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This work mainly addresses the establishment of a phenomenological mechanical model

for magnetorheological (MR) engine mounts under frequency variation and magnetic

variation effects. First, the mounts’ reaction force is divided into three parts: a Coulomb

damping force, an elastic reaction force, and a viscous damping force. Then, by using

correlation analysis on these forces with the frequency and magnetic field, a modified

polynomial Bingham parameterizedmodel is proposed. This model takes external current

and external loading frequency as the variables. As a result of analyzing the relationship

between energy dissipation and storage caused by the external displacement excitation,

an identifying method is proposed to identify the nine parameters in the model. Based

on this model, an experimental scheme was designed, and the force–displacement

relationship of a typical MR mount under different working conditions was tested through

an experiment. By using the proposed method, the relationship of the reaction force of an

MR mount with current and external loading frequency was obtained. The experimental

results show that the proposed model can correctly reflect the wide-frequency dynamic

characteristics of the mounts in dynamic stiffness, lagging angle, and hysteretic curve.

Keywords: engine isolation, MRF mounts, laboratory experiment, Bingham model, vibration control

INTRODUCTION

Engine mounts are usually installed between the engine and vehicle frame. They are used for
isolating the engine’s vibration, which would spread to the vehicle body, and reducing the vibration
amplitude of the engine itself (Shangguan, 2009; Tikani et al., 2015). An ideal engine mount
should exhibit a low damping property when the engine is at high revolution speed, and it should
be quickly changed to a high damping state when the engine revolution speed is low(Barber
and Carlson, 2010). As a new member of the novel smart mount, magnetorheological (MR)
fluid mounts boast a series of advantages, such as controllable damping force, simple structure,
quick response, low energy consumption, and low cost. Hence, these advantages provide broad
application prospects and important research significance for motor vibrating control (Behrooz
et al., 2011; Wang and Chen, 2017).
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On account of the complex internal structure of MR
mounts, the rubber structure features a hyper-visco-elastic-
plastic mechanical property. Its elastic modulus has a strong
correlation to amplitude (Delattre et al., 2016) and external
loading frequency (Lin and Lee, 1998). However, MR fluid, as a
non-Newtonian liquid, has the mechanical property that its yield
stress varies with the change of external applied magnetic field,
and it has the frequency correlation that its apparent viscosity
mainly varies with the external loading frequency (Wang and
Faramarz, 2009; Zhu et al., 2011). These characteristics endow
the mechanical feature of MR fluid with strong non-linearity
(Sado, 2013). Therefore, how to establish the mechanical model
accurately and succinctly is continually attracting research in the
engineering field (Hoang et al., 2011). The existing studies mainly
describe the dynamic characteristics of mounts’ components
using the following three methods.

First, the lumped parameter method generally adopts bond
group theory to describe the relationship of the system’s dynamic
stiffness and lagging angle with the internal structural parameters
of mounts (Farjoud et al., 2014; Tikani et al., 2015). Because
the lumped parameter method is based on a linear viscoelastic
system, there is great difference between the calculation model
and the final testing results.

Second, the finite-element method (FEM) involves the
simulation of dynamic characteristics of mounts through the
secondary development of commercial finite-element software
(Shangguan and Lu, 2003; Wang and Lu, 2003). Nguyen
(Nguyen et al., 2013) investigated the optimal design of an
engine mount based on the FEM. However, because of the
fluid–solid coupling characteristics of MR mounts and the fact
that numerous experiments (Li et al., 2013) are required to
obtain the parameters of the viscoelasticity, elastoplasticity, and
superelasticity of structural materials, it is difficult to predict the
reaction force of MR mounts.

