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Abstract. In order to improve ride comfort, mounting system was required to effectively isolate the
vibrations generated by the engine, preventing them from being transmitted to the vehicle body and the cabin,
while ensuring that the displacement of the powertrain remains within controllable limits under various
operating conditions. This study investigated the vibration isolation performance of single bell plate
hydraulic mount in a quarter-car model. Key parameters including force transmissibility and relative
displacement transmissibility were analyzed under varying damping of the main rubber spring, different mass
combinations (engine, body, wheel) and different road excitations. The results showed that with optimized
parameters (K, = 3.39x10* N/m, B, = 2500 N's/m, K; = 2.5x103 N/m, B, = 100 N-s/m), minimum force
transmissibility in the low-frequency region and low relative-displacement transmissibility in the
high-frequency region can be achieved. Appropriate matching of My, M,,,, and M, further reduced both force
and relative-displacement transmissibility. Under random road excitation, force transmissibility, mount
stroke, and suspension stroke increased with road roughness, whereas relative displacement transmissibility
between engine and frame decreased significantly (by 67.0 % on Grade B and 85.5 % on Grade C compared
to Grade A). With impact excitation, force transmissibility changed variably with grade, while mount and
suspension displacements were markedly amplified; nevertheless, the mount maintained effective control
across all roughness levels.

Keywords: single bell plate hydraulic mount, quarter-car model, force transmissibility, relative
displacement transmissibility, mass parameter matching, pavement excitation.

Nomenclature

K, Stiffness of the main spring rubber, 250000 N/m

B, Damping of the main spring rubber, 100 N-s/m

I; Inertia coefficient of the inertia channel, 7.6x10¢ kg/m*

R,  Damping coefficient of the inertia channel, 5.5%10% kg/(s'm*)

I;;  Inertia coefficient of the bell plate, 2.0x10* kg/m*

R,;  Damping coefficient of the bell plate, 3.0x10° kg/(s-m*)

Iy Inertia coefficient of the decoupled channel, 7.5%10* kg/m*

R;  Damping coefficient of the decoupled channel, 11.7x10° kg/(s-m*)
Q; Liquid flow through the inertia channel

Liquid flow through the rubber gap between the bell plate and the main spring of the
upper chamber

M,  Engine mass, 87 Kg

M,  Body mass, 890 Kg
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M,,  Wheel equivalent mass, 40 Kg

P, Pressure of the bell plate chamber

Py Pressure of upper chamber

P, Pressure of lower chamber

C.,  Flexibility of the bell plate chamber, 3x10-'! m3 /N

C;  Flexibility of upper chamber, 7x10°"* m3> /N

C, Flexibility of lower chamber, 2.6x10° m*> /N

A,  Equivalent cross-sectional area of the upper chamber, 25x10* m?
A,,; Equivalent cross-sectional area of the bell plate, 3846x10°6 m?
Qg  Liquid flow through the decoupled channel

Equivalent cross-sectional area of the rubber gap between the bell plate and the main
spring of the upper chamber, 620x10°¢ m?

K, Suspension stiffness, 3.39¢10* N/m

B, Suspension damping

K; Tire stiffness

1. Introduction

Hydraulic mounts, which are vibration-isolating elements installed between the vehicle body
and the engine, have garnered significant attention from academia and the automotive industry,
leading to extensive research in recent years [1-3]. These adaptive mounts are developed as smart
isolators, designed to function as soft isolators at low amplitudes and stiff isolators at high
amplitudes. This dual behavior places hydraulic engine mounts within the domain of nonlinear
systems, resulting in phenomena not observed in linear analyses. The mounts must be soft to
reduce transmitted forces and stiff to limit relative displacement. Based on the mount system,
mounts can be broadly classified into three categories: passive mounts, semi-active mounts, and
active mounts. These categories play a vital role in enhancing the Noise, Vibration, and Harshness
(NVH) characteristics of the vehicle. Compared to rubber mounts, hydraulic mounts exhibit higher
stiffness and damping at low frequencies, while displaying lower dynamic stiffness and damping
at high frequencies. This dual behavior significantly improves both comfort and vibration noise
reduction. Specifically, hydraulic mounts reduce noise levels by 5 dB compared to rubber mounts
and decrease shock vibration levels by two-thirds. Current approaches to semi-active mounts
involve controlling either structural parameters or fluid parameters [4]. Controllable structural
parameters include the cross-sectional area of the inertial channel, the length of the inertial
channel, and the variable volume stiffness of the upper and lower cavities. Controllable fluid
parameters encompass smart materials, such as magnetorheological fluids and electrorheological
fluids. In contrast, active mounts utilize an electric controller to send command signals to the
active actuator, which then generates a reaction force to minimize the transmitted force.

