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ABSTRACT-A lumped parameter model is proposed for the analysis of dynamic behaviour of a Passive Hydraulic
Engine Mount (PHEM), incorporating inertia track and throttle, which is characterized by effective and efficient vibration
isolation behaviour in the range of both low and high frequencies. Most of the model parameters, including volume
compliance of the throttle chamber, effective piston area, fluid inertia and resistance of inertia track and throttle are
identified by an experimental approach. Numerical predictions are obtained through a finite element method for responses
of dynamic stiffness of the rubber spring. The experiments are made for the purpose of PHEM validation. Comparison of
numerical results with experimental observations has shown that the present PHEM achieves good performance for

vibration isolation.
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1. INTRODUCTION

Undesirable vibrations for engine mounts generally result
from two possible excitation sources. The first is engine
oscillation, which typically contains frequencies in the
range of 25~200 Hz with amplitudes generally less than
0.3 mm. The second originates from road inputs and
engine torque during harsh accelerations, with frequencies
under 30 Hz and amplitudes over 0.3 mm (Singh and
Kim, 1992). Accordingly, the engine mount serves two
main functions: power train support and bi-directional
vibrations isolation. Rubber mount was the primary method
of vibration isolation since 1930s; however, it could not
meet more stringent requirements, especially for the non-
linear excitation situation. Through past research, the
theory of the engine hydraulic mount can be classified
into the following two directions: Passive Hydraulic Engine
Mount (PHEM) and Active Hydraulic Engine Mount
(AHEM). PHEM is widely used in the automotive industry
in view of good dynamic response and low cost. Problems
of PHEM, including modeling, performance estimation
and system identification, have drawn more and more
researchers’ attention.

Different PHEM configurations result in diverse dynamic
responses and in general, the more complex the PHEM
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structure, the better the PHEM dynamic behaviour becomes.
Using linear mathematic models and counting for an open
or closed decoupler, Flower analyzes dynamic behaviour
of the hydraulic mount (Flower, 1985). Mechanical models
for a single-pumper are proposed; dynamic stiffness
equations are derived by Nader and apply a bond-graph
analysis method (Nader, 2005). The approach uses quasi-
and non-linear mathematical models for hydraulic mount
analysis; an inertia track and a decoupler is presented by
Singh and Kim (Singh and Kim, 1992; Kim and Singh,
1995). Following Singh’s modeling method, a number of
experiments were designed for parameter recognition by
Geisberger, Khajepour and Golnaraghi (Geisberger et al.,
2002). Although the above research introduced the whole
vehicle for the first time and broadened the predicted
system bandwidth, by the numerical predictions mention-
ed above, such a type of configuration of the hydraulic
mounts has undesirable dynamic behaviour in the high
frequencies range. The overall behaviour and fluid-struc-
ture interaction for the Finite Element Method (FEM) of
the hydraulic engine mounts containing a floating decou-
pler, was investigated by Wen-Bin Shangguan and Zhenhua
Lu (Shangguan and Lu, 2004a) using integration of
mathematical estimation and experimental verification.
The hydraulic mounts mentioned above showed great
improvements on the dynamic performance of rubber
mount in the low frequency range, thus meeting the
increasing customer demand for a quieter and smoother
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riding performance. However, an unexpected stiffness
rigidification in the high frequency range was found.
Theoretic and experimental research proves that hydraulic
mounts with an inertia track and/ or decoupler could not
meet the high frequency excitation. In order to improve
the performance of a high frequency engine mount, a
novel hydraulic engine mount incorporating inertia track
and throttle is introduced in this paper. A lumped para-
meter model of the engine mount, capable of capturing
both the low- and high-frequency behaviour of PHEM, is
developed. The parameters are identified by experimental
approach and the Finite Element Analysis (FEA) method.
In addition, the model is also validated by experimental
data.

2. LUMPED PARAMETER MODEL

A cross-section of the PHEM is depicted in Figure 1(a) in
detail. The mount is comprised of three chambers with
different volumes, termed the throttle and upper and
lower chambers, respectively. The PHEM dynamic model
with lumped parameters is shown in Figure 1(b). The
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Figure 1. The PHEM with inertia track and throttle.

definition of parameters for the dynamic model is given
as follows: C;, C, and C; are compliances of the three
chambers respectively; K, and B, represent dynamic
stiffness and the damping coefficient of the rubber spring;
A, is an equivalent piston area of the rubber spring, A, is
total area of orifices around the throttle plate and A,, is the
area of the mount at the throttle; 7, is the fluid inertia in
the inertia track lumped parameters; R; represents the
resistance coefficient of the fluid in the inertia track; /,
and R, represent inertia and resistance of the throttle with
lumped parameters, respectively; Q) and Q/(f) represent
flows passing through the inertia track and the throttle,
respectively; P\(f), P(f) and P,(¢) represent pressures in
the throttle, the upper and the lower chambers respec-
tively. X(#) is input displacement excitation and F(t) is
transfer force to the mount base.