Third, the phenomenological model describes the mechanical
property of mounts by establishing a presupposed skeletonmodel
and combining experiments with matching the undetermined
parameters, which sometimes has no physical meaning, in the
skeleton model. Because of the advantages of the simple model
and high accuracy, using the Binghammodel, Bouc–Wen model,
and other improved models based on Bouc–Wen, researchers
have applied the phenomenological model method to describe
the dynamic characteristics of an MR damper (Razman et al.,
2014). For example, Spaggiari and Dragoni (2012) used an
improved Bouc–Wen model to perform parameterized modeling
for anMR damper at the low-frequency stages. Liao (Chang-rong
et al., 2013) conducted magnetic circuit analysis for MR fluid
mounts of engines and carried out mechanical-characteristic
research on the extrusion model of MR fluid. Finally, that
work reveals the relationship between the applied current and
extrusion force. Choi et al. (2001) performed fitting calculation
on the experimental results of MR fluid mounts through a
polynomial model. This model boasts the advantages of high
control accuracy and quick reverse current of the reacting force.

Recently, research on applying MR dampers for vibration
control of mechanical system has made great progress. Many
models that possess the merits of high accuracy in the

prediction of MR dampers with low-frequency behavior have
been widely investigated. For examples, Xu et al. (2014) utilized
the Bouc–Wen model to model a vehicle MR suspension, and
Bai et al. (2015) studied a new MR damper with an inner
bypass configuration.

There already have been many studies for system modeling
with the characteristics of hysteresis (Swevers et al., 2000).
However, unlike the vehicle suspension system, the engine
isolation system has its unique properties. It operates under a
lower vibration amplitude and a broad band of frequency (0–
100Hz). Moreover, the vibration of the engine system is mainly
caused by the engine’s unbalance force. Hence, the vibration
source frequency is deeply related to the engine revolution
speed, which could be tested easily. Although Chen et al. (2016)
proposed a new model to describe mechanical behaviors of
MR dampers working at the medium-frequency range, current
studies have not considered the modeling of MR dampers for a
broadband dynamic range. Therefore, a control method based on
existing models would be ineffective or even counterproductive
when the engine is vibrating at high frequency. In addition,
because the excitation frequency of the engine vibration system
varies in a wide range, the MR fluid and rubber in the MR
mount face the displacement excitations with a great difference in
rate. Therefore, this creates higher requirements for broadband
mechanical properties characterization of MR mounts.

To address the above-mentioned problem, by considering
the broadband characteristics of an engine vibration system
and ignoring the amplitude effect on the mechanical behaviors
of the MR mounts, this study takes an MR mount as the
example, proposes a polynomial Bingham phenomenological
model through the component analysis of the mounts’ reaction
force, and comes up with a parameter-identifying method
for the polynomial model by analyzing the energy dissipation
and storing relationship of external excitation. Through testing
experiments, the relationship that the reaction force of MR
mounts varies with the current and excitation frequency was
obtained. The comparison results show that this improved model
can correctly reflect the dynamic characteristics of wideband
MR mounts.

PHENOMENOLOGICAL
MECHANICAL MODEL

The present work adopts MR fluid mounts as the study object,
as shown in Figure 1. The piston rod of the MR fluid mounts
uses a rigid connection with a vibration separating system.
The vibration excited by the vibrating source causes an up–
down movement of the piston rod so as to drive the up–
down movement of the extrusion disc. Then, the MR fluid of
the working cylinder spreads toward the two sides under the
extrusion of the disc, forming a flow. Amagnetic field is produced
from the magnetic exciting coil, vertical to the extrusion disc.
The flowing direction of the MR fluid is parallel to the extrusion
disc; thus, the flowing direction of the MR fluid is vertical to the
magnetic field, obstructing the flow. By this means, the damping
force can be changed.
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Furthermore, Figure 2 gives the structure parameter of the
MR mounts work area, and the parameter value is given
in Table 1.

To show that the working area of the MR mount is in the
path of the magnetic circuit, Figure 3 gives the magnetic circuit
of the MR damper analyzed by the FEM software COMSOL 5.0.
As Figure 3 shows, the magnetic field in the working area is close
to 0.8 T when the coil current is 1 A.