From the perspective of vibration isolation performance, hydraulic mounts can be classified
into three types: (1) single throttle hole or single inertial channel hydraulic mounts, (2) inertial
channel combined with a decoupled film hydraulic mount (referred to as decoupled film hydraulic
mount), and (3) inertial channel combined with both decoupled film and bell plate hydraulic
mounts. Although the single throttle hole or single inertial channel hydraulic mount exhibits
superior vibration isolation performance compared to rubber mounts in the low-frequency range,
as the excitation frequency increases, the fluid in the inertial channel or throttling hole tends to
stagnate, losing its vibration isolation effectiveness and even resulting in a state of diminished
damping-commonly referred to as high-frequency stiffening [5]. The decoupled film hydraulic
damping mount addresses this issue by incorporating a decoupled film based on the inertial
channel hydraulic mount, which provides lower damping characteristics under high-frequency,
low-amplitude excitations. While this mitigates the high-frequency stiffening problem to some
extent, the issue remains significant. R Tikani et al. [6] investigated the efficiency of the proposed
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hydraulic engine mount in two-mode operation meaning isolating mode in the highway driving
condition and damping mode in the shock motions. Fan R. et al. [7] studied a unique semiactive
HEM with four-chamber and three-fluid-channel whose lengths shorten successively while the
cross-sectional areas increase successively, which can offer good NVH performance in a relatively
wider band. Ohadi et al. [8] developed a mathematical model for a six-degree-of-freedom, four-
cylinder V-shaped engine mount, accounting for the nonlinearity of the decoupling film. They
analyzed the impact of the throttle disc structure on the vibration isolation performance of the
mount system.

Despite the relatively mature research on conventional inertial channel and decoupled film
hydraulic mounts, studies on bell-plate hydraulic mounts remain limited. The bell plate hydraulic
damping mount is an improvement upon the decoupling film hydraulic mount, incorporating a
bell-plate structure to divide the upper liquid chamber into two separate cavities. By utilizing the
bell-plate structure to disturb the fluid flow in the upper liquid chamber, it increases turbulent
energy dissipation, thereby further mitigating the high-frequency hardening issue of hydraulic
mounts [9-12]. In particular, there is a lack of systematic investigation into how the number of
bell-plate structures affects the dynamic characteristics (e.g., dynamic stiffness and hysteresis
angle) of hydraulic mounts. Lin et al. [13-16] proposed a novel bell plate hydraulic mount design
that integrated an inertial channel, a decoupler membrane, and two bell plates to enhance broad-
spectrum engine vibration isolation. Increasing the number of high-frequency bell plates from
n =0 to n =2 resulted in a 69.88 % reduction in the peak dynamic stiffness of the hydraulic
mount and a 37.71 % decrease in the hysteresis angle. Furthermore, although the synergistic effect
between bell-plate disturbances and the decoupler membrane has been acknowledged, quantitative
relationships and design guidelines regarding multiple bell plates are still absent. The studies on
bell plate hydraulic mounts are limited, with few reports on the influence of the number of bell-
plate structures on the dynamic characteristics of hydraulic mounts. In line with my earlier work
(Jian Wei, 2026), the current analysis confirms that the disruptive effects of bell plate disturbances
and the decoupler membrane synergistically mitigate the high-frequency hardening phenomenon
encountered in hydraulic mounts at higher frequencies [17]. Additionally, a new bell plate
controllable multi-inertia channel MRF (magnetorheological fluid) mount system was applied to
a 3-degree-of-freedom mount system of a 1/4 car model. The study showed that switching and
closing different inertia channels reduced the transfer force from the engine to the body and
increased the relative displacement stiffness between the engine and the body. The application of
bell-plate-based controllable multi-inertia channel MRF mount systems in vehicle-level models
also remains underexplored.

