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Optimal Design of Nonlinear Hydraulic Engine Mount
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This paper shows that the performance of a nonlinear fluid engine mount can be improved
by an optimal design process. The property of a hydraulic mount with inertia track and deco-
upler differs according to the disturbance frequency range. Since the excitation amplitude is
large at low excitation frequency range and is small at high excitation frequency range,
mathematical model of the mount can be divided into two linear models. One is a low frequency
model and the other is a high frequency model. The combination of the two models is very useful
in the analysis of the mount and is used for the first time in the optimization of an engine mount
in this paper. Normally, the design of a fluid mount is based on a trial and error approach in
industry because there are many design parameters. In this study, a nonlinear mount was
optimized to minimize the transmissibilities of the mount at the notch and the resonance fre-
quencies for low and high-frequency models by a popular optimization technique of sequential
quadratic programming (SQP) supported by MATLAB® subroutine. The results show that the
performance of the mount can be greatly improved for the low and high frequencies ranges by

the optimization method.
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1. Introduction

Engine mount is used to isolate noise and vi-
bration generated by the engine with unbalanc-
ed disturbance at the high frequency range. It is
used to absorb engine vibration caused by shock
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excitation from a sudden acceleration, decelera-
tion, braking or driving over uneven roads at low
frequency range (Brach and Haddow, 1993; Yu
et al.,, 2001). To effectively isolate the vibration
and noise caused by the engine, low dynamic
stiffness is used to isolate the forces transmitted to
the structure. However, high dynamic stiffness is
required to absorb engine shake caused by shock
excitation (Brach and Haddow, 1993 ; Yu et al.,
2001 ; Flower, 1985).

Since rubber mounts are compact, cost-effec-
tive, maintenance free, the mounts have been
successfully used for vehicle engine mounts for
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many years. However, the dynamic stiffness of
rubber mounts increases according to the increase
of disturbance frequency. Therefore, stiffening the
mount to achieve better connection results in
poorer isolation at high frequency. On the other
hand, reducing the dynamic stiffness requires
lower static stiffness and lead to weaker ability to
hold the structures together. To overcome some of
the drawbacks of rubber mounts, fluid mounts are
often used to provide a compromise between the
static and dynamic requirements of the mount
(Ahn et al., 2003 ; Yu et al., 2001).

The resonance caused by fluid passing between
the two compliant rubber chambers can either
provide additional damping to the fundamental
mount resonance, or create a tuned absorber effect
to provide superior isolation at a single frequency
depending on how the mount is designed. The
tuned absorber isolation effect by the fluid inertia
results in a transmissibility and dynamic stiff-
ness “notch” at which the transmissibility and
the dynamic stiffness are low and high isolation
effectiveness. Therefore, fluid mounts can be de-
signed to have higher static stiffness than rubber
mounts at low frequency range and substanti-
ally higher isolation capability at the notch fre-
quency.

However, the transmissibility and dynamic
stiffness of the fluid mount with an inertia track
or with a simple orifice has an undesirable re-
sonance peak because fluid inertia in the inertia
track is greater than that of a comparable rubber
mount {Yu et al., 2001). To resolve this problem,
fluid mount with an inertia track and a decoupler
was developed (Flower, 1985; Yu et al., 2001).
The property of the mount has amplitude or fre-
quency range dependency, which means that the
excitation amplitude is large at low excitation
frequency range and small at high excitation fre-
quency range. The nonlinear property has been
studied and mathematical models were proposed
from the main phenomena of the mount (Kim
and Singh, 1995; Royston and Singh, 1997;
Geisberger et al., 2002 ; Geisberger, 2000 ; Colgate
et al., 1995 ; Singh et al., 1992 ; Ushijima, et al.,
1988 ; Lee and Choi, 1995 ; Margolis and Wilson,
1997 ; Jazer and Golnaraghi, 2002).

Optimizations of fluid mount and mounting
system were attempted by some researches (Seto
et al., 1991 ; Tao, 2000 ; Suresh et al., 1994) . Their
works on the optimization of the engine mount
system show that the linear frequency dependent
damping properties of the mount were consider-
ed, but the properties of the fluid mount such
as nonlinear frequency and amplitude dependent
stiffness and damping were not considered (Yu et
al., 2001) . Therefore, optimization to improve the
performance of the mount by considering the
nonlinear properties is shown in this study. Two
linear mathematical models related to the low
and high frequency ranges and a popular opti-
mization technique of sequential quadratic pro-
gramming (SQP) supported by MATLAB® sub-
routine were used in the optimization process
(Mathworks Inc, Version 2. i}. Transmissibilities
of the mount at resonance and notch frequencies
were greatly reduced by the optimization method.

