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Abstract. This study presents a method to improve vehicle ride comfort using additional damping
coefficient values for an internal combustion engine (ICE) rubber mounting system. To analyze
the effect of the adding damping coefficient values into the rubber mounting system on vehicle
ride comfort, a full-vehicle vibration model with 10 degrees of freedom is established under the
combination of road surface roughness and ICE excitations. The damping coefficient values are
added into ICE rubber mounting system which are respectively analyzed and evaluated according
to the international standard ISO 2631-1 (1997). The study results do not only evaluate the
influence of the adding damping coefficients on vehicle ride comfort but also suggest the optimal
design solution for ICE mounting system to improve vehicle ride comfort.

Keywords: internal combustion engine (ICE), mounting system, damping coefficient, ride
comfort.

1. Introduction

An engine rubber mounting is one of the important parts of a vehicle. It is a function to isolate
or absorb and to reduce vibration to the vehicle body and the passenger. The concurrent
engineering approach using the integration of TRIZ, morphological chart, and ANP methods
approach was applied in the development of the conceptual design for the polymer composites
automotive engine rubber mount component [1]. To reduce vibration and noise for heavy-duty
trucks, the Genetic Algorithm (GA) method was adopted for the Powertrain Mounting System
(PMS) optimization [2]. To improve the vibration isolation ability of the powertrain mounting
system, considering the powertrain of front wheel drive car as the research object, the vibration
decoupling rate and its corresponding frequency of the powertrain mounting system are analyzed
by rigid body dynamics and energy method. The results show that the vibration isolation
performance has been significantly improved more than 10 % [3]. The study proposes new setups
in the suspension systems, including springs, shock absorbers and rubber mountings of the engine
system to improve the passengers’ comfort levels. The combination of different sets of rubber
mountings, springs, and shock absorbers were tested. The changes proposed in the study are
analyzed in sequence and based on the results, the best combination is proposed [4]. Dynamic
design and vibro-acoustic modelling issues for automotive structures are illustrated via two case
studies: (1) the role and performance of passive and adaptive hydraulic engine mounts and (2) the
importance of welded joints and adhesives in vehicle bodies and chassis structures which is
highlighted via generic ‘T’ and ‘L’ beam assemblies [5]. The review on internal combustion
engine vibrations and mounting systems are presented and analyzed in the references [6, 7]. For a
better description of the characteristics of the vehicle engine shake performance, a full vehicle
model with 14 degree of freedoms (DOFs) with hydraulic engine mounts (HEMs) was established
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to evaluate the effect of the HEM on the engine shake performance by comparing the results
obtained from the known 13 DOF model [8]. However, in most studies full vehicle dynamic
models do not consider the effects of ICE vibrations on vehicle ride comfort [10-13], or if there
is, they only consider the effects of ICE vibrations themselves [9]. The major goal of this study is
to establish a full-vehicle vibration model with 10 degrees of freedom under two combinations
from the random road surface roughness according to the International Standards Organization
(ISO) 8608 [15] and ICE excitations. The damping coefficient values are added into ICE rubber
mounting system which are respectively analyzed and evaluated vehicle ride comfort according
to the international standard ISO 2631-1 (1997) [16].

2. Vehicle dynamic model
2.1. Full vehicle dynamic model

Many studies indicate that the vertical, pitch and roll angles of engine and vehicle body have
the greatest impact on vehicle ride comfort, so a three-dimensional full-vehicle dynamic model

with 10 degrees of freedom is established to evaluate influence of the adding damping coefficients
into engine rubber mounting system on vehicle ride comfort, as shown in Fig. 1.

Fig. 1. Three-dimensional dynamic model of full vehicle

In Fig. 1, ky;j and ¢y are the stiffness and damping coefficients of the tires, respectively; k;;
and ¢;; are the stiffness and damping coefficients of the suspension systems of vehicle,
respectively; ke, and c,,, are engine rubber mounting system, respectively; m,; and m,; are the
unsprung mass of vehicle, respectively; m are the sprung mass of the vehicle body; m, are the
mass of IC engine; Iy, I, and Iy, I, are the mass moment of inertia of vehicle body and cutout
IC engine; 24§, Z,;5, Z and z,, are the vertical displacements of the axles, vehicle body and cutout
IC engine, respectively; ¢, 8 and; @,, 8, are the pitch and roll angle displacements of the vehicle
body and cutout IC engine, respectively; L, a, b, By, B, are the distances (i = 1-2; j = left, right,
n =1-3).