To address the above gaps, this study makes the following specific contributions:

(1) Quantitative analysis of the number of bell plates: This study systematically investigates
the influence of single bell plates, providing the first quantitative evidence of the effectiveness of
bell plates.

(2) Synergistic mechanism of bell plates and decoupler membrane: Building upon prior work
(Jian Wei, 2026), this study confirms that the combined disruptive effects of bell-plate-induced
turbulence and the decoupler membrane synergistically mitigate the high-frequency hardening
phenomenon, offering a clearer physical explanation of the underlying mechanism.

(3) Application to a quarter-car model: Single bell-plate mount system is applied to a 3-degree-
of-freedom quarter-car model. The study demonstrates that bell-plate disturbances and the
decoupler membrane reduces the transfer force from the engine to the vehicle body and increases
the relative displacement stiffness between the engine and the body, validating the practical
feasibility of the proposed mount system in real-world vibration isolation scenarios.

To better understand its characteristics in high-frequency stiffening problem, the remainder of
this paper is organized into 4 sections. Lumped parameter model description of single bell plate
hydraulic fluid mount system for 1/4 vehicle model is constructed and the damping of the
hydraulic mount rubber main spring are analyzed, taking into account the force transfer rate and
the relative displacement transfer rates in Section 2. The mass parameters between the engine, the
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body, and the wheels are analyzed by developing a comprehensive lumped parameter model of a
1/4 vehicle, considering the same parameters as above in Section 3. A series of parameters for
single bell plate hydraulic mount in the 1/4 vehicle are examined under conditions of random
pavement incentive and impact fluctuation pavement incentive in Section 4. Section 5 concludes
with key parameters variation behavior including force transmissibility and relative displacement
transmissibility under varying damping of the main rubber spring, different mass combinations
(engine, body, wheel), and different road excitations.

2. Single bell plate hydraulic fluid mount system for 1/4 vehicle model
2.1. Lumped parameter model description

The single bell plate hydraulic mount depicted in Fig. 1(a) comprises several components: a
main spring rubber, an inertia channel, a decoupler channel, a bell plate, and a rubber bottom
membrane. The fluid flow chamber is divided into three sections: an upper chamber (main
chamber), a bell plate chamber, and a lower chamber (compression chamber). Fluid flows from
the upper chamber to the lower chamber through the bell plate, inertia channel, and/or decoupler
channel. The main spring rubber provides a certain level of stiffness and damping to support the
weight of the static engine. The upper chamber, bell plate chamber, and lower chamber of the
hydraulic mount are filled with a mixture of antifreeze and water. When the hydraulic mount is
externally stimulated (either by the engine or the road), pressure changes occur within the
hydraulic mount chamber, causing the fluid to flow back and forth through the middle inertia
channel and bell plate. This flow generates significant damping for the mount, dissipating the
energy from external vibration and achieving vibration isolation. Simultaneously, when the
hydraulic mount experiences external stimulation, fluid flows from the upper chamber to the lower
chamber through the decoupler channel, with the flexible rubber membrane serving as an energy
storage mechanism.

Fig. 1(b) illustrates a lumped parameter model of single bell plate hydraulic mount. When the
hydraulic mount is excited by x, (t), the bell plate primarily addresses the issue of high-frequency
hardening, especially when the fluid flow in the inertial channel is minimal. Consequently, it can
be assumed that the flow rate (Q;) through the inertial channel is 0, along with an inertia coefficient
(I;) and damping coefficient (R;) of 0.

Fig. 1. Configuration of the bell plate hydraulic mount: a) schematic, b) physical model

The pressure difference between the top and bottom chambers is calculated based on the linear
moment equation. To better illustrate the variation in effective area of the decoupling membrane
under different excitation amplitudes, the parameter Agfy, is introduced [18]. Assuming there is
only one inertial channel, x, representing the vertical displacement of the engine, the overall
equation of motion for single bell plate hydraulic mound can be written as Eq. (1-6), the symbols
and values of the parameters of the hydraulic mount system are shown in Nomenclature:
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P, —P, =10, + R, Q +%KP|5€1|5C1' 6]
Py =P, =143Qa + RaQu, 2
Py - Py = 111041 + Re1 Q11 3)
C1[')1 = (Ap1 — Ae)Xe — Qi1 — Q1 — Qq, 4)
CZP; =0, +0Qq (5)
CeaPyy = Qe — (Ap + Ay — Aml)xe- (6)