2.1. Linear Model

Mathematic modeling is essential in order to understand
the dynamic response of the mount system. Complex and
precise non-linear models are usually derived from linear
ones. This section describes the linear model for the
typical operation mode. The dynamic equations for the
lumped model can be derived according to continuity and
momentum equations. The continuity equations for each
of the chambers can be expressed as follows:

C\P=Q0—~(A,—A -A)X )
C:P=(A,~A)X- Q- Q )
C3P3=Qi (3)

The momentum equations for each of the fluid system
can be presented in the following forms as:

P,— P, =1,0+R(0, +AX) 4

P, - Ps=1,0+R,0; %)
And the transmitted force equation is:
Fr=k,X+b,X+(A, —A)(P;— P3)+

A P+ARQ—(A,—A,)P, (6)

2.2. Non-linear Model

Enhanced parameters for the linear model are usually
employed while developing the non-linear PHEM model.
These parameters include non-linearity the inertia track
resistance and throttle resistance, R;, and R,. It follows
from reference (Geisberger et al., 2005) that non-linearity
of the rubber spring in stiffness and damping characteri-
stics, effective piston area and volumetric compliance are
considered in the model. The momentum equation for the
throttle becomes:

Pl - P2=11Qt+ (R, + RIIIQII)QI+F1/(Am “A/) (7)
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When the free throttle reaches the top end, all liquid in
the top chamber flowing through the throttle is blocked
and the force of the throttle is expressed as follows
(Christopherson and Jazar, 2006):

F,=E(%) yx, 8)

where E is a positive constant, ¥ is a positive odd
constant, x, is the displacement of the throttle, A is the
moving interval of the throttle, and F, is the force on
throttle.

The non-linear momentum equation for the inertia
track becomes:

Pz“P3=IiQi+(Ri+Ri1|Qil)Qi )

3. PARAMETRIC IDENTIFICATIONS OF THE
HYDRAULIC MOUNT

Numerical model’s parameters are identified by experi-
mental approaches, whereby components of the hydraulic
mount are isolated to enable parameter identification.
The parameters needed in the following simulations
include: C,, A,, I, R, I, R, and K.

3.1. Identification of Equivalent Piston Area and Volumetric
Compliance
The experimental apparatus for identifying the effective
area and volumetric compliance is shown in Figure 2
(Shangguan, 2003). The actuator position is connected to
actuator of the MTS 831 elastomer test system. During
experimental preparation, ethylene glycol, specified as
the customer requirements, is filled into the liquid chamber
under the vessel, ensuring no air bubble in chambers. The
displacement excitation at the actuator position pushed
fluid into the sample chambers. Measurements of mount
displacement, actuator position and vessel pressures, efc.
are tabulated and then processed to determine the above
parameters. Other experiment layouts involved in this
paper are similar to Figure 2.

The volume compliance C; in Figure 2(a) can be
expressed as:

C\P.=0Q, (10)

where, Q, is introduced to represent the flow entering the
compliant region. P, is the feedback pressure of the
Sensor.

The flow is calculated as the derivative (with time) of
the volume excitation:

0.=Vactuar (11)
where V... is the flow volume of the actual position:
Clpyzvactual (12)

To transform the equation into the frequency domain,
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Figure 2. Test instruments for parameter identification:
the effective area and volumetric compliance parameters.

the final frequency domain equation becomes:

P 1
o S N 13
"N/actual C‘ ( )

where, f’s and Vac,m, are the phase and amplitude of
complex pressure and volume respectively.

The volume can be expressed by the product of the
action area of the piston, A,,, and the actual displace-
ment X, in which X, can be measured in the experiment:

Vac/ual=5(aApiston (14)
Then Equation (13) becomes:

P, 1
i

= 15
X, Apsion € )

Thereby the parameter C, is identified using the
measured frequency domain data, including the pressure
sense P, and the actual displacement X,. By substituting
the experimental data, the compliance curve vs. frequency
is obtained and shown in Figure 3a. The fit value for C, is
3.0x10™" m’/N.

Effective piston area A, can be calculated as follows:

ApXm=Apixmn Xa (16)
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Figure 3. Curves of volume compliance and effective
piston area.