2. Mathematical Model of a
Nonlinear Fluid Mount with
an Inertia Track and a Decoupler

The frequency range of engine disturbance with
an engine speed range from 600 (or 760)-6000
rpm for a four cylinder is 20 (or 25)-200 Hz and
for an eight-cylinder engine, the frequency range
is double the frequency range of four cylinder
(Brach and Haddow, 1993 ; Yu et al., 2001). The
frequency by shock excitation is below 30 Hz
(Brach and Haddow, 1993). The nominal defor-
mation amplitude of a mount in the range 20—
200 Hz is less than 0.3 mm, while the amplitude in
the range 1-30 Hz is greater than 0.3 mm.

For a large amplitude caused by a shock ex-
citation, the top compliance pumping action will
cause the decoupler to contact the top or bottom
of the cage, terminating liquid flow around it
and sending the flow through the inertia track. In
this case, the static stiffness of the fluid mount is
approximately equal to the static stiffness of the
top rubber section because the bulge stiffness of
the rubber below is very low (Yu et al., 2001).

As the frequency increases from 10 Hz (Kim
and Singh, 1995), the fluid traveling through the
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inertia track creates an additional damping, so
that the dynamic stiffness increases until a maxi-
mum value is reached at the resonance frequency
by the inertia track inertia. (Yu et al, 2001;
Vahdati, 1999 ; Gau and Gotton, 1995; Ahn et
al.,, 2003 ; Kim and Singh, 1995). Above the re-
sonance frequency, the inertia track essentially
close off. When this occurs, the stiffness of the
mount is approximately equal to the sum of the
rubber stiffness and the volumetric stiffness. At
a high frequency and with small amplitude, the
fluid travels around the decoupler instead of
through the inertia track. Therefore, the reson-
ance peak by the inertia track inertia decreases
and also noise level decreases (Bernuchon, 1984).

The fluid mount with an inertia track and a
decoupler is shown in Fig. 1. The nonlinear pro-
perty of the mount changes according to the
disturbance frequency range, which could be re-
presented by two linear mathematical models by
using the main mechanism of the mount. The
two linear models are in good agreement with
the practical behavior of the mount (Geisberger
et al., 2002 ; Geisberger, 2000). The models are
called as low-frequency model for the one and
high-frequency model for the other. Dynamic
stiffness of the low-frequency model represent-
ed as K is shown in Eq. (1) which is also
the same as that of a conventional fluid mount
with an inertia track (Flower, 1985), while the
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Fig. 1 Schematic diagram of a hydraulic engine
mount with inertia track and decoupler

dynamic stiffness of the high-frequency model
represented as Kj is shown in Eq. (2).
KL*ZKr +jBrCU

+ A l—Czw(Iiw—jRi) (1>
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Ki=K.+jBw
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where j=4/—1 and @ is excitation frequency in
rad/s, K, and B, are the rubber stiffness and
damping coefficients in the top chamber, respec-
tively, A, is the effective piston area, Ag is the
average cross—sectional area of the decoupler and
I; and I, are the inertia track and decoupler
inertia, respectively. R; and R, are the resistance
in the inertia track and decoupler respectively,
and C; and C. are compliance in the top and
bottom chambers, respectively. Compliance is de-
fined as the ratio of a volume change to pressure
change caused by bulge of rubber. Volumetric
stiffness is expressed by the reciprocal of the com-
pliance. Equations (1) and (2) are very useful in
preventing unnecessary complexity in the opti-
mization of the mount. In Egs. (3) ~ (6), the real
part of the dynamic stiffness, K’, represents the
stiffness property of the mount, and the imaginary
part, K” indicates its damping property.
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and subscripts L and H mean low and high-
frequency models, respectively. Transmissibility is
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useful in assessing the isolation effectiveness of
the mount and can be obtained from the real and
imaginary parts of the dynamic stiffness.