The transmitted force F is calculated in Eq. (7) and it is further used to calculate for the
transmissibility and the dynamic stiffness. The transmissibility is the ratio between the transmitted
force and the excitation force. The dynamic stiffness is the ratio between the transmitted force and
the excitation displacement:

F= (Aml - Adfnc)(Pl - PZ) + AP, + AgRqQq — (Aml - Ap - Atl)Ptl- (7
2.2. Single bell plate hydraulic fluid mount system for 1/4 vehicle model

In practical applications, the engine mount system involves numerous parameter variables due
to its complex structure. This system exhibits significant nonlinearity, making it challenging to
develop comprehensive and accurate mathematical models. Consequently, it was necessary to
disregard parameters that have minimal impact on control when studying the engine mount
system. In this study, the influence of the seat in the cab, the engine's position, and the driver’s
effect on the system during driving were neglected. The engine was modeled as a rigid body
supported by spatial elastic elements, while the hydraulic mount was represented as an elastic
damping component. The engine was connected to the vehicle body via the hydraulic mount,
which in turn was attached to the chassis through the suspension system, with the chassis grounded
through the wheels. Based on these assumptions, a 1/4 vehicle model featuring single bell plate
hydraulic mount system, as depicted in Fig. 2, was developed.

Fexc (1)

Chassis

Ku Bu

xe ()

h(t)

Fig. 2. Single bell plate hydraulic mount system model of 1/4 vehicle

The vertical motion equation of the engine, the body and the wheel can be written as
Eq. (8-10), respectively:

M., + Kr(xe - yc) + Br(xe - yc) + F =F,, 3
Mbyc - Kr(xe - yc) - Br(xe__ yc) + Ku(yc - Zw) + Bu(yc - Zw) —-F=0, (9)
Mz, — Ky (Ve — zw) — By (Ve — Zw) + K¢ (2 — h) =0, (10)

where F,,. is the excitation of the engine, h is the pavement incentive, x,, ¥, and z,, represent the
vertical displacement of the engine, the vertical displacement of the body and the displacement of
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the wheel, respectively. The parameters symbols of single bell plate hydraulic mount system of
the 1/4 vehicle model were shown in Nomenclature. The vehicle dynamics model was
implemented in MATLAB/Simulink® using the mount parameters outlined in Nomenclature.

When subjected to two different sets of excitation to the 1/4 vehicle model system, where the
random pavement incentive sine sweep signal was h(t) = Asin(2nft), where A was the
amplitude and f was the frequency. Considering the real condition of the road surface, the
frequency f was in the range of 0.1 Hz-30 Hz, amplitude A was 3 mm. The engine incentive sine
sweep signal was F,,.(t) = N sin( 2rft), where N was the amplitude of the engine’s exciting
force and f was the frequency. Considering the in-line four-cylinder excitation, N was 1000 N
and the value of f ranged from 0 Hz to100 Hz. The numerical results were shown in Fig. 3(a) and
3(b), respectively.

(=2}
[}
wn
S

——Br=100 _ —Br=100
§ 1.4 ---Br=300 har ---Br=300
P R [ Br=500 =200t i e Br=500
;H 1.2 =

w
= 4
= | £ 150
2 g
% 08 5
g -
é 0.6 a_:) 100
& s
8 0.4 ) j) 50
€ 02 2
0 LM T 0
0 5 10 15 20 25 30 0 20 40 60 80 100

Frequency (Hz) Frequency (Hz)

a) Force transmissibility b) Relative displacement transmissibility
Fig. 3. System transmissibility under sinusoidal sweep-frequency excitation signal

