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In this paper, a novel structure of a controlled multi-channel semi-active magnetorheological (MR)
fluid mount is proposed, including four controlled channels and one rate-dip channel. Firstly, the magnetic circuit
analysis, rate-dip channel optimization design, and MR fluid mount damping analysis are given. Secondly, the
mathematical model of the controlled multi-channel semi-active MR fluid mount is constructed. We analyze the
effect of controlled multi-channel closing on the dynamic characteristics of the mounts and the effect of the
presence or absence of the rate-dip channel on the low-frequency isolation of the mount. Finally, the controlled
multi-channel semi-active MR fluid mount was applied to the 1/4 vehicle model (a model consisting of an
engine, a single engine mount, a single suspension and a vehicle frame), with the transmissibility of the engine
relative to the vehicle frame at low frequency and the transmissibility of the engine reciprocating unbalanced
force to the vehicle frame magnitude at high frequency as the evaluation index.

Numerical simulation shows the following points. (1) The controllable multi-channel semi-active MR fluid
mount can achieve adjustable dynamic stiffness and damping with applied 2 A current to different channels.
(2) With known external excitation source, applied currents to different controllable channels can achieve the
minimum transmissibility and meet the mount wide-frequency vibration isolation requirement, while adding a
rate-dip channel can improve the low-frequency vibration isolation performance of the MR fluid mount. (3)
Switching and closing different controllable channels in the 1/4 vehicle model can achieve the minimum trans-
missibility of low-frequency engine vibrations relative to the vehicle frame and high-frequency engine vibrations
reciprocating an unbalanced force to the vehicle frame. Therefore, the design of the controllable multi-channel

semi-active MR fluid mount can meet the wide-frequency isolation.

The engine rotational unbalanced reciprocating inertial force
and uneven road surface excitation are the main excitation
sources of vehicle vibration (Lee et al., 1994). As a vibration
isolation element, the mounts connect the power train to the
vehicle frame. The main role of the mounts is to support the
engine static load-bearing capacity, isolate the transmission
of engine vibration to the vehicle frame, reduce the impact
of road impact on the engine, and limit the engine move-
ment space (Li et al., 2019). Ideal engine mounts should ex-
hibit large stiffness and large damping at low frequency and
low stiffness and low damping at high frequency to achieve
the vibration isolation requirements for different vehicle op-
erating conditions (Christopherson et al., 2012; Yu et al.,

2001a). At present, mounts used for engine vibration isola-
tion can be divided into rubber mounts, hydraulic mounts,
semi-active mounts, and active mounts. Compared to rubber
mounts, hydraulic mounts (Fan, 2006) improve noise, vibra-
tion, and harshness (NVH) performance at low frequency, but
the greater dynamic stiffness at high frequency due to hard-
ening is not conducive to noise reduction. Active mounts can
achieve better NVH performance in a wider band under au-
tomotive driving conditions, but their complex structure and
high cost are only used in a few luxury vehicles (Hausberg
et al., 2015; Romling et al., 2003; Fan et al., 2020). Semi-
active mounts require less energy and can achieve vibration
isolation over a wide frequency range. Therefore, semi-active
mounts have a higher prospect of utilization compared to



other mounts. The semi-active mount is mainly character-
ized through controllable structural parameters or control-
lable fluid parameters (Fan et al., 2020). Controllable pa-
rameters include controllable inertia channel cross-sectional
area, inertia channel length, the flexibility of the upper cham-
ber. Controllable fluid parameters include smart materials
such as MR fluid and electrorheological fluid (ER). Wang
et al. (2014) used an electric motor to simultaneously adjust
the length and cross-sectional area of the hydraulic mount
inertia channel to achieve wide-frequency vibration isola-
tion. Tikani et al. (2010) and Truong and Ahn (2010) used
a mechanically controllable inertial channel cross-sectional
area to achieve engine vibration isolation (Tikani et al., 2010;
Truong and Ahn, 2010). Mansour added an MR fluid cham-
ber to the upper chamber of the hydraulic mount in order
to solve the vibration caused by the VDE engine, and they
changed the flexibility of the upper chamber through a mag-
netic field to achieve adjustable dynamic stiffness of the
mount (Mansour et al., 2011). MR fluid has a fast response,
low energy consumption, and favorable controllability (Shah
and Choi, 2015; Zhu et al., 2012). Although ER fluid has a
fast response, it requires high voltage and has some draw-
backs in automotive applications. The operating modes of
MR fluid mounts can be classified as flow mode, squeeze
mode, shear mode, and pinch mode (Imaduddin et al., 2013).
Chen et al. (2016) proposed a squeeze model of semi-active
MR fluid mount for passenger vehicle vibration isolation.
Nguyen et al. (2013) proposed a flow working mode MR
fluid mount in which the flow channel structure uses a com-
bination of annular and radial channels to improve the damp-
ing force of the mount. John and Kumar (2016) proposed a
shear working mode of MR fluid mount. In summary, the ex-
isting semi-active mount study has the following problems.
(1) Although the semi-active mount with controllable struc-
tural parameters can meet the vibration isolation in a certain
frequency range, the structure and control are complicated.
(2) Controllable fluid parameters of the semi-active mount
can only be continuously adjustable for a specific frequency
damping and cannot achieve engine wide-frequency isola-
tion.