X-Y_ Mo

Teo= ™

Y K -MA TR
_F_ / (Kit + Ki")

Tr=F. ™V i~ MaP + K ®

where Trp and T are relative displacement and
force transmissibilities respectively for low and
high-frequency models, F; and F, are trans-
mitted and input forces respectively, and M is
mass of the engine. The relative displacement for
low frequency and large amplitude need to be
investigated since it is related to the motion of
the engine on the mounts relative to the chassis
which needs to be controlled. Furthermore, the
forces transmitted to the chassis should be exam-
ined since the forces result in the transmission of
acoustical noise to the passenger compartment.

Assuming that there is no damping (i.e., Be=
B,=B4s=0), the notch and resonance frequencies
shown in Fig. 2 generally selected by the mount
designer can be obtained for the dynamic stiffness,
relative displacement and force transmissibilities
from their zeros and poles.
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and subscripts D and T mean dynamic stiffness
and transmissibility respectively, subscripts K and
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Fig. 2 Notch and resonance frequencies of the fluid mount
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N represent resonance and notch frequencies re-
spectively, subscripts 1 and 2 mean the first and
second resonance frequencies, respectively. The
second resonance is caused by the fluid inertia.
The notch frequency of the transmissibility of the
high-frequency model is exactly the same as that
of the dynamic stiffness.

4. Optimal Design of the Nonlinear
Fluid Mount with an Inertia
Track and a Decoupler

SQP is employed as the optimization technique
t0 minimize the transmissibilities of the fluid
mount with an inertia track and a decoupler. The
objective function f(X) is constructed as fol-
lows,

f(X) =C¥131 TLl(X) "‘a'zﬁz TLZ(X)

+ 383 Tuw ( X) + sBa Tz ( X) (18)

Where av—ay are weight factors, % (=1/Tn
(X0)), B (=1/Tw(Xo)), B3 (=1/Tun (X))
and 84 (=1/Tw(X,)) are scale factors, 711 and
T:2 are the transmissibilities at the first and
second resonance frequencies respectively for
low-frequency model, and Tuv and Tu» are the
force transmissibilities at the notch and second
resonance frequencies respectively for high-fre-
quency model. These frequencies can be calculat-
ed from Eqs. (9) ~ (16). To obtain an effective
isolation for the mount in the low and high fre-
quency ranges, the objective function was com-
bined with the low and high-frequency models
and was minimized. The design parameters which
can greatly affect the isolation effectiveness were
taken as the design variables as follow.

X={Ap Id L’ Rd Ri Kr C1}T (19)
subject to
0.7X< X<1.3X, (20)

where Xp is the original design parameters list-
ed in Table 1. These different cases are used to
improve the isolation performance of the mount
in the optimization process. These cases are de-
fined as follows,

Case 1 :-;m=1, &x=1, ;z=1
" with @~ constraint, au=1
Case 2: ;i=1, =1, ;z=0
without @y constraint, @s=1
Case 3: ai=1, &==1, ;=1
without wran constraint, @s=1

(21)

The parameters in Case 1 with constraint for the
notch frequency location are set to minimize the
transmissibilities at resonance frequencies and are
also used to minimize the transmissibility at notch
frequency selected by the mount designer. The
constraint for location of the notch frequency
wmy is defined as follows,

Wn— A< Oan < Otan+ T (22)

where 7 is 3.14159 and @mw is notch frequency
obtained from Eq. (17) using the design para-
meters listed in Table 1. The notch frequency is
closely related with the main speed of the engine.
Furthermore, the resonance peaks of the opti-
mized mount for the low and high frequency
models are constrained to be below 5% of those
of the original mount. The optimization condi-
tions for Case 2 are set to reduce only the trans-
missibilities at resonance frequencies and not
take the transmissibility at notch frequency into
account. The parameter conditions for Case 3
were used to minimize the resonance peaks and
the transmissibility at notch frequency and does
not take the notch frequency location into ac-
count.

Table 1 Mount parameters used in numerical

simulation

Parameters Original value, Xo
Ap 2.5X1073 m?
Aa 6.6X107* m*
I; 3.8 X 10° N-s*/m°
I 7.5X 10* N+s%/m®
R, 1.05 X 10 N+s/m®
Ry 1.17 X 10" N+s/m°
C 3.0X107 M m®/N
G, 2.6X107°m%/N
K, 2.25X10° N/m
B 100 N-s/m
M 62 kg
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The optimization results for Case 1 are shown is investigated using three different initial design
in Fig. 3. Since the optimization results of SQP values : original values are listed in Table 1, mini-

depend on the initial design values, optimization mum and maximum values are in the design