As observed from Fig. 3(a), when B, was 100, 300, and 500 N-s/m, the root mean square
(RMS) of the force transfer rate was 10.8990, 13.8779, and 15.8623, respectively. This indicated
that enhancing the damping of rubber main spring in the hydraulic mount can effectively suppress
low-frequency, high-amplitude vibrations induced by the road surface [19]. For a damping
coefficient B, of 500 N-s/m, the peak value of the relative displacement transfer rate was 210
within the 40-60 Hz range in Fig. 3(b). Separately, the RMS values of this transfer rate were
976.5189, 975.5267, and 975.0792 for Br values of 100, 300 and 500 N-s/m, respectively. This
analysis demonstrated that optimal vibration isolation requires opposite damping strategies for
different frequency bands: low damping for minimal force transfer rate at low frequencies, and
high damping (despite its limited efficacy) for minimal displacement transfer rate at high
frequencies. A significant drawback of increasing the damping coefficient Br was a substantial
rise in the peak relative displacement transfer rate [20].

Taking B, = 500 to analyze the time domain characteristics under the excitation of Grade A
pavement, the force transfer rate reached equilibrium at 5 s and converges to 0.07772, as shown
in Fig. 4(a). The relative displacement transmissibility reached equilibrium at 15 s and converges
to 51.31, as shown in Fig. 4(b). The mean values of powertrain acceleration and body acceleration
were 0.03175 and —0.002584 m/s? in Figs. 4(c) and (d), respectively. The peak values of mount
stroke and suspension stroke were 0.00712 and 0.003573mm in Figs. 4(e) and (f), respectively.
When the bell plate hydraulic mount system was at high frequency, both the force transfer rate
and the relative displacement transfer rate can rapidly converge, and the mount stroke and the
suspension stroke were far less than the excitation amplitude.

To sum up, simulation results revealed the force transmissibility of the engine to the body and
the relative displacement transmissibility of the body to the engine under different damping of the
hydraulic mount rubber main spring [21]. The low damping rubber main spring should be used
for single bell plate hydraulic mount system of 1/4 vehicle model. For consistency, a value of
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B, = 100 was used in all subsequent analyses.
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Fig. 4. Vehicle response under a random pavement incentive

3. Influence of mass parameters M,, M, and M,, on vibration isolation performance of
mount

3.1. Four-cylinder engine excitation source

Based on the layout configuration adopted by the vast majority of modern passenger cars,
which feature a transverse front-engine, front-wheel-drive (FF) arrangement, the crankshaft axis
is oriented along the vehicle’s Y-direction, and the cylinder axes lie in the Y-Z plane with a caster
angle 1. Under this configuration, the reciprocating inertia force component Fy induces lateral
(left-right) oscillation of the vehicle body and causes steering wheel judder in the lateral direction.
The component F, induces vertical bounce of the vehicle body and results in seat and floor pan
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vertical vibration, which is the most sensitive excitation source in terms of ride comfort. The over-
turning moment (reaction torque) induces pitch motion of the vehicle body, and serves as the
primary excitation source for vehicle pitch during acceleration and deceleration events. In rare
cases, a roll angle about the Z-axis  may also be considered [22]. Among them, the excitation of
the in-line four-cylinder engine was shown in Eq. (11):

{Eexc(t)}={0 Fy E 0 My MZ}T- (11)

The components were defined as follows: F, was the inertia force acting along the y-axis, F,
along the z-axis, M,, was the moment about the y-axis, and M, was the moment about the z-axis.

The empirical formula related to engine speed and torque is commonly used, rather than the more
precise order expansion, so the solution of excitation in each direction was shown in Eq. (12):

(F, = siny) x 4m;rodw?cos2wt,
F, = cosy X 4m;ryAw?cos2wt,
M,, = cosp X Mo (1 + Scos2wt),

kMZ = sinf X M,y (1 + Scos2wt),

(12)

where 1) was the mounting Angle of the in-line four-cylinder engine; m; was the mass of the
engine piston rod; A was the ratio of the length of the engine crank to the length of the connecting
rod; 1, was the crank throw; w was the angular speed of engine crankshaft; A,, was the distance
between the center line of the 2 and 3 cylinders of a four-cylinder engine and the engine’s center
of mass; M,, was the average output torque of a four-cylinder engine; 8 was roll angle about the
Z-axis; § was the torque fluctuation coefficient, with typical values for a four-cylinder engine in
the range of § = 0.5-0.8.