To simulate actual work conditions of the engine
mount, a 900N force is applied as a preload to the
experimental sample, thus the mount displacement X,
and the action position displacement X, are measured.
The curve of A, vs. mount displacement is plotted in
Figure 3b. In range of 0~3 mm, A, increase with displace-
ment and the curve finally reaches a stable trend of 2500
mm’ in the range of 5~10 mm.

3.2. Identification of Inertia Track Parameters
The momentum nonlinear equations for inertia track is:

P:=IiQi+(Ril + Ri2|Qi|)Qi (17)

Where, R,, is the resistance parameter on squared flow
across the inertia track.

The isolated response follows a lincarized form of
Equation (17):

P:=1iVacluul+RiVacmal (18)

Transformation form in the frequency domain of
Equation (18) is:
AP | &R (19)
Vactual
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Figure 4. Curves of fluid inertia and resistance coefficient
for inertia track.

The linear parameters of the inertia track can be
identified by equation (19) and curves for the above two
parameters are illustrated in Figure 4. The different flow
resistance of the inertia track is noticed in different
excitation conditions. According to the curves, [ is
obtained as 3.8x10° kg/m®. R, is 5.5x10° kg/s.m* for the
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Figure 5. Curves of inertia and resistance of the throtile.

mode of low frequency with large amplitude, or 3x10°
kg/s.m* for the mode of high frequency with small
amplitude, respectively.

3.3. Identification of Throttle Parameters
The momentum nonlinear equations for throttle is:

P.r=IlQactuul+(Rll + RIZ'QacluaII )Qactudl (20)

A simplified Equation (20) with the experimentally
measured data:

AP =LV eriart RV acruan 21)
Transfer Equation (21) into frequency domain:

AP 1 R 22)
Vacrai

The linear parameters of throttle parameter /, and R, can
be identified by equation (22). In the same way, the
calculated /, and R, are plotted in Figure 5. The values for
the two parameters adopted in the following simulation
are 3x10* kg/m* and 3x10° kg/s.m* respectively.

3.4. Identification of Dynamic Stiffness of the Rubber
Spring

As an important component of the PHEM, material and
geometry of the primary rubber influence not only the
static property of PHEM, but also its dynamic perfor-
mance. An analysis of the rubber spring significantly
reveals the dynamic behaviour. The properties of rubber
are difficult to predict, due to the nonlinearity and aniso-
tropy, except for the sensitivity to mechanical and temper-
ature property. The parameters, however, were estimated
by experiments and mathematic methods in most cases.
Considering its irregular shape, a FEA is more suitable to
estimate static stiffness and dynamic stiffness K, as pre-
dicted from equation (Geisberger, 2000):

KK, (23)

where K, is the static stiffness of the rubber spring and fis
the dimensionless correction factor in the variety of 1.2 to
1.6. The Ogden material model for incompressible materials
is used to describe the rubber performance and analyze
the rubber spring stiffness. The model assumes a strain
energy density per unit original volume in the following
form:

3
v=Y %(/1}“” AN RN 24)
n=1 “n

where, @, and u, are material constants to be determined
through experiments, and A, (i=1, 2, 3) are the
deformation values of the stretch tensor in the three
principle directions, and A4,4,4,=1. The uniaxial stress-
stretch relation of the rubber spring material is plotted in
Figure 6, according to the Ogden model (Shangguan and
Lu, 2004a).

A three-dimensional solid structure of the rubber spring
is built, and the finite element mesh is shown in Figure
7a. The constraint condition and load bearing are added
to the FEM mesh model according to the PHEM working
condition. The compared curves of dynamic stiffness are
also shown in Figure 7b. The comparative curves above
are in good agreement between FEA estimation and test
results.
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Figure 6. Uniaxial stress-stretch relation of elastic
material for the primary rubber.
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4. EXPERIMENTAL VALIDATION AND
NUMERICAL SIMULATION RESULTS

The dynamic performance of the mount is measured with
a MTS 831 elastomer test system. The test sample is
clamped on the test bench with a preload of 1000N,
similar to a passenger car and in view of accuracy, is
applied (as shown in Figure 2). A sinusoidal displace-
ment excitation is applied by a bench actuator for both
conditions, as discussed in previous sections. Data for a
displacement senor on the actuator and the force sensor
from a fixed end are recorded automatically for the
further processing and analysis. Detailed descriptions of
the experimental method and experimental data processing
have obtained the dynamic properties of a mount
(Shangguan and Lu, 2004b).

