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Abstract. Hydraulic engine mounts are applied to the automotive applications to isolate the chassis from the high frequency noise
and vibration generated by the engine as well as to limit the engine shake motions resulting at low frequencies. In this paper, a
new hydraulic engine mount with a controllable inertia track profile is proposed and its dynamic behavior is investigated. The
profile of the inertia track is varied by applying a controlled force to a cylindrical rubber disk, placed in the inertia track. This
design provides a hydraulic engine mount design with an adjustable notch frequency location and also damping characteristics in
shake motions. By using a simple control strategy, the efficiency of the proposed hydraulic engine mount in two-mode operation
meaning isolating mode in the highway driving condition and damping mode in the shock motions, is investigated.
Keywords: Hydraulic engine mounts, variable notch frequency, semi-active mount, NVH

1. Introduction
Engine mounts need to perform three tasks:
(1) Support engine weight
(2) Control cabin noise and vibrations
(3) And limit engine motion in the presence of large shocks
Most engine mounts, being elastomeric or hydraulic, perform the first task properly. Both elastomeric and
hydraulic engine mounts do provide cabin noise and vibration reduction with a difference that hydraulic engine
mounts provide an extra noise and vibration reduction at a frequency called “notch frequency”. The trouble with
hydraulic engine mount is that the notch frequency is tuned to a particular frequency and thus if engine RPM changes
drastically, the noise and vibration reduction will not be optimum anymore.
In fixed and rotary wing applications, the variation in engine RPM, during cruise condition, is very small, whereas
in the automotive applications, the engine RPM varies greatly. To effectively use hydraulic engine mounts in
automotive applications, an adjustable notch frequency hydraulic engine mount is definitely required. Another
difference between aerospace and automotive applications is that the shock and large motions rarely occur in
aerospace applications.
To solve the engine RPM variation problem, many researchers have resorted to semi-active hydraulic engine
mounts to vary the notch frequency location in order to match it with the change in the engine RPM. Compared
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with the passive engine mounts, the semi-active and active engine mounts have higher cost, weight and energy
consumption.
For aerospace applications, the existing semi-active hydraulic engine mount designs are sufficient to respond to
the need for engine RPM variation [1] but for automotive applications, there is a 3rd task for the engine mounts to
perform, and that is to provide large damping, when large engine motions and shocks are involved.
Extensive literature review was conducted to see if a hydraulic engine mount that satisfies the above three tasks
has been proposed or reported.
– Hydraulic mounts with decoupler [2,3] (solves task 3 but the notch frequency is not variable)
– Magneto-Rheological(MR) and Electro-Rheological(ER) fluid mounts solve tasks 1 and 3. However, due to
high viscosity and flow losses of MR-fluids, the notch depth is shallow and notch adjustability is not there [4,5]
To achieve best reduction in cabin noise and vibration, researchers have focused on semi-active hydraulic engine
mounts that adjust the mount notch frequency by changing the mount parameters [6]. There are several ways to
change the notch frequency location. Some of these ways are based on using smart materials such as electrorheological fluids [7–9], magneto-rheological fluids [5,10,11] and shape memory alloys [12] in the hydraulic engine
mount design. In some other works, different mechanisms [6,13–15] has been utilized to change the engine mount
dynamic properties.
There are some advantages and some drawbacks in each design. Some of these ways are expensive such as
using MR and ER fluids, and some of them are not effective in a wide range of frequencies [6,16]. Also, in most
of current ways, the notch depth reduced during adjusting the notch frequency location [17]. For example, in the
mounts that are filled with MR fluids because of high viscosity of these fluids usually the notch depth is not deep
enough and good reduction in the vibration isolation cannot be achieved. There is an interesting design by Barber
and Carlson [4] that shows the good performance of using MR fluids in damping mode, but there is not a deep notch
for isolation purposes. Variable volumetric stiffness fluid mount is another approach to control the notch frequency
location, but it cannot be useful in a wide range of frequencies. Vahdati and Ahmadian [6] have proposed a variable
volumetric stiffness fluid mount that can change the notch frequency in the range of 25 to 37 Hz. Changing inertia
track length and diameter is another common way to change the notch frequency location. Foumani et al. [13] have
presented a mechanism that continuously changes the inertia track length in order to be effective in low-frequency,
high-amplitude vibrations. The effect of using multiple inertia tracks in the hydraulic engine mounts was investigated
by Zhang and Shangguan [15]. They have shown the dynamic stiffness and loss angle of a hydraulic engine mount
with 3 different inertia tracks. Controllable inertia track area was the subject of the work carried out by Truong and
Ahn [14]. In their design, the area of the inertia track is controlled in order to change the dynamic stiffness in low
frequencies.
In this paper, a new hydraulic engine mount design is presented that performs all the above three tasks with an
adjustable notch frequency. The new mount design is simple and effective, for control of cabin noise and vibrations,
and limiting shock induced engine motion, in the automotive applications. The new hydraulic engine mount design
is capable of changing the notch frequency location during the highway driving conditions by controlling the profile
of the inertia track. The flow loss in the new design is smaller than when one changes the length or diameter
of the inertia track, so the deeper notch and better isolation will be obtained. Also, the design will perform in
the low-frequency, high amplitude vibrations as a damper and in the high-frequency, low amplitude vibration as a
vibration absorber. The latter can be achieved by changing the inertia track profile with a simple control strategy.
2. Mathematical model of new hydraulic engine mount
As mentioned in the previous section, the main idea of this study, i.e. working in the two mode operation, is based
on adjusting the inertia track profile. The new semi-active fluid engine mount is depicted in Fig. 1. The mount
consists of a rubber structure with two, top and bottom fluid chambers and a cylindrical rubber disk that sits in the
inertia track and controls the inertia track profile. A linear solenoid actuator applies force to compress the cylindrical
rubber disk in the inertia track. By applying this force, the inertia track properties will be varied.
The bond graph model of the semi-active mount is illustrated in Fig. 2. The state space equations, from the bond
graph model, can be derived as,
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Fig. 1. Proposed semi-active hydraulic mount.