32. Road excitation source

Vehicle road conditions were inherently random. The standard practice for describing this
continuous random signal was to use its spatial frequency power spectral density function and the
corresponding time domain representation [23]. According to GB/T7031-2005 “Mechanical
Vibration Road Surface Spectrum Measurement Data Report”, the mathematical model of random
road surface was Eq. (13):

q(t) = 2mn, /Gq(no)vj w(t)dt, (13)
0

where: w(t) was the unit white noise; n, was the reference spatial frequency, ny = 0.1 m™; G, (n,)
was the pavement spectral value under the reference spatial frequency; v was the speed of the car,
m/s.

The road input signal of continuous vibration of A single wheel of a vehicle driving at
v =20 m/s on class A, B and C road surface was shown in Fig. 5.

Cars driving on different roads will inevitably encounter bumpy roads. Among them, the most
typical bumpy road was the deceleration belt. The short and violent impact brought by the car
driving on the bumpy road surface will bring a certain amount of serious impact to the engine.
Considering the actual situation of the deceleration belt, half a sine wave was superimposed on
the basis of the continuous road surface to represent the excitation of the deceleration belt road
surface [24].
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3.3. Influence of various mass configurations of M,, M, and M,

To simulate random pavement excitations under realistic driving conditions, a rational function
white noise model was employed. The simulation parameters were set to a vehicle speed of 20 m/s,
a duration of 10 seconds and a Class A road surface. The vibration isolation performance of the
single bell plate hydraulic mount was evaluated used two key metrics: the force transmissibility
from the engine to the body and the relative displacement transmissibility from the body to the
engine. These metrics were analyzed to assess vibration isolation performance under varying mass
conditions. Figs. 6-9 presented the comparison results of these two evaluation indicators for
different values of M,, M, and M,,, corresponding to various mass configurations.

——grade A
! - - -grade B

Input displacement/mm

2 4 6 8 10
Frequency/Hz

Fig. 5. Random pavement incentive
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Fig. 6. Comparative analysis of evaluation indexes when M, = 225 kg and M,, = 10 kg
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Fig. 7. Comparative analysis of evaluation indexes when M, = 185 kg and M,, = 12 kg
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Fig. 8. Comparative analysis of evaluation indexes when M, = 265 kg and M,, = 8 kg
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Fig. 9. Analysis of evaluation indexes with different quality parameters

It was obvious from Fig. 9(a) that the comparison of RMS values of relative force
transmissibility at different masses. Regardless of the sum of M, and M,,, the relative force
transmissibility increased with the increase of M,. Because M, was the primary inertial body of
the system, increasing M, lowered its natural frequency, which caused the system to resonate
within a lower frequency range. As shown in Figs. 6(a), 7(a), and 8(a), a larger M, resulted in a
sharper resonance peak in the low-frequency band. Similarly, the comparison of RMS values of
the displacement transmissibility at different masses was obvious as observed from Fig. 9(b).
When the sum of M, and M,, no more than 235 kg, with the increase of M,, the displacement
transmissibility will peak when M, = 22. As shown in Figs 6(b), 7(b), and 8(b), it was confirmed
that increasing M, reduces the displacement transmissibility in the high-frequency band.

As observed from Fig. 9(b), when the sum of M, and M,, exceeds 235kg, with the increase of
M., the displacement transmissibility decreases sharply. When M, = 26, its RMS value is 10.899,
which indicated that when the sum of M, and M,, was large, the engine M, mass should be
appropriately increased to reduce the force transmissibility. M; and M,, represented the masses
directly coupled to the excitation source. Together with the wheel stiffness, they formed a high-
frequency resonance mode. From Figs. 6(b), 7(b), and 8(b), it can be observed that with a fixed
M., decreasing M, and M,, raised the frequency of the high-frequency resonance peak and limited
its amplitude to a higher band, thereby expanding the effective isolation range in common
frequency bands. On the other hand, increasing M, and M,, worsened the displacement
transmissibility.

To achieve overall superior vibration isolation performance, it was essential to coordinate the
relationship among the three masses. A typical strategy was to ensure sufficient M, for effective
high-frequency attenuation while minimizing M, and M,, to shift detrimental resonance peaks to
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higher frequencies. The following parameters were adopted in all subsequent studies:
M, =265 kg, M,, = 8 kg, M, =22 kg.