According to the traditional Bingham model, as shown in
Figure 4, when the engine vibrates, the extrusion disc moves a
displacement X, and the reaction force to the engine (Hong et al.,
2008) from mounts can be expressed as:

FMR = F1 + F2 + F3 (1)

According to the traditional Bingham model, the reaction force
of MR mounts can be divided into three parts. The first part F1
represents the viscous damping force produced from the rubber

FIGURE 1 | Structural diagram of MR mounts based on extrusion working

mode (1)Rubber gasket (2) Connecting bolt (3)Connecting base (4) Exciting

flux (5) Extrusion round disc (6) MR fluid (7) Magnet exciting coil (8) Seal

covered plate.

gasket and MR fluid, and that can be regarded as the function of
the displacements-velocity in the Bingham model.

The second part of the reaction force F2 is the Coulomb
damping force produced by the magnetic effect of the MR fluid.
Yield stress is mainly controlled by the magnetic-field strength.

TABLE 1 | Structure parameters value of the MR mounts.

Parameter Value

MR fluent chamber height H1 15 (mm)

Rubber gasket thickness H2 50 (mm)

Extrusion round disc thickness H3 3 (mm)

Extrusion round disc radius R1 27 (mm)

Connect rod radius R2 6 (mm)

Extrusion round disc radius R3 30 (mm)

Extrusion round disc radius R4 39 (mm)

Number of coil’s turn 800

FIGURE 3 | Result of the magnetic circuit analysis.

FIGURE 2 | Structure parameters diagram of the MR mounts.
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FIGURE 4 | The Bingham phenomenological model.

Therefore, F2 is related to the current applied to the mounts. It
is a kind of adjustable damping force, with the damping force
characteristics of a friction damper.

The elastic force F3 represents the equivalent stiffness of
the rubber gasket mounted on the external package. It changes
with the frequency because of the viscoelasticity of rubber as a
polymer material.

Because of the small amplitude of engine vibration, it can be
simplified as follows. According to the correlation analysis above,
the reaction force expression equation is built by a binomial
fitting according to current I and external-loading frequency ω

to obtain the improved Bingham model.

FMR = sign
(

Ẋ
)

FI(I)+ k(ω)X+ c(ω)Ẋ (2)

FI (I) = AII
2
+ BII + CI (2a)

k (ω) = Akω
2
+ Bkω + Ck (2b)

c (ω) = Acω
2
+ Bcω + Cc (2c)

Where c(ω) is the equivalent viscous damping of theMRmounts;
k(ω) represents the equivalent stiffness of the MR mounts; FI is
the coefficient of Coulomb damping of the MR mounts; and the
parameters AI , BI , CI , Ak, Bk, Ck, Ac, Bc , and Ccare the fitting
parameters used to describe the dynamic mechanical properties
of MR mounts.

PARAMETER IDENTIFICATION

If the mounts are subjected to a forced vibration under a
single-frequency sinusoidal vertical displacement excitation with
the amplitude of X0, the mounts’ movement can be expressed
as follows.

FMR = sign
(

Ẋ
)

FI(I)+ k(ω)X+ c(ω)Ẋ (3)

X = X0sin(ωt + ϕ) (3a)

Ẋ = ωX0cos(ωt + ϕ) (3b)

Within a complete period, according to Equation (3), the external
work Popmade by the displacement exciter to mounts can be
expressed as:

Pop =

∮

FMRdX =

∮

FMRẊdt =

∮

FMRω

√

X2
0 − X2sign(Ẋ)dt

(4)
According to energy equivalence, within a complete period, the
external work equals the energy internally consumed within
the mounts.

Pop (I,ω) = PI (I) + Pc(ω) (5)

PI (I) =

∮

sign(Ẋ)FIdX = 4X0FI (5a)

Pc (ω) =

∮

cωẊdX = πcωω
2X0 (5b)

where PI represents Coulomb damping force work and
Pcrepresents damping force work.

The physical significance of Equation (5) demonstrates that
the work done by the displacement exciter within a complete
period is consumed by mounts. The consumed work can be
expressed in two parts: one is the energy related to the externally
added current intensityPI ; and the other is the energy Pc related
to the externally applied load.