In order to solve the conflicting design requirements of
engine mounts for stiffness and damping characteristics un-
der different frequency operating conditions, a controllable
multi-channel semi-active MR fluid mount with adjustable
stiffness and damping is proposed. The structure of the semi-
active mount consists of four controllable channels and one
rate-dip channel. Applying current to the four controllable
channels to achieve controllable channel closing indirectly
changes the cross-sectional area of the total channels of the
semi-active mount and finally achieves adjustable dynamic
stiffness and damping of the mount. Analysis of the effect
of controlled channel closing on the dynamic characteris-
tics of the mount was performed. We analyzed the effect
of the presence or absence of the rate-dip channels on the
low-frequency vibration isolation performance of the mount.
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Schematic configuration of controllable multi-channel
semi-active MR fluid mount.

Finally, a 1/4 vehicle model was built to evaluate the low-
frequency vibrations with the relative engine and frame dis-
placement transmissibility and the high-frequency vibrations
with the force transmissibility as evaluation indexes to verify
the controllable multi-flow channel closing on the vibration
isolation performance of the power train system.

There are two conditions. (1) The engine reciprocating in-
ertial force requires the mount to provide small stiffness and
small damping, and (2) the road excitation requires the mount
to provide large stiffness and damping (Yu et al., 2001b).
To satisfy conditions (1) and (2), a controlled multi-channel
semi-active MR fluid mount is designed to change the yield
stress of the MR fluid in the damping gap by applying a
current. This allows channel closing for the semi-active MR
fluid mount with adjustable stiffness and damping.

The controllable multi-channel semi-active MR fluid
mount is shown in Fig. 1, with its main components labeled.
Figure 1 shows that the MR fluid mount consists of main-
spring rubber, flexible rubber diaphragm, rate-dip channel,
inertia channel, and magnetic circuit assembly. Among them,
the magnetic circuit assembly consists of a coil, iron core,
and spacer, as shown in Fig. 2a.

The MR fluid chamber is divided into upper and lower
chambers by channels, and each chamber is filled with MR
fluid. The semi-active MR fluid mount consists of four con-
trollable channels and one rate-dip channel. In Fig. 2a the
coil (in red) applied current to change the yield stress of the
MR fluid in the middle part of the channel to achieve switch-
ing of the channel. The MR fluid selected was supplied by
Lord (type 126CD). In Fig. 2, the copper coil is shown in
red, the high-permeability material (generally pure iron for
electricians) is shown in gray, and the controllable channel is
shown in green. The semi-active MR fluid mount at higher
current to achieve channel closing is shown in Fig. 2b in the
green area of the Z-shaped channel diagram. The advantage
of this design is that three different operating states can be
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Figure 2. Controlled channel and coil arrangement (a) Coil and channel assembly diagram and (b) controlled channel.
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Figure 3. Characteristic of MR fluid (a) B—H curve and (b) t—H curve.

achieved as follows. (1) When a higher current is applied Table 1. Design of magnetic circuit size.
to the middle part of the controllable channel, the MR fluid
instantly gathers in the direction of the generated magnetic Structure parameters Design size
field. This increases the yield stress of the MR fluid, which

prevents the flow of the fluid and indirectly controls the total :; ;2 22
cross-sectional area of the MR fluid mount controllable chan- 3 23 mm
nel. (2) When a lower current is applied, the mount returns to ry 14 mm
the conventional inertial channel flow mode of operation, in rs 10 mm
which the mount achieves continuously adjustable damping r6 20 mm
without the channel being closed. (3) When no current is ap- r7 50 mm
plied, the mount returns to a multi-channel passive hydraulic rg 70 mm
mount. L (controllable channel length) 30 mm