Fig. 2. Bond graph model of the semi-active mount.

q̇2 = Vin
q̇6 = Apt Vin −

(1)
P8
I8

(2)

Ṗ8 =

P8
q6
q10
− R9
−
C6
I8
C10

(3)

q̇10 =

P8
I8

(4)

The input force (effort in bond 1) is given by
q6
q2
+ R3 Vin + Apt
Fin =
C2
C6

(5)

The ratio of the transmitted force by the input displacement applied to the mount is called dynamic stiffness
(K ∗ = Fin /Xin ) [18].
In the above state space equations q̇2 , q̇6 and q̇10 are the generalized displacement variables, and Ṗ8 is the
momentum variable. The state space variables are defined as:
q2
q6
q10
P8

Relative motion across the mount
Top chamber change in volume
Bottom chamber change in volume
Time integral of the pressure drop in the inertia track (pressure momentum)
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Fig. 3. Undeformed and deformed configurations of a bonded elastic layer.

To simulate the model of Fig. 2, a MATLAB program was developed in which the above state space equations
with the following baseline parameters were used.
Vin
velocity across the mount, m/s
Apt effective area of the top metal, 0.0025 m2
If
fluid inertia in the inertia track, same as I8 , Ns2 /m5
Rf
inertia track flow resistance, same as R9 , Ns/m5
Kr
axial stiffness of top rubber (C2 = 1/Kr ), 2.25e5 N/m
Br
damping component of top rubber (R3 = Br ), 50 Ns/m
Kvt top chamber volumetric stiffness (C6 = 1/Kvt ), 3.33e10 N/m5
Kvb bottom chamber volumetric stiffness (C10 = 1/Kvb ) 3.84e8 N/m5
The fluid inertia (If ) and inertia track flow resistance (Rf ) are variable parameters and will be calculated in the
next section depending on the inertia track profile. These parameters must be calculated by numerical integration
methods.

3. Fluid inertia and resistance calculation
The linear actuator can change the rubber shape or contour of the solid rubber disk and here in this section, the
relation between applied force and varied shape and also its effect on the fluid inertia and fluid resistance will be
investigated.
The effective modulus of the bonded rubber layer under its deformation state may be determined whenever the
stress distributions are determined. Effective compression modulus, Ec , of a bonded elastic layer (Fig. 3) can be
obtained from the ratio of nominal compressive stress, defined as the ratio of applied axial load (P ) to the undeformed
horizontal sectional area (A) of the layer, to nominal compressive strain, defined as the ratio of total compression of
the layer, Δ, to its initial thickness. Thus, for the effective compression modulus, Ec , one has [19]
Ec =

P
Ac

(6)