Table 2 Optimal Parameters of optimized mounts

Case 1 Case 2 Case 3
Design variables | Original variables Var. ratio % Var. ratio % Var. ratio %
Min. & orig. | Max. |Min, Orig. & Max. | Min., Orig. & Max.
Ap 2.5% 107% m? 13.7 —12.65 8.82 —2.41
L 7.5% 104 N+s%/m® —30.00 19.21 —30.00 —30.00
I; 3.8X10°N+s?/m® —30.00 9.38 —30.00 —30.00
Ry 117X 107 N +s/m® —14.08 28.25 30.00 21.98
R; [.05X10°* N+s/m°® 30.00 30.00 30.00 30.00
K 2.25X10°N/m —30.00 —28.81 —30.00 —30.00
C 3.0X 107" m*/N 30.00 —16.48 30.00 —30.00
Values of f(X) 292 3.43 1.87 2.69
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Fig. 3 Optimized mounts without the notch frequency constraint, Case 1
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variable boundary shown in Eq (20). These three
initial values are represented in Fig. 3 by sub-
scripts min., orig. and max.. The optimization
result obtained from the initial minimum value is
the same as that from original, and the value of
the objective function listed in Table 2 is reduced
more than that from the initial maximum value.
Even though the results are depend on the initial
design values, global optimization of the mount
can be easily obtained by the trial and error
approach because the objective function for the
optimization is not too complex.

Figure 4 show optimization results obtained
for Case 1 with the initial minimum and original
values, Case 2 and 3. The results for Cases 2 and
3 without constraint for the notch frequency do
not depend on the initial design value. The results

4 —Qriginal design
---Case 1

3 ......... Case 2 i
2 |l——Case3
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é 2 A
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25 50 100 150

Frequency (Hz)
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for Case 1 is similar to those for Case 2, but the
transmissibility at the second resonance peaks
for Case 1 is higher than that for Case 2 because
Case 2 does not take transmissibility at the notch
frequency into account. However, the transmissi-
bilities for Case 1 at the first and notch frequen-
cies for the low frequency model and at the notch
frequency for the high frequency model are lower
than those for Case 2.

Variation of volumetric stiffness of the opti-
mized mount for Case 3 listed in Table 2 in-
creased, which is opposite tendency to those for
Case 1 and 2. Therefore, the notch and the re-
sonance frequencies caused by fluid inertia for
Case 3 increased and their transmissibilities de-
creased by decreasing the fluid inertia of the in-
ertia track and the decoupler. The isolation effec-
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Fig. 4 Optimized mounts
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tiveness for the high frequency range is great-
ly improved by increasing the first resonance
peaks because of the decreased dynamic stiffness.

The mount performance of optimized mount
for Case 3 is better than those for Case 1 and 2 in
the high frequency range, while those for Case 1
and 2 are better than that for Case 3 in the low
frequency range. Even though dynamic stiffness is
a useful measure in assessing the isolation effec-

- 775

tiveness of the mount, the optimization results
show that the transmissibility curve in evaluating
the isolation effectiveness is more useful than the
dynamic stiffness curve because transmissibility
curve has information for the first resonance
peaks but dynamic stiffness curve does not. Fur-
thermore, the transmissibility curve shows a dif-
ferent tendency from the dynamic stiffness at the
second resonance frequency.

Table 3 Transmissibility and dynamic stiffness of original mount and optimized mounts at resonance and

notch frequencies of their own

Transmissibility Dynamic Stiffness

Low-frequency model | High-frequency model | Low-frequency model | High-frequency model

[Mag./freq.(Hz) ] {Mag./freq. (Hz) ] [Mag./freq. {(Hz)] [Mag./freq. (Hz)]

TLI TLZ THN THZ KIfN KL*R KI’;N KI‘;R

(wm1) (0m2) (wraw) (wraz) (wotw) (wpie) (wpan) (wonr)

Original Design 2.403 3.502 0.013 0.031 0.158 0.881 0.183 0.870
(7.99) (18.60) (79.43) | (107.49) (9.55) (15.79) (69.19) | (110.44)
Min. & Orig. —33.06% | —41.29% | —12.66% | —20.69% | —6.21% | —34.35% | —22.94% | —12.73%