According to this characteristic, if keeping the amplitude of
displacement excitation X0 and the externally applied current
I invariable, by measuring the external work under different
excitation frequencies and subtracting the test data, the difference
between two external works can be derived as

Pop (I,ωk) − Pop
(

I,ωk+1

)

= Pc (ωk) − Pc
(

ωk+1

)

(6)

where ωk is the external frequency in the k-th time testing.
Concerning Equations (2) and (5), this equation can be derived
as follows:

(

ω4
k − ω4

k+1

)

Ac +
(

ω3
k − ω3

k+1

)

Bc +
(

ω2
k − ω2

k+1

)

Cc (7)

=
Pc (ωk) − Pc

(

ωk+1

)

πX2
0

By testing the reacting force of the MR mounts in ωk, ωk+1,

and ωk+2, three different excitation frequencies, the expression
of the fitting parameters of viscous damping Ac, Bc, and Cc can
be obtained as follows.

πX2
0





ω4
k
− ω4

k+1
ω3
k
− ω3

k+1
ω2
k
− ω2

k+1

ω4
k+1

− ω4
k+2

ω3
k+1

− ω3
k+2

ω2
k+1

− ω2
k+2

ω4
k+2

− ω4
k

ω3
k+2

− ω3
k

ω2
k+2

− ω2
k









Ac

Bc
Cc



(8)

=





Pop (I,ωk) − Pop
(

I,ωk+1

)

Pop
(

I,ωk+1

)

− Pop
(

I,ωk+2

)

Pop
(

I,ωk+2

)

− Pop (I,ωk)





From Equation (8), it can be shown that the relationship that
the equivalent viscous damping of MR mounts changes with
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excitation frequency can be worked out by an inverse solution
of external work under different excitation frequencies through
the testing system.

Similarly, if the amplitude of displacement excitation and
externally applied frequencies are kept invariable, the external
work can be measured under different excitation currents and
subtracting the test data.

Pop (Ik,ω) − Pop
(

Ik+1,ω
)

= PI (Ik) − PI
(

Ik+1

)

(9)

where Ik is the externally applied current load in the k-th time
testing; concerning Equation (5a), this equation can be derived
as follows when the k-th and k+1-th time tests are finished.

(

I2k − I2k+1

)

AI +
(

Ik − Ik+1

)

BI =
PI (Ik) − PI

(

Ik+1

)

4X0
(10)

The two fitting parameters of the Coulomb damping coefficient
AI and BI can be obtained as follows.

4X0

[

I2
k
− I2

k+1
Ik − Ik+1

I2
k+1

− I2
k+2

Ik+1 − Ik+2

] [

AI

BI

]

(11)

=

[

Pop (Ik,ω) − Pop
(

Ik+1,ω
)

Pop
(

Ik+1,ω
)

− Pop
(

Ik+2,ω
)

]

Additionally, the fitting parameter CI can be obtained as follows
when the applied current is zero.

CI = (Pop (I = 0,ω) − πcωω
2X0)/4X0 (12)

Concerning Equations (11, 12), the three fitting parameters of the
Coulomb damping coefficient can be obtained as follows.

πX2
0





I2
k
− I2

k+1
Ik − Ik+1 0

I2
k+1

− I2
k+2

Ik+1 − Ik+2 0

0 0 4X0









AI

BI
CI



 (13)

=





Pop (Ik,ω) − Pop
(

Ik+1,ω
)

Pop
(

Ik+1,ω
)

− Pop
(

Ik+2,ω
)

Pop (I = 0,ω) − πcωω
2X0





Equation (13) is the parameter identifying equation of
Coulomb damping. The equation shows that, under the
circumstance of presupposing the system equivalent viscous
damping, the Coulomb damping coefficient FI can be obtained
through the external work under different externally applied
current conditions.