Where εc = Δt and t is the thickness of rubber layer.
The effective compression modulus, Ec , can obtained as [20]
Ec = α −

λ2
I0 (βr0 R)
α(βr0 R) 2I
−μ
1 (βr0 R)

(7)

In Eq. (7), α = 2μ + λ where μ and λ are Lame’s constants and are equal to 0.386 MPa and 1489.6 MPa,
respectively. The symbols I0 (βr0 R) and I1 (βr0 R) are the modified Bessel function of the first kind, where R is the
2
disk radius and βr0
= 12μ
αt2 .
The relationship between applied force and deformation in vertical direction can be calculated by plugging Eq. (7)
into Eq. (6).
Displacement of lateral faces of the layer can be determined for the cylindrical rubber disk as,
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ar0 I1 (βr0 R) 1 − 2
2
t

ur =
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(8)

Where ar0 is a constant and can be expressed as,
ar0 =

λΔ
1
αt βr0 I0 (βr0 R) −

2μ
αR I1 (βr0 R)

(9)

The equation used to calculate fluid inertia or fluid inductance in the inertia track is [21]
If =

ρL
Ai

(10)

Where ρ, L and Ai are fluid density (1765 kg/m3 ), length and cross section area of the inertia track respectively.
Since the cross section area is not a constant, the fluid inertia is determined via the following integral equation.
 t/2
ρdz

 2
If =
(11)
D
2
−t/2 π
−
u
r
2
Where D is the inertia track diameter.
The fluid resistance in the annular section with outer diameter of d and symmetrical clearance of b is [21]
Rf =

8μL


πdb3 1 − db

(12)

Similar to the fluid inertia, since the symmetrical clearance is not a constant in the length of the inertia track, the
fluid resistance can be expressed as
 t/2
8μdz

Rf =
(13)
D
3 
D
2 −ur
−t/2 πD
−
u
1
−
r
2
D
The parameter ur in Eqs (11) and (13) is a function of z, and can be obtained from Eq. (8). Equations (11) and (13)
are numerically evaluated by the developed MATLAB code.
By applying the actuator force to the cylindrical rubber disk, the shape of the rubber and therefore the fluid inertia
and fluid resistance will change. Change in these variables will cause significant changes in dynamic stiffness and
notch frequency of the mount.

4. Calculating optimum values by using genetic algorithm
In automotive applications, for an internal combustion engine, there exist two basic dynamic disturbances: primary
disturbances (the inertia forces and torques caused by the rotating and reciprocating parts such as piston, connecting
rod, and crank) and secondary disturbances (the firing pulses due to the explosion of the fuel in the cylinders) [22].
The engine speed of 4-cylinder passenger car during the highway driving condition varies from one engine
manufacturer to the other, but it is usually in the range of 2000 rpm to 2500 rpm. For example, for a typical 4-cylinder
car with the engine speed of 2400 rpm (40 Hz) at the highway driving condition, the rotating and reciprocating parts
of the engine such as the piston, the connecting rod, and the crank rotate at 40 Hz but the cylinders fire at twice the
speed of the engine, namely 80 Hz.
Engine manufacturers make great attempts to balance the rotating and reciprocating parts of an engine during
manufacturing and minimizing the vibration induced due to the primary disturbances [23]. However, the vibration
created by the firing of the cylinders can affect the vehicle compartments and it is highly desirable to design the fluid
mounts such that they can eliminate the effect of secondary disturbances (firing pulses).
In this paper, only secondary disturbances are considered and optimum values of rubber length and diameter are
obtained for a typical 4-cylinder car with the engine speed of 2400 rpm (80 Hz) during highway driving condition.
It should be noticed that in the current design, the notch frequency of the mount in the passive mode is intentionally
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designed to occur in the frequency of 90 Hz and vibration isolation will be provided in the operating frequency range
of 70 to 90 Hz continuously.
To obtain optimum values of rubber length and diameter, the genetic optimization algorithm is applied. The
fitness function is defined to set the applied force in Eq. (6) to minimum value and also to have notch frequency at
90 Hz without applying any force. Equation (14) explained the fitness function and the lower and upper bonds of
the variables.