MR fluid type 126CD with a viscosity of 0.06Pas and a
density of 2660kgm~> was selected from Lord. Using the
polynomial curve fitting method, the B—H and 7—H curves

of the MR fluid are shown in Fig. 3a and b. The shear yield stresses fitting polynomial is given by
The fitted polynomials are as follows:
ty(kPa) =6 x 1072 H* —4 x 1075 43
2
B(H) =0.0036+0.0068 H — 3.01062 x 107> H> +0.0004H~ +0.2123H. 2)

+1.01345 x 107 H? — 1.85412 x 10~ 19 g*
+1.71054 x 1073 H> —6.30789 x 1077 H®. (1)

https://doi.org/10.5194/ms-12-751-2021 Mech. Sci., 12, 751-764, 2021
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Figure 4. Structure and structural parameters of the magnetic core assembly. 1 is coil, 2 is core, 3 is magnetic spacer, 4 is magnetic flux line,

and 5 is the controllable channel.
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Figure 5. Single controlled channel magnetic circuit characteristics: (a) magnetic flux intensity cloud and (b) magnetic flux intensity for

different currents.

3 Analysis of the MR mount model

3.1 Magnetic circuit analysis

In order to easily calculate the MR fluid mount magnetic cir-
cuit, Fig. 2 is simplified to Fig. 4. If we assume that the flux in
the magnetic circuit is uniformly distributed and that there is
no magnetic leakage, then according to the law of conserva-
tion of magnetic flux, the flux density in the closed magnetic
circuit is determined by the following equation.

¢sl = ¢s2 = ¢s3 = ¢s4 = d’sS = ¢s6 = ¢s7 = ¢s8 = ¢c’ (3)

where @1, P52, Ps3, Psa, ¢s5, P56, and ¢g7 are the core flux
densities, and ¢;g is the flux density of the MR fluid.

The magnetic circuit is analyzed using the magnetic Kirch-
hoff’s law as follows:

n
NI = 7{ Hal =" H;l; )
i=1

where N, is the number of turns of the excitation coil, I is the
current applied to the coil, H; is the magnetic field intensity
in the ith link of the circuit, and /; is the overall effective

Mech. Sci., 12, 751-764, 2021

length of that link. According to Ampere’s law of loops, it is
known that

¢=7€Bd5=3i5i, &)

where B; and S; are the magnetic flux density and cross-
sectional area of the ith link, respectively.

According to the MR fluid controllable channel shown in
Figs. 2 and 4, the effective length of the ith link of the circuit
can be defined as

h=h=rg—rr,

l3=1l4=r7,

Is=lg=r1—r, (6)
l7=2ry—ry,

18 =ry—r3.

Combining Figs. 2 and 4, the equivalent cross-sectional
area of each part can be calculated based on the structural
dimensional parameters as follows:

S1=8=8=84=L(r1—r2),
S7 = tmr2, )
Sg = Lrg.

https://doi.org/10.5194/ms-12-751-2021
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According to Hu et al. (2017), Eq. (8) can be obtained:

n
NcI=ZRi¢c, (3)
i=1
where
l.
Ri=——, 9
uol; S

where u is the air permeability, and u; is the relative perme-
ability of the magnetically conductive material.

From Egs. (5)—(9), the magnetic flux intensity in the con-
trollable channel region is further deduced as

NI

Bur = ——. (10)

M ZR,'
i=1

To ensure that the controlled channel MR fluid channel is
the primary saturation state, the magnetic flux intensity of
ByRr should be maximized. Combining the parameters of the
magnetic circuit structure in Table 1 and using Maxwell soft-
ware to build the magnetic circuit structure of the control-
lable channel, as shown in Fig. 5, Fig 5a shows the mag-
netic flux intensity graph for a single controllable channel
with 2.0 A applied. It can be seen that the magnetic flux core
has a relatively uniform magnetic induction distribution, with
an average magnetic induction of 0.93 T at the magnetorheo-
logical fluid channel. The results show that the magnetorhe-
ological fluid in the controlled channel region utilizes more
magnetic energy.