Equations of motion: The equations of vehicle motion can be formulated in different ways
such as Lagrange’s equation, Newton-Euler equation, Jourdain’s principle. A combined method
of the multi-body system theory and D’Alembert’s principle is chosen for this study. The
equations of motion for IC engine are written as follows:

n=3
meie = er - Z [ken(zeno - Zen) + Cen(zeno - Zen)]’ (1)

n=1
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Iey(pe = Mey + [kel (Zelo - Zel) + Ce1 (Zelo - Zel)]xle (2)
“_[kez(zezo = Zep) + Cex(Zezo — Ze2)]%2e

Iexee = Mex - [kel(zelo - Zel) + Cel(ielo - Zel)]yle (3)
_[keZ(ZeZO - Zez) + Cez(zezo - ZIeZ)]YZe + [keB(Ze30 - Ze3) + Ce3(2e30 - Ze3)]3’3€:

where, X.,,, Yen 1 the distances between the front mounts and the centre of gravity (CG). The
equations of motion for vehicle axles and body are written similarly.

2.2. Determining the vertical force of IC engine mounting

Rubber mounting system is widely used to isolate the IC engine vibrations, which is very
useful to reduce the vibration and noise in high excitation frequencies. However, the damping
coefficient value of a rubber mounting is very small to reduce the IC engine vibrations in low
excitation frequencies. To improve vehicle ride comfort in low excitation frequencies, the
hydraulic passive damping coefficient values are added to ICE rubber mounting system. A rubber
mounting in the vertical direction can be modeled as a lumped parameter model with internal
friction damping coefficient and hydraulic passive damping coefficient as shown in Fig. 2.

The schematic of a lumped parameter model with internal friction damping coefficient is
shown in Fig. 2(a). The vertical forces of the IC engine mounting system is defined as:

Fn = ken(zeno - Zen) + Cen(ieno - Zen)r n=123. “4)

The schematic of a lumped parameter model with adding hydraulic passive damping
coefficient is shown in Fig. 2(b). The vertical forces of the IC engine mounting system is defined
as:

Ezn = ken(zeno - Zen) + (Cen + Chn) (Zeno - Zen): n=123. (5)
Zeno Zeno
| |
‘IC engine —ﬁ— 4’—T ‘IC engine —@—
kcn Cen ke n tjc Chn
ZE" ZE"
[Vehicle body Mg— [Vehicle body -My— 4—T
a) Lumped parameter model with internal b) Lumped parameter model with adding
friction damping coefficient hydraulic passive damping coefficient

Fig. 2. Lumped parameter model of IC engine mounting system
2.3. Analysis of vibration excitation source
2.3.1. Road surface excitation

To evaluate the effect of the addition of hydraulic damping coefficient into engine rubber
mounting system on vehicle ride comfort, the road surface roughness is road excitation which is
simulated in space domain and acts as an input to the vehicle-road model. In this study, the road
surface roughness is simulated according to the International Standards Organization (ISO) 8608
[15]. A road surface roughness is usually assumed to be a zero-mean stationary Gaussian random
process and can be generated through an inverse Fourier transformation based on a power spectral
density (PSD) function [14]. The road surface roughness is generated as the sum of a series of
harmonics:
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N
q(t) = Zk:l ’ZGq (Minia-k) ANk COS2TN gkt + i), (6)

where, the spatial frequency range, n; < n < n,, is divided into several uniform intervals which
have a width of Any; G4 (n) is PSD function (m*/cycle/m) for the road surface elevation, the power
density G,(n) in every small interval is substituted by Gg(Npig-r), where Npig_g
(k =1, 2,..., n) is center frequency among its intervals; n;, is the wave number (cycle/m); ¢y is
the random phase uniformly distributed from O to 2.

2.3.2. Force and torque excitations from IC engine

The engine is supported by three mounts arranged vertically and both the foundation and the
engine are assumed to be rigid, the foundation has a large mass and the mount mass is ignored, as
shown in Fig. 1. The vertical inertia force due to the reciprocating mass of the engine, the roll and
pitch excitation moments of the engine [9] are defined as:

E,, = 4m riwécos(2wot), (7
M,, = M,[1 + 1.3sin(2w,t)], (8)
M,y = 4m rAdw§lcos(2wyt), )

where, m, is the reciprocating mass of a piston, 7 is the radius of a crank, A is the ratio of r to the
length of the shaft, w, is the rotational frequency of the crank, [ is the distance between the CG
and the centre-line of the second and third cylinders, M, is mean value of torque.