2
P
2
(14)
Fitness Function = w1 (fnotch − 90) + w2 1 −
Pa
0.02  L  0.05 m
0.01  D  0.05 m
0  Δ  0.005 m
Where w1 and w2 are weighting factors and are assumed equal to 1. The variable P is the applied force to the rubber
disk and can be calculated from Eq. (6) where Pa is the maximum force that the actuator can applied to the rubber
disk in the mode of 100% solenoid duty cycle.
It was shown by Vahdati [18] that the notch and peak frequency locations are weakly sensitive to damping; so, to
find fnotch , all the damping factors in Eqs (1) to (5) are set to zero. Therefore, if the numerator of K ∗ is set to zero,
the following notch frequency will be obtained.
fnotch =

1
2π

A2p Kvt Kvb + Kr (Kvt + Kvb )
If (Kr + A2p Kvt )

(15)

The optimum values are calculated by genetic algorithm in MATLAB. The results for the fitness function of Eq. (13)
is
L = 0.0205 m
D = 0.0494 m
Δ = 0.0043 m
In the next session by using MATLAB program, the dynamic stiffness of the hydraulic mount with the preceding
baseline parameters has been simulated.
5. Dynamic response of proposed hydraulic engine mount
The dynamic stiffness of the hydraulic engine mount is obtained in this section to evaluate dynamic characteristics
of the mount. Figure 4 illustrates the dynamic stiffness of the mount under the conditions that the inertia track flow
resistance is constant and the only change in the mount parameters is increase in fluid inertia due to change in inertia
track profile. By increasing the fluid inertia, the notch frequency goes to the lower frequencies (this phenomenon
also can be found by Eq. (15)) and the notch depth will be deeper. On the other hand, by changing the inertia
track profile, the resistance will be increased too and it causes a reduction in the notch depth. As a result of both
parameters, the notch depth remains constant in a wide range of frequency and it promises a good isolation.
Figure 5 illustrates the dynamic stiffness of hydraulic mount versus frequency that changes by applying force to
the rubber disk in the inertia track. Figure 5 clearly shows the wide range of controllable notch frequency. In the case
of shake motion (sudden acceleration and deceleration, braking and riding on uneven roads) the hydraulic engine
mount can be converted to a damper by applying required force to the rubber disk. Figure 6 shows the required force
versus the notch frequency of the hydraulic mount. From Fig. 6, one can find the required force which is needed to
change the inertia track profile and thus adjusts the notch frequency to the desired frequency. Figure 7 shows the
corresponding rubber disk compression versus the notch frequency of the mount. Using these two figures, one can
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Fig. 4. Dynamic stiffness of the hydraulic mount when resistance is constant.

Fig. 5. Dynamic stiffness of the hydraulic engine mount.

Fig. 6. Required force versus notch frequency.
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Fig. 7. Rubber compression versus notch frequency.

Fig. 8. Upper chamber pressure in the hydraulic engine mount.

easily select the proper solenoid actuator. Finally, these two figures will be used as a look-up table in the control
strategy to find out the required power needs for the solenoid as will be described in the following sections.
Figures 8 and 9 show the magnitude of the dynamic pressure in the top and bottom chambers of the hydraulic
engine mount when the input displacement magnitude is 10−3 meter. The dynamic pressure in the chambers when
the hydraulic engine mount is working at the 80 Hz notch frequency is 12.26 Pa in the upper chamber and 0.3977
Pa in the bottom chamber. By using these figures, one can find the frequencies in which the maximum dynamic
pressure in the chambers happens.
To avoid resonance characteristics in high speeds, one can change the isolation mode to the lower notch frequency
isolation mode. For example, there is obvious in Fig. 5, and also in Figs 8 and 9, when the notch frequency is 90 Hz,
the peak frequency of dynamic pressure and dynamic stiffness will be near 124 Hz. In this case if the engine’s speed
reaches to this frequency, it will go to resonance. To eliminate resonance, one can change the isolation mode to
the mode that notch frequency is equal to 70 Hz. In this way, the dynamic stiffness and chamber’s pressure will be
reduced effectively.
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Fig. 9. Bottom chamber pressure in the hydraulic engine mount.

Fig. 10. Engine displacement with respect to an initial velocity of engine.

6. Numerical simulations in damper mode
As discussed in previous sections, the best vibration isolation response for the mount can be obtained by adjusting
the applied force. The dynamic response of the mount clearly indicates this fact. In this section, the simulation
results of the mount in the case of shake motion are discussed. As shake motion happens regarding to sudden
acceleration and deceleration, braking and riding on uneven roads, the time domain response of the mount when
engine experience an initial velocity is considered here.
Figure 10 displays the vibration of an engine with the mass of 100 kg with the initial velocity of 1 m/s in two
different modes. The value of as shown in Fig. 7 for the damper mode is 0.0042 m.