To avoid applying large currents to the four controllable
channels, all four controllable channels are blocked leading
to oscillatory states in the dynamic stiffness and damping of
the semi-active MR fluid mount at low frequency. Adding
a rate-dip channel to the controllable multi-channel semi-
active MR fluid mount avoids oscillatory states of dynamic

stiffness and damping. Three different rate-dip channel struc-
tures were chosen, as shown in Fig. 6. Structure 1 is a circular
pipe with the same inlet and outlet, whereas structure 2 is an
abruptly enlarged pipe, and structure 3 is an abruptly reduced
pipe.

When all four controllable channels are closed, Fig. 1 can
be simplified to the hydraulic mount shown in Fig. 7. Fig-
ure 7a shows the structure and Fig. 7b shows the lumped pa-
rameter model. In Fig. 7b, y. is the pavement excitation, and
X, is the displacement of the power train; the following equa-
tions can be obtained according to the lumped parameters in
Fig. 7b.

Pi— Py =1,QO: + R: Oy, (11)
. Ay . ) O

Pl =—"L(, —yo) — =, 12
1 C (Xe YC) Ci 12)
. Or

Py ==L 13
) A (13)

MeXe + Ki(xe — yc) + Br(Xe — ye) + Ap P1 = 0. (14)

A, is the equivalent cross-sectional area of the upper cham-
ber, C; and C; are the volume flexibility of the upper and
lower chambers, P; and P, are the pressure of the upper
and lower chambers, and Q; denotes the flow rate of the
fluid through the rate-dip channel. Assuming that the flow of
fluid through the rate-dip channel is laminar and that the inlet
losses can be neglected, the fluid inertia and fluid resistance
flowing through the rate-dip channel are I, and Ry, respec-
tively, and the solution expression is as follows (Doebelin,
1998).

128uL;
el § 15
pL;
I = , 16
= (16)

where u is the viscosity of the fluid, L, is the length of the
rate-dip channel, Dy, is the hydraulic diameter of the channel,
p is the density of the fluid, and A; is the cross-sectional area
of the channel.

In order to address the large value of engine vibration due
to road excitation, all four controllable channels are closed,
and the design criteria for the mount, in this case, are based
on the displacement transfer rate Ty of the power train rela-
tive to the vehicle frame (Foumani et al., 2004),

T, = |xe_yc|’ (17)

|yel

if we assume that the hydraulic mount is excited by x, =
Xesin(2 ft), amplitude X, =5.0mm, and frequency 0 <
f < 30Hz. The cross-sectional area of the channel of struc-
ture 1 is given as Ay = 10 x 107%m?2, with the channel length
L. =10x 107 m; the cross-sectional area of structure 2 is
given as Ay =5 X 107°m? and Ap=10x 10~°m?, with
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Figure 7. Equivalent hydraulic mount when all controllable channels are closed: (a) schematic diagram and (b) lumped parameter model.
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Figure 9. Relative displacement transmissibility of the three opti-
mized structures and the conventional channel structure.

the channel length Ly =Ly =5 X 10~°m; and the cross-
sectional area of structure 3 is given as A;; = 10 x 10~ m?
and App =5 % 1076 m2, with channel length Ly) = Lyp =5x%
10~%m. Consider the local pressure loss for a sudden expan-
sion or sudden contraction of a circular pipe. The frequency

Mech. Sci., 12, 751-764, 2021

response of calculating the relative displacement transmis-
sibility |Ty4| for the three structures is shown in Fig. 8. The
maximum transmissibility of the relative displacements of
the three different structural channels are |Ty;|=2.0485,
|Tq2| = 2.1839, and |Ty3| = 2.2738, respectively.

In order to achieve the minimum relative displacement
transmissibility of the mount, three different rate-dip chan-
nels are used as the study objects. The design objective func-
tion is the minimum of the maximum value of the relative
displacement transfer rate 74, and the design variables are
the cross-sectional area and length of the channels; the multi-
objective genetic algorithm is used to optimize the design of
the three channel structures. After optimization, the cross-
sectional area of structure 1 is A, =5.763 x 107°m? and
the channel length is L, =5 x 107%m. The cross-sectional
area of structure 2 is Ay =5.03 x 1079 m?2, Ap =127 x
1076 m2, and the channel lengths are L;; =5.28 x 107%m
and Ly = 10 x 10~% m. The cross-sectional area of structure
3is Ay =13.11x 10~%m?2, Ap =6.42x 10~°m?2, and chan-
nel lengths are L] = 9.34x 10~®m and L, =8.54x% 10~ %m.
The maximum transmissibility of the relative displacements
of the three different structural channels are |T4;| = 1.7662,
|Tq2| = 1.79, and |Ty3| = 1.89. Figure 9 shows the compari-
son between the three optimized structures and the conven-
tional channel structure. For this reason, optimized structure
1 is chosen as the rate-dip channel.