4. Influence of pavement incentive
4.1. Random pavement incentive

In order to further analyze the vibration isolation performance of single bell plate hydraulic
mount, simulations were conducted with a vehicle speed of 20 m/s over a duration of 10 s under
road roughness classifications A, B, and C. The corresponding average road roughness
coefficients for Class A, B, and C were 16, 64, and 256, respectively. The simulation results were
presented in Fig. 10.
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Fig. 10. Vehicle response under random pavement incentive
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As shown in Figs. 10(a), (e), and (f), the peak force transmissibility from the engine to the
body increased with road roughness, reaching values of 6.014, 6.203, and 7.485 on Grade A, B,
and C pavements, respectively. The mount stroke and suspension stroke peaks followed the same
trend, with mount stroke peaks of 0.008364, 0.01102, and 0.01706, and suspension stroke peaks
0f 0.003518, 0.006692, and 0.01304 for Grade A, B, and C pavements, respectively.

As observed from Fig. 10(b), the relative displacement transmissibility of the body and engine
rapidly converged to A certain value with the increase of road roughness. The fixed values were
17.26, 5.7 and 2.496 for grade A, B and C pavements, respectively, which showed a decreasing
trend. As observed from Figs. 10(c) and (d), pavement grade had almost no effect on powertrain
acceleration and body acceleration.

In summary, the force transmissibility, the mount stroke, and the suspension stroke were
positively correlated with the random pavement incentive. Large-amplitude excitation may
activate nonlinear stiffness, thereby altering the system's effective natural frequency and
consequently affecting the shape and peak positions of the transmissibility curve. The vibration
isolation effect of the bell plate hydraulic mount was mainly reflected in the relative displacement
transmissibility between the body and the engine, which can maintain a good control effect when
random pavement incentives increase.

4.2. Impact fluctuating pavement incentive

In order to further verify the superiority of the bell plate hydraulic mount performance, A
short-time, high-strength impact wave road surface was selected as the incentive input, and the
vehicle was set to pass the speed reducer on the A, B, and C roads at a speed of 2 m/s, respectively,
and the parameter driving time of the impact wave road surface was set to 10 s. The parameters
were numerically calculated under single bell plate hydraulic mount system of the 1/4 vehicle
model, as shown in Fig. 11.

As shown in Figs. 11(a), (e), and (f), the peak values of force transmissibility, mount stroke,
and suspension stroke under impact-fluctuating pavement excitation followed a trend similar to
that observed under random pavement excitation. Compared with Fig. 10(a), the peak force
transmissibility increased by —17.6 %, 31.6 %, and 39.7 % on Grade A, B, and C pavements,
respectively, when a deceleration belt was introduced. Relative to Fig. 10(e), the peak mount
dynamic travel rose by factors of 2.61, 1.93, and 1.45 on the corresponding pavement grades with
the deceleration belt. Similarly, in contrast to Fig. 10(f), the peak suspension stroke increased by
factors of 8.28, 4.25, and 2.07 for Grade A, B, and C pavements with the deceleration belt. The
introduction of a deceleration belt led to a marked amplification in both mount and suspension
displacements across all pavement grades, while the effect on force transmissibility varied with
pavement roughness. The amplification factors generally decreased as pavement roughness
increased (from Grade A to C), suggesting a nonlinear interaction between excitation severity and
system response.

As shown in Fig. 11(b), the relative displacement transmissibility between the body and engine
rapidly converged to a fixed value as road roughness increases. These convergence values were
0.5743, 0.320, and 0.1772 for Grade A, B, and C pavements, respectively, which showed clear
decreasing trend. Compared with Fig. 10(b), the peak relative displacement transmissibility
between the body and engine decreased by 96.7 %, 94.4 %, and 92.9 % on Grade A, B, and C
pavements, respectively, when a deceleration belt was added. The deceleration belt effectively
suppressed the peak dynamic relative displacement between the body and engine, with the
mitigation effect being most pronounced on smoother pavements (Grade A) and slightly less
effective as pavement roughness increased, though still maintaining over 92 % reduction even on
the roughest surface (Grade C).

As observed from Figs. 11(c) and (d), the powertrain acceleration and body acceleration were
largely unaffected by pavement grade. The simulation results indicated that pavement roughness
(Grade A, B, and C) had negligible influence on both powertrain and body acceleration responses
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under the evaluated conditions.