3. Results and discussion

In order to analyze the effect of the different damping coefficient values of the mounting
system on vehicle ride comfort, the mathematical model of the proposed full vehicle dynamic
model with 10 degree of freedoms (DOFs) is developed in the MATLAB/Simulink to solve the
vehicle differential equations in Section 2 with a set of parameters of original ICE engine and
vehicle by the references [17]. The simulation results of the time domain responses of the vehicle
body vertical, pitch angular, roll angular accelerations with road excitation when vehicle move on
the ISO road surface class B at vehicle speed v = 20 m/s and engine speed 3200 prm (Case 1) and
without road excitation when engine operates at speed 3200 rpm and vehicle speed v =0 m/s
(Case 2) are shown in Fig. 3.

)
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Fig. 3. The vehicle body vertical, pitch angular, roll angular accelerations with two cases
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From the results of Fig. 3, we could be determined the values of the weighted root-mean-square
(r.m.s.) accelerations of the vertical (a,,,), pitch (a,,¢) and roll (a,,¢) vehicle body are 0.039 m/s?,
0.021 rad/s®> and 0.018 rad/s?, respectively with case 2 and 0.355 m/s?, 0.266 rad/s®> and
0.155 rad/s?, respectively with case 1. The ICE excitations make the values of a,,,,, aywg and a,,g
increase by 10.9 %, 7.9 % and 11.6 % and that means that the effects of the ICE excitations on the
vehicle ride quality is relatively large.

The hydraulic passive damping coefficient values (cp,) are added into ICE rubber mounting
system, the a,,,, a,,¢ and a,,¢ values for three different damping coefficients 1¢,,, 1.5¢e,, and
2.5¢,.y, (Where c,,, are the damping coefficient of rubber mounting system in the design parameters
of the original IC engine [17] were analyzed when engine and vehicle operate under different
conditions such as case 1, case 2 and case 3 ( at engine idle speed 780 prm). The a,,,, a,¢ and
a, ¢ values for three different damping coefficients with case 1, case 2 and case 3 are shown in
Fig. 4.

The results are shown in Fig. 4, indicating that as c,, values into IC engine rubber mounting
system increase, the a,,,, a,,¢ and a,,¢ values decrease. When ¢y, values increase from lcey, to
1.5¢., and then to 2.5¢,y, the a,,,, a,,pand a,,¢ values decrease from 3.1 to 11.6 %, 3.9 t0 7.5 %
and 6.8 to 14.8 % with case 1, from 2.6 to 5.4 %, 5.0 to 10.5 % and 5.9 to 12.5 % with case 2 and
from 4.5 t0 9.5 %, 16.7 to 27.3 % and 9.1 to 20.0 % with case 3. It means that the vehicle ride
comfort is improved significantly, especially in case of engine idle speed 780 prm. However, the
cpn value of IC engine mounting system increases beyond the limit, which makes vehicle ride
comfort decrease significantly.
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Fig. 4. a,,,, ay¢ and a,,¢ values for three different damping coefficients with three cases

4. Conclusions

In this study, a full dynamic model with 10 degrees of freedom including engine vibrations is
developed for analyzing the effect the addition of damping coefficient into engine rubber
mounting system on vehicle ride comfort when engine and vehicle operate under three cases. The
major conclusions that can be drawn from the analysis can be summarized as follows: (1) The ICE
excitations have influence on the vehicle ride quality, which make the values of a,,,, a,,4 and

ayg increased by 10.9 %, 7.9 % and 11.6 % in comparison with case 2. (2) the a,,,, a,,¢ and a,g
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values decrease from 3.1 to 11.6 %, 3.9 to 7.5 % and 6.8 to 14.8 % with case 1, from 2.6 to 5.4 %,
5.0t010.5 % and 5.9 to 12.5 % with case 2 and from 4.5t0 9.5 %, 16.7t027.3 % and 9.1 t0 20.0 %
with case 3 when cy,, values increase from 1c,, to 1.5¢,, and then to 2.5¢c,,,. The study results are
the theoretical basis for optimizing the design of the ICE mounting system which will be published
in the future by the authors.
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