3.3 Damping force performance analysis of the MR
mount

According to the lumped parameter model of controlled
multi-fluid semi-active MR fluid mount in Fig. 10 and com-
bined with Nguyen et al. (2013), the following equation can
be found for the pressure difference between the upper and
lower chambers of the mount.

Py — Py =AP;+ AP+ APyR,
API = Iiinm,

(18)
19)

https://doi.org/10.5194/ms-12-751-2021
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ulq ul; 128ulL,

-4 20
b b n Dy <0

AP, =12
L . .
APvr = Cztymgn(xi), 21

where A Py is the pressure drop due to MR fluid flow inertia;
A Py is the MR fluid flow pressure drop due to MR fluid vis-
cosity; L is the channel length without magnetic field action
shown in Fig. 2b; and A Pyr is the pressure drop due to the
MR fluid yield stress (Srinivasan et al., 2001). C is a constant
in the range of 2 to 3, depending on the steady-state flow
conditions; in this work, C =2 is assumed (Nguyen et al.,
2013). When the MR fluid mount is excited by vibration, the
main rubber spring forces the MR fluid to flow from the up-
per chamber to the lower chamber through the controllable
and rate-dip channels, and the total flow rate of the MR fluid
is given (Deng et al., 2020).

4
Qi(f)=Apki =Y _ Qin(f)+ O:(f), (22)

n=1

where Ap is the equivalent piston area, X; is the average ve-
locity of the fluid, f is the external excitation frequency, Qi,
is the flow rate through the nth controllable channel, and Q;
is the flow rate through the rate-dip channel.

The pressure drop of the ith controllable channel is

ul ul
A Pgin = IZW +24m

L . .
) Oin + szyﬂgn(xin)- (23)
So, the damping force of the ith controllable channel is

Fiin = Fnin + Frin = Ap(APdin), (24)

where Fji, is the ith controllable channel viscous damping
force, and Fj, is the controllable damping force of the MR
mount.

We performed numerical simulation of the MR fluid
mount subjected to an external excitation frequency of
12.5Hz and excitation amplitude of 3 mm. Analysis of the
flow rate variation, damping force, rate-dip channel flow rate,
and upper chamber pressure variation for a single control-
lable channel is shown in Fig. 11.

For the frequency domain analysis, the parameters for eval-
uating the dynamic characteristics of the MR fluid mount
are dynamic stiffness and loss angle. Dynamic stiffness is
the ratio of vibration response force amplitude to vibration
displacement amplitude at the external excitation frequency.
The loss angle responds to the angle at which the displace-
ment lags behind the force and characterizes the magnitude
of the vibration isolator damping force. The complex stiff-
ness K (’j‘yn( jw) of the semi-active mount of controlled multi-
fluid magnetorheological fluid is defined as

) Fr(jow)
K’ =——" =K +K’, 25
where x. is the engine displacement excitation, Fr is the
transfer force transmitted to the vehicle frame, K’ is the stor-
age stiffness of the mount, K” is the loss stiffness of the
mount, and the mode and loss angle of the dynamic stiffness
of the mount are given below (Shangguan, 2009):
i

il =VE2+K2,

[K"2
¢ = arctan,/ %77,

According to Figs. 1 and 10, the mathematical equations of
the controllable multi-channel semi-active MR fluid mount
single-degree-of-freedom system can be derived as

(26)

P — P, = ilQil + R;i1 Qi1 + APwmri1,
Py — Py =1;2Qi2+ Ri2Qi2 + A Pyra,
Py — Py =1;3Qi3+ Ri3Qi3 + APyr3,
Pi — Py =1;40i4+ RisQi4 + A Pyr4,

Py — Py = I;: Qi + Rir Qir, 27)
Cl Pl = Ap)‘Ce - Az,
C2Py = As,

MX, + Brx, + Kixe + ApPI =0,
Ay =01+ Qo+ Qi3+ Qia+ Oir.

According to the above equations, the dynamic stiffness
and loss angle of the controllable multi-channel semi-active
MR fluid mount can be obtained as shown in Fig. 12.