To sum up, the force transmissibility from the engine to the body, the mount stroke, and the
suspension stroke were still positively correlated with the impact of fluctuating pavement
incentives. The vibration isolation effect of single bell plate hydraulic mount was mainly reflected
in that the peak value increase rates for the force transmissibility, the relative displacement
transmissibility of body and engine, the mount stroke, and the suspension stroke were decreased
with the increase of road roughness. The deceleration belt induced strong and
roughness-dependent amplifications in mount/suspension motions while effectively suppressing
body-engine relative displacement, yet it did not notably alter acceleration responses regardless
of pavement roughness level.
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Fig. 11. Vehicle response under impact fluctuating pavement incentive
5. Conclusions

The objective of this research was to develop the damping performance of single bell plate
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hydraulic mount of the 1/4 vehicle model, accomplishing the following goals:

1) For single bell plate hydraulic mount system of a 1/4 vehicle model, when
K, = 3.39x10* N/m, B, = 2500 N-s/m, K, = 2.5x10° N/m, and B, is 100 N-s/m, the minimum
force transmissibility can be obtained in the low-frequency region, and its RMS was 10.8990; in
the high-frequency region, small relative displacement transitivity can also be achieved, with an
RMS 0f 976.5189.

2) If the three mass parameters of M;,, M,,, and M, were properly matched, a smaller force
transmissibility from the engine to the body and the relative displacement transmissibility between
the body and the engine can be obtained. When Mj, =265, M,, =8, and M, =22, The RMS values
of force transmissibility from the engine to the body and the relative displacement transmissibility
between the body and the engine were 51.948 and 827.0874, respectively.

3) Under random pavement incentive, the force transmissibility from the engine to the body,
mount stroke, and suspension stroke all exhibited a positive correlation with road roughness. The
relative displacement transmissibility from the engine to the vehicle frame decreased with the
increase of road roughness, and the value on the B and C road surface decreases by 67.0 % and
85.5 % compared with that on the A road surface, respectively.

4) Compared with the impact pavement incentive and random pavement excitation, the peak
value of force transmissibility on class A, B and C pavement increased by —17.6 %, 31.6 %, and
39.7 %, respectively; the amplitude peaks of relative displacement transmissibility from engine to
body decreased by 96.7 %, 94.4 %, and 92.9 % respectively. The peak of mount dynamic travel
increased by 2.61 times, 1.93 times, and 1.45 times respectively. The peak of suspension dynamic
travel increased 8.28 times, 4.25 times, and 2.07 times respectively. Although road roughness
increased, bell plate hydraulic suspension still maintained a good control effect.

This study evaluated the vibration isolation performance of a single bell plate hydraulic mount
within a quarter-car model. The analysis examined 6 key parameters (including force
transmissibility and relative displacement transmissibility) under varied damping conditions of
the main rubber spring, different combinations of engine, body, and tire masses, as well as
different road excitation profiles. However, when assessing the effect of mass parameters, the
influence of the hydraulic mount’s own mass, stiffness, and damping as a coupled tuned system
on transmissibility was not considered. Future work will extend the evaluation to a half-car model
to further verify the practical feasibility of this mount configuration. Also, different weight
matching among M,, M, and M, affected the force transmissibility and displacement
transmissibility, the optimal set of parameters would be a key research focus.

The present work is purely computational and analytical. All simulation results are obtained
from theoretical models and parameter values derived from typical engineering practice and
published literature. No experimental measurements — such as in-cylinder pressure data, mount
dynamic stiffness tests, or vehicle-level vibration validation — have been performed to verify the
predicted responses. Consequently, the quantitative accuracy of the results depends directly on the
fidelity of the input parameters and model assumptions. To address the above limitations and
extend the current work, the following research directions are recommended. Comprehensive
experimental campaigns should be conducted to validate the proposed models. Measuring in-
cylinder pressure curves to derive accurate excitation forces, characterizing mount dynamic
stiffness and damping over a wide frequency and amplitude range, performing vehicle-level
vibration measurements (accelerometers on engine mounts, subframe, and body) under controlled
driving conditions to compare with simulation predictions.
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