(6.81) (18.78) (79.90) | (112.36) (6.79) (17.50) (60.09) | (116.11)
Case 1 Max. 5.00% | —32.38% | —11.34% | —18.48% | —23.59% | —19.53% | —22.81% | —18.53%
(6.91) (18.46) (79.42) | (107.11) (8.98) (16.59) (61.23) | (110.41)
Case 2 —27.53%| —43.35% | 7.45% |—4198%| —6.51% | —38.27%| —14.24% | —35.55%

(Min., Orig. & Max.)| (6.89) (18.46) (81.81) | (112.36) (7.01) (17.54) (41.59) | (119.37)

Case 3 5.00% | —51.26%| —39.06% | —46.12% | —17.67%| 3.09% | —18.07%| 9.00%

(Min., Orig. & Max.)! (7.13) (24.19) | (100.75) | (152.47) | (10.03) (22.69) (64.90) | (157.13)

Table 4 Transmissibility and dynamic stiffness of optimized mounts and original mount at resonance and

notch frequencies of the original mount

Transmissibility Dynamic Stiffness

Low-frequency model | High-frequency model | Low-frequency model | High-frequency model

[Mag./freq.(Hz) ] {Mag./freq.(Hz) ] [Mag./freq. (Hz)] [Mag./freq. (Hz)]

TLl TLZ THN THZ K:N K:R K;N KH*R

( CUTLI) ( W TLZ) ( (UTHN) ( (Umz) ( (UDLN) ( (UDLR) ( CUDHN) ( (I)DHR)

Original Design 2.403 3.502 0.013 0.031 0.158 0.881 0.183 0.870
(7.99) (18.60) (79.43) | (107.49) (9.55) (15.79) (69.19) | (110.44)
Min. & Orig. —33.51%| —41.47%| —12.88% | —23.88% | 8.19% | —38.31%| —19.97%| —18.05%

(7.99) (18.60) (79.43) | (107.49) (9.55) (15.79) (69.19) | (110.44)
Case | Max —15.63% | —31.72% | —11.35% | —18.53% | —22.42% | —22.51% | —20.20% | —18.53%
) (7.99) (18.60) (79.43) | (107.49) (9.55) (15.79) (69.19) | (110.44)
Case 2 —28.09% | —43.24% 1 7.23% | —41.30% | 4.95% | —42.14%| —1.85% | —39.29%

(Min., Orig. & Max.)| (7.99) (18.60) (79.43) | (107.49) (9.55) (15.79) (69.19) | (110.44)
Case 3 —2.50% | —75.47% | —24.30% | —72.65% | —17.38% | —67.40% | —17.91% | —70.57%

(Min., Orig. & Max.)| (7.99) (18.60) (79.43) | (107.49) (9.55) (15.79) (69.19) | (110.44)
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Optimization results shown in Figs. 3 and 4
are summarized in Tables 3 and 4. In Table 3,
transmissibility and dynamic stiffness of the opti-
mized mounts are compared with those of origi-
nal mount at their own resonance and notch
frequencies. The optimized ones are expressed as
percentage of the ratio of the optimized mounts
and the original mount. On the other hand, in
Table 4, transmissibility and dynamic stiffness of
the optimized and original mounts at resonance
and notch frequencies of the original mount are
shown. In table 3, transmissibility and dynamic
stiffness of optimized ones are expressed as per-
centage of the ratio of those of optimized mounts
to those of original mount.

5. Conclusions

Optimization of a nonlinear fluid mount with
an inertia track and a decoupler was firstly con-
ducted. The design parameters of the mount
could be optimized without unnecessary com-
plexity by using linear low and high-frequency
models and a popular optimization technique of
SQP supported by MATLAB® subroutine. This
study shows that the performance of a mount can
be greatly improved in the initial mount design
stage by the simple optimization process. Results
of the case study are as follows.

Transmissibilities of the optimized mounts at
the first and second resonance frequencies in
the low frequency range were reduced by about
33.51% and 41.47% respectively for Case 1 with
the initial minimum and original values; by
about 28.08% and 43.24% for Case 2 ; by about
2.50% and 75.47% for Case 3.

Transmissibilities of the optimized mounts at
the second resonance and the notch frequencies
in the high frequency range were reduced by
about 12.88% and 23.88% respectively for Case
1 with the initial minimum and original values ;
by about 7.23% and 41.30% for Case 2 ; by about
24.30% and 72.65% for Case 3.

The mount performance of optimized mount
for Case 3 is better than those for Case 1 and 2 in
the high frequency range, while those for Case 1
and 2 are better than that for Case 3 in the low

frequency range.
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