7. Actuator selection considerations
Stroke and force are two important parameters in selection of actuators in this design. Additionally, the power
of the selected actuator must be in the range of automotive electrical devices. The size and the time response of
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Fig. 11. Linear solenoid actuator schematic.

Fig. 12. Force-stroke diagram for a commercial linear solenoid.

the actuator are also significant in selection of actuator type but unlike active engine mount actuators the frequency
range of the actuator are not important in this design. The linear solenoids can meet these criteria.
Figure 11 illustrates the schematic model of a solenoid. By applying proper current, the plunger will be moved
by electromagnetic force. The electromagnetic force is related to the solenoid current and inductance by
1 2 ∂L(x)
i
2
∂x
The inductance which is derived in [24], can be written as
F =

(16)

∂L(x)
−Ka
=
∂x
(Kb + x)2

(17)

Where Ka and Kb are constants and can be find by taking two specified force and stroke measurements. Plugging
the preceding equation into Eq. (16) and by considering the relationship between power and current (P = Ri2 ), the
force-stroke relationship for the specified power will be obtained as
F =

1
−Ka
P
2R (Kb + x)2

Where R is the coil resistance.

(18)
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Fig. 13. Control system configuration.

Fig. 14. Signal flows of the proposed controller.

The commercial linear solenoid is selected and by taking two specified force and stroke measurement, the forcestroke relationship obtained for a power in continuous operation mode (41 watts) and also in 10% duty cycle
mode (410 watts). Figure 12 shows the force-stroke relationship. It must be mentioned that the graph is based on
assumptions mentioned in theory section. It must be noted that beside the good performance of the proposed mount
in reducing the transmitted force to the frame, the required power for this mount is more than the required power for
a magneto-rheological hydraulic mount.
8. Control strategy considerations
Based on the observed response of the mount, a proper controller can be designed. In this design, the control is
based on the engine rotation frequency and also accelerations of the engine and the vehicle frame. The former is
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(a)

(b)

(c)
Fig. 15. (a) Frame velocity input, (b) Relative displacement between engine and frame in the passive mode, (c) Relative displacement between
engine and the frame in the semi-active mode.

measured by a tachometer and the later is measured by two accelerometers mounted on the engine and the frame,
respectively. Figure 13 shows the proposed control system. The diagram shown in Fig. 14 explains the signal flows
for the proposed controller.
Engine frequency will be used as input to the control system to adopt the mount in the isolation mode and to
achieve best reduction of the transmitted force.
Practical sky-hook configuration [25] has been used in the control algorithm that could shape the dynamic of the
hydraulic mount in the damper mode (when the relative velocity between engine and frame exceed the limit).
To evaluate the dynamic performance of the proposed mount and the control strategy, some simulations were
carried out. In the first simulation, the performance of the mount in controlling the relative displacement between
the engine and the frame is conducted. Figure 15(a) displays the frame velocity when experiencing a bump in the
road. Figures 15(b) and 15(c) demonstrate the relative displacement between the engine and the frame. A better
relative displacement reduction can be seen in the semi-active mode.
In the second simulation the engine with variable rotation frequency is considered. Figure 16(a) shows the change
of engine frequency versus time in this simulation. Figures 16(b) and 16(c) demonstrate the transmitted force to the
frame resulting from the engine unbalance frequency in the passive and semi-active system, respectively. It is clear
that the semi-active system can reduce the transmitted force wildly in the proposed frequency range.
9. Conclusions
In this paper, a new semi-active hydraulic mount design has been presented which provides variable notch
frequency location regarding to engine speed in the highway driving condition and also can be converted to a damper

R. Tikani et al. / Two-mode operation engine mount design for automotive applications

1279

(a)

(b)

(c)

Fig. 16. (a) Engine rotational frequency, (b) Transmitted force in the passive mode, (c) Transmitted force after implementing control strategy.

when needed. The new design was described and its mathematical model was presented. It was shown that the new
design can provide vibration and noise isolation at a wide range of frequencies; also, one can converted it to a damper
by applying required force. To control the proposed hydraulic engine mount, a control strategy was suggested that
adjust the input force to the rubber disk to achieve best vibration isolation in two-mode operation meaning isolating
mode in the highway driving condition and damping mode in the shock motions.
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