O
el el
== =
g 2 50, ]
< | < 1
) 1
W
-1501' ) 1007 .
"
-180 -130 ;
300 350 400 450 500 350 400 450 500
Frequency [Hz] Frequency [HZ]

Figure 21. Comparison of FRF after NLMS control with FM.

As per the RMS in the time domain, as shown in Table 10, the vibration was attenuated
by 62.61% in Mount1;, 20.28% in Mount2% and Mount2g, 22.63% in Mount1%, 17.65% in
Mount2%, and 35.32% in Mount2}, compared to the values before control. Similar to
the time domain, the frequency domain RMS results in Table 11 indicate a tendency to
reduce vibrations by 64.02% in Mount1, 21.02% in Mount2% and Mount2g, and 18.01%
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in Mount2%, while the vibration is amplified by 0.02% in Mount1%. When the frequency
modulated (FM) signal was stimulated, it exhibited an analogous tendency to the sinusoidal
or AM signals, but the efficacy was inferior. This demonstrates that the complicated signal
is agitated and the mitigation efficiency is decreased. The control results in the time domain
and frequency domain, when excited by the FM signal, show that the engine vibration can
be reduced to reduce engine noise and the vibration of the subframe that affects the ride
comfort of the vehicle occupants. On the other hand, in the case that the active mount in
the vertical direction was used solely, vibration reduction efficacy was poor compared to
when the active mounts in both horizontal and vertical directions were used [28].

Table 10. RMS value comparison in the steady state with FM.

[Unit: um] Source Receiver
P1 P2 P3 P4 P5_ Vert P5 _Horiz
Without 0.6308 1.0709 0.3027 0.1833 04888 536 x 1077
Control
With 0.2358 0.8537 0.2413 0.1632 04025 347 x 107

Control 62.61% | 20.28% | 20.28% | 10.95% | 17.65% | 35.32% |

Table 11. FRF RMS value comparison with FM.

[Unit: mm)] Source Receiver
P1 P2 P3 P4 P5_Vert
Without 1.0182 1.7589 0.4972 0.2535 0.7688
Control
With 0.3663 1.3893 03927 0.2536 0.6394
Control 64.02% | 21.02% | 21.02% | 0.02% 4 16.82% |

4. Conclusions

The present investigation involved the integration of a rubber grommet and piezo-
electric stack actuator to produce a powertrain mount connecting the powertrain to the
automobile subframe. The effectiveness of the vibration mitigation mechanism was evalu-
ated by aligning the actuator with the connecting direction of the powertrain mount. The
source—path-receiver configuration was used to design and construct the entire asymmet-
ric structure, with the automobile powertrain serving as the source, the active mounting
system functioning as the path, and the subframe substituting in a roll as the receiver.
Analytical modeling was utilized to examine the impact of the vibration attenuation of the
active mounting structure positioned vertically and horizontally. In particular, a vibration
reduction performance analysis of the structure was conducted using a five-degree-of-
freedom model, considering the possibility that a breakdown of the active mount occurs in
the horizontal direction or functions exclusively as a vertical active mount. The validation
of the vibration reduction effect for a sinusoidal signal involved deciding the phase and
amplitude specifications for every active mounting system. In addition, the effect was
confirmed by subjecting the AM and FM signals, each of which contained three frequency
components, to excitation via the NLMS with adaptive digital filters.

With respect to the horizontal response, the expression for the dynamic relationship
presented in this paper recognized the prevailing pattern and investigated potential strate-
gies to regulate it. The stimulation of a sine wave and subsequent computation of the
control input for every active mounting system result in the summing of the vibration
reduction effect for a cumulative effect of six input control forces. Although the vibration
reduction in the entire structure could be shown in a single instance, it was impossible to
achieve the phase value of the control force. The NLMS algorithm was implemented to
validate the impacts of noise and complex signal excitation on vibration reduction. Conse-
quently, the vibrations near the CG of the source and vibrations of the receiver tended to be
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reduced substantially, improving NVH performance. Consequently, the monitored source
experienced a significant vibration reduction, while the vibrational motion transferred to
the receiver experienced a lesser reduction than the system containing two active mounts.
Hence, in the event of a failure of the active mounting system in the horizontal direction,
the vertical active mount efficiently mitigates engine vibration and noise. On the other
hand, the vibration of the subframe remains equivalent to its pre-control state, necessi-
tating maintenance. Applying force in the horizontal direction can significantly mitigate
the vibrations of the structure. Nevertheless, additional investigations will be needed to
determine the reciprocal connection between the horizontal and vertical trajectories.
The following are the contributions that this work has made.

(1) An exhaustive technology for analyzing the motion of mounting systems is pro-
posed. By integrating analytical modeling and input quantification for actuators, this
methodology broadens its scope and facilitates its implementation across various
mounting systems.

(2) The present research examines and documents the interplay between lateral and
vertical vibrations of a structure that draws inspiration from an automotive mount.
Prior investigations have mainly concentrated on the manner of actuation and uni-
directional vibration attenuation. In addition, an assessment and comparison are
performed regarding the effectiveness of vibration attenuation corresponding to the
particular locations utilized to measure the actuator input. Furthermore, this could
aid in the formulation of the actuation strategy.

(38) The vibration reduction efficacy of the suggested structure is examined by applying
multi-spectral stimulations to relatively complex vibration signals.

With regard to subsequent investigations, the justification of the mathematical model
should be checked with a series of laboratory experiments and also the vibration attenuation
trend should be checked with more a automotive-like structure to confirm the applicability
of this work. Also, control effectiveness with various methods should be discussed in
more detail with the impacts of complex signals and noise. Furthermore, this study will
determine how the coupling orientation of the engine mount affects the source and receiver
to facilitate more effective control.
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