During the identification, the values for inertia track R,
in low frequency with large amplitude are different from
that in high frequency with small amplitude. Therefore,
the model was simulated using different values for differ-
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Figure 7. Dynamic stiffness identification for primary
rubber spring.

ent conditions.

As discussed in previous sections, the typical excitations
for the PHEM assembled in the vehicle are classified into
two types: low frequency range (1~50 Hz) with large am-
plitude (1 mm) and high frequency range (0~200Hz) with
small amplitude (0.1 mm). Accordingly, the dynamic
responses are shown in Figure 8 and Figure 9 as a solid
line. To obtain relative differential equations and frequency
response characteristics from the non-linear model, the
equations are solved in a time domain and then converted
to the corresponding frequency domains with MATLAB.

Using the lumped parameter model in Section 2 and
identified parameters in Section 3, the simulated results
and experimental data for the mount dynamic behaviour
are compared over the frequency range of 1~50 Hz and
1~200 Hz. The predicted dynamic stiffness and loss angle
spectra of the mount for low frequency with high ampli-
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Figure 8. Comparisons of the numerical predictions with
experimental results for the dynamic responses of the
mount in a low frequency domain with large amplitude.
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Figure 9. Comparisons of the numerical predictions with
experimental results for the dynamic responses of the
mount in high a frequency domain with small amplitude.

tude excitation are shown in Figure 8 by a dashed line.
Comparatively, the experimental curves are plotted in
solid lines. The dynamic stiffness difference between the
predicted and the experimental curves in Figure 8a are
not obvious, while Figure 8b tends to indicate fair agree-
ment of loss angle between the two curves. The differ-
ence between experiment and simulation curves may
have various reasons. The parameters, such as chamber
compliance, and a resistance coefficient are fixed values
in simulation, while these parameters are changing with
excitation frequency and amplitude.

A similar situation between predicated and simulated
curves is found in the high frequency with low amplitude
excitation mode, as shown in Figure 9. Peak dynamic
stiffness appears at 24Hz and then declines with frequency,
which shows an obvious advantage versus preceding
configurations, in terms of stiffness rigidification in high
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Figure 10. Comparisons of the numerical predictions
with throttle and without throttle for the dynamic
responses of the mount in a low frequency domain with
large amplitude.

frequency range. The agreement of the frequency in peak
loss angle and the lowest frequency of the dynamic stiff-
ness surging is not significant. The expansion of the
stiffness should definitely improve the isolation of high
frequency vibration from the internal combustion engine,
a highly sought after goal for researchers and vehicle
manufacturers.

In order to reveal the function of throttle introduced in
the PHEM, comparisons of the numerical predictions
with and without throttle for the dynamic responses of the
mount are carried out. Furthermore, two typical work
conditions, low frequency with large amplitude and high
frequency with small amplitude are considered.

The complex stiffness of inertia track is expressed as
follows (Zhang et al., 2006):
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2
K=k +b,s+A2K,—LS + Ris 25)
Is"+Rs+ K,
. . 1
where K, is volume stiffness, K l=m.

Comparison curves of the numerical predictions are
shown in Figure 10 and Figure 11. Figure 10 shows the
throttle does not affect the dynamic response in a condi-
tion of low frequency with large amplitude. Both dynamic
stiffness and loss angle are the same between PHEM
without throttle and PHEM with throttle. As indicated in
Figure 11, the dynamic stiffness of PHEM with throttle is
smaller than the PHEM without throttle in 30~250 Hz of
a high frequency domain with small amplitude. The
adoption of throttle in the PHEM, as in comparison with
a decoupler in the past layout, improves the dynamic

stiffness and loss angle in high frequency range, i.e. the
frequencies bandwidth of the mount is extended to cover
high frequencies.

Therefore, the PHEM with inertia track and throttle
reduced vibration, depending on a liquid flow through the
inertia track in low frequency with large amplitude. Both
inertia track and throttle work together in high frequency
with small amplitude; the inertia track R; became smaller
so that the dynamic stiffness and loss angle become large
in 0~30 Hz. The dynamic performance depends on
throttle in 30~250 Hz.

5. CONCLUSION

The scope of this contribution is to introduce a PHEM
configuration in which a throttle is applied relative to
previous structures. From the discussion, one may con-
clude that introduction of throttle provides improvement
for dynamic behaviour in a range of high frequency,
compared to the past configurations. Moreover, the lumped
parameter modeling and identification are carried out,
which are integrated into linear and non-linear models of
PHEM. In addition, the accuracy of the non-linear model
for describing dynamic characteristics has been compared
to the experimental results, according to the two typical
exciter modes. The works presented here provide valu-
able research of the PHEM in non-linear aspects.
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