After identifying the equivalent viscous damping and coulomb
damping force coefficient and solving Equation (4), one obtains

k(ω) =
FMR − cωω

√

X2
0 − X2sign

(

Ẋ
)

− sign
(

Ẋ
)

(AII
2 + BII + CI)

X
(14)

The equivalent stiffness kω in the above equation is the function
of frequency, which can be identified by least-squares fitting.

min(
∑

(Akω
2
+ Bkω + Ck − kω(ω))

2
) (15)

Optimizing Ak, Bk, and Ckcan minimize Equation (15). The
optimized solution is the fitting parameter that MR damper
stiffness varies with the frequency.

EXPERIMENTAL TESTING PROCEDURE

In conclusion, the parameter identification flow of the
improved Bingham fitting model proposed is shown in
Figure 5 as follows.

(a) Apply a current to the MR mounts; do not change
the externally applied load amplitude; measure the
displacement–force curve under different external load
frequencies; calculate the external work through Equation
(4); identify the equivalent viscous damping of the mounts
through Equation (6).

(b) Similar to the first step, apply a sine exciting force
with the same amplitude and excitation frequency to
the MR mounts by different currents to calculate the
external work made by different exciting forces; substitute
different values of external work into Equation (7) to
calculate the Coulomb damping force coefficient of the
mount system.

(c) Obtain the inverse solution of the rule that mount stiffness
changes with frequency by identifying the obtained viscous
damping force and Coulomb damping force.

EXPERIMENTAL RESULTS
AND DISCUSSION

The proposed method was applied to MR mounts and an
experimental platform, as shown in Figures 6, 7. TheMRmounts
are installed under the vibration exciting platform composed
of the electrohydraulic excitation control system, force sensor,
computer, fixture, current source, data collection and control
software, and hardware system. The electrohydraulic servo
excitation control system includes an MTS 242.01 actuator and
a built-in high-accuracy displacement sensor. The force sensor is
a BK-1 strain sensor produced by The Aerospace Aerodynamic
Research Institute, China.

The main technological parameters of the excitation platform
are defined as follows: the maximum vibration excitation
amplitude is 5mm, and the excitation frequency range is 0–
150Hz. In addition, the measurement range of the force sensor
is from −6000 to 6000N, and its accuracy grade is 0.6N.
The measurement range of the displacement sensor is from
−10 to 10mm, and the accuracy grade of the two sensors
is 0.005 mm.

Five groups of dynamic characteristic tests under different
external loading frequencies were performed on the MR
fluid mounts, with the condition not changing the current
according to the testing theory. Figure 8 indicates that the
mounts’ reaction force changes with the time and displacement
under the conditions of 600N preloading force, and Figure 8A

shows the reaction force–displacement relationship of the
MR mounts in a 0.4 A externally applied current. Figure 8B
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FIGURE 5 | Parameter experimented fitting flow figure to be identified in parameterized model.

FIGURE 6 | MR mounts adopt in this paper.

gives the reaction force–displacement relationship at a 0.5-mm
excitation amplitude.

According to the theory proposed here, the fitting parameters
of dynamic characteristics of MR fluid mounts are calculated, as
shown in Table 2.

Figures 9–11 illustrate the identification curves, which shows
that the dynamic characteristic parameters of MR mounts vary
with the current.

The following can be concluded from Figure 9. (a) The
Coulomb damping force of the MR mounts increases with the
current; when the current exceeds 0.7 A, the Coulomb force rises
with the current, but not evidently. This shows that the MR
effect of MR fluid tends to a saturation state. (b) When the
externally applied current is 0 A, the MR mounts still have some
friction damping force of ∼22.4N; when the current reaches
1.0 A, tending to saturation, the largest damping force reaches

FIGURE 7 | Testing platform of MR mounts.

225.2N, and the adjustable multiple is ∼10. This demonstrates
that the designed MR damper structure can change the damping
force within a wide range, with a fine adjustable characteristic of
damping force.

It can be concluded from Figure 10 that: (a) the equivalent
stiffness of the MR mounts rises with the frequency, and
the rising speed goes faster and faster, which is caused
by the dynamic effect of rubber, and (b) when the engine
is working at a high frequency, the stiffness of the MR
mounts is improved up to 821 N/mm—approximately twice
401.5 N/mm, the static value of stiffness. With the rise of
the stiffness, the transmissibility of the engine goes faster
and faster, which makes it necessary to apply a larger
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FIGURE 8 | The force-displacement relationship of MR fluid mounts (A) in different excitation frequency (B) in different currents.

TABLE 2 | Identifying parameter results of MR fluid.

Parameter Ak(N*m-1 Hz-2) Bk(N*m-1 Hz-1) Ck(N*m-1Hz) AI BI

value 0.045 −0.5 401.5 −175.4 378.2

parameter CI Ac Bc Cc —

value 22.4 −0.138 10.46 1024.4 —

FIGURE 9 | Fitting results of MR mounts coulomb damping force.

current to improve the Coulomb damping force and achieve
vibrating control.

Figure 11 provides the viscous damping identifying results
of the MR mounts. Figure 11 shows that the viscous damping
of the MR mounts goes up with the rise of working frequency
when the engine is working at a low frequency (lower
than 40Hz), but lowers with the rise of working frequency
when the engine is working at a high frequency (higher
than 40Hz), With a view to further verifying the reliability
of the fitting results, Figures 12, 13 give the MR mounts’
fitting results of dynamic stiffness and lagging angle under
different excitation frequencies and external currents. Moreover,
Figure 12 provides the fitted and experimental result of the
force–displacement relationship.

FIGURE 10 | Fitting results of equivalent stiffness of MR mounts.

FIGURE 11 | Fitting results of equivalent viscous damping of MR mounts.

By comparing Figures 12, 13, one can find that, because of
the inherent defect of the Bingham model at low speeds in
describing the mounts’ dynamic characteristics, the fitting result
has errors at the maximum mount displacement (low-speed
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FIGURE 12 | Fitting experiment contrast figure of dynamic stiffness of MR mounts.

FIGURE 13 | Fitting experiment contrast figure of lagging angle of MR mounts.

range), leading to an obvious difference in the fitting results
of dynamic stiffness and lagging angle from the true ones.
Figure 14 shows that, in general, the fitted hysteretic curve of
the mounts is in accordance with the experimental curve, which
demonstrates that the improved polynomial Bingham model
proposed can properly describe the dynamic characteristics of
the MR fluid mounts in a wide frequency band and lay a rational
foundation for the active vibration control and optimal design of
engine mounts.

CONCLUSIONS

For the purpose of describing the dynamic characteristic behavior
of MR fluid mounts in a wide frequency band, an improved
polynomial Binghammodel based on experiments was proposed.
The fitted result based on the model shows that the viscous
damping of MR mounts goes up with the rise of frequency
when working at low frequencies or lowers with the rise of
frequency when working at high frequencies. The equivalent
stiffness produces a dynamic stiffness effect—that is, the mounts’
stiffness rises with the frequency, and the rising speed goes
faster and faster, which is caused by the dynamic effect of
rubber. It is approximately twice the rubber stiffness in a
static status when working at high frequencies. The mounts’
Coulomb damping force rises with the increase in current;
however, when the current exceeds 0.7 A, the rise is not
obvious, which demonstrates that the MR effect tends to a
saturation state.

In addition, comparison of the experimental result shows
a poor performance in describing the mounts’ dynamic effect
when the displacement of the mount reaches its maximum.
However, the improved polynomial Binghammodel can properly
describe the dynamic characteristics of the MR mounts in a wide
frequency band.

Finally, compared with other parameterized models, this
model features simple calculation, fewer variables, and explicit
expressions, which provides a basis for applying the mounts to
vibration control research on engines and the optimal design of
mount components.
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FIGURE 14 | Contrast fitting value figure of the experimental value of hysteretic curve under all working conditions.
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