In Fig. 12, the solid black line represents the four control-
lable channels where a 2 A current can be applied in the MR
fluid mount in the low-frequency range to achieve large stiff-
ness and large damping. When three channels are used with
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2 A current, the dynamic stiffness and loss angle of the MR
fluid mount are shown as the solid green lines in Fig. 12a and
b, where the mount reaches its minimum stiffness at 022 Hz,
and the peak loss angle moves to about 30 Hz. When the MR
fluid conducts the 2 A current in each of the two channels
(the solid red line in Fig. 12), the minimum dynamic stiffness
value of the mount broadens to 30 Hz at the peak frequency,
while the peak loss angle appears at 40 Hz. For the MR fluid
mount, when each of the two channels applies a current of
2 A (the solid red line in Fig. 12), the peak frequency of the

minimum dynamic stiffness value of the mounts broadens to
30 Hz, while the peak loss angle appears at 40 Hz. When a
controllable channel with 2 A current is used (the solid red
line in Fig. 11), the minimum dynamic stiffness of the MR
fluid mount appears at 40 Hz, and the loss angle peaks at
43 Hz. When all four controllable channels are not conduct-
ing any current, the minimum dynamic stiffness of the MR
fluid mount is at 42 Hz, and the peak loss angle is at 52 Hz
(the solid blue line in Fig. 12). Therefore, a 2 A current is ap-
plied to different controllable channels to realize the switch-
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ing closed of the channels, and the adjustable dynamic stift-
ness and damping of the semi-active MR fluid mount can
realize the mount’s wide-frequency vibration isolation.

Based on the optimal rate-dip channel structure proposed
in Sect. 2.2, the effect of the presence and absence of rate-
dip channels on the dynamic characteristics of the MR fluid
mount is simulated numerically. The chaotic state of dynamic
stiffness and loss angle of the mount without rate-dip channel
is compared to with rate-dip channel in the structure of con-
trolled multi-fluid semi-active MR fluid mount (black oval
region in the Fig. 13). In Fig. 13b there is even a nega-
tive loss angle. Therefore, the designed controllable multi-
channel semi-active MR fluid mount needs to consider the
effect of the rate dip on its dynamic characteristic.

Numerical simulation of the variation of displacement
transmissibility for different channels with 2 A current is
shown in Fig. 14.

According to Fig. 14, the graphs and controllable areas of
different frequency bands with different displacement trans-

missibility are divided.

11.5Hz>Frequency = A; =0,
11.5Hz<Frequency<24.4Hz = A, = A;,

24 4Hz<Frequency<32.3Hz = A, = 2A4;, (28)
32.3Hz<Frequency<38.4Hz = A, = 3A4;,
38.4Hz<Frequency<53.1Hz = A. =4A;,

where A in Eq. (28) is the total cross-sectional area of the
controllable channel, and A; is the cross-sectional area of the
single controllable channel.

Between 0 and ~ 11.5 Hz, all four controllable channels
applied 2 A current (the solid black line in Fig. 1), and a bet-
ter isolation effect can be achieved in area 1. For the con-
trollable multi-channel semi-active MR fluid mount, three
controlled channels applied 2 A current (the solid green line
in Fig. 14) in area 2 between 11.5 and ~ 24.4Hz and can
provide a better vibration isolation effect. For the control-
lable multi-channel semi-active MR fluid mount, two con-
trolled channels applied 2 A current (the solid magenta line
in Fig. 14) in area 3 between 24.4 and ~ 32.3 Hz and can pro-
vide a better vibration isolation effect. For the controllable
multi-channel semi-active MR fluid mount, one controlled
channel applied 2 A current (the solid red line in Fig. 14)
in area 4 between 32.3 and ~ 38.4Hz and can provide a
better vibration isolation effect. For the controllable multi-
fluid semi-active MR fluid mount with four channels with-
out a current (solid blue line in Fig. 14), the mount with
the total controllable cross-sectional area of Ac =4A; can
achieve good vibration isolation between 38.4 and ~ 53.1 Hz
in area 5. According to the above judgment conditions, the
external excitation is known to apply current to the differ-
ent controllable channels to make the channel switch closed
and achieve the best vibration isolation effect of the mount
system.

The controllable multi-channel semi-active MR fluid
mount is considered to be subjected to a road excitation with
a frequency of 20 Hz and an amplitude of 3 mm and an en-
gine excitation with a frequency of 45 Hz and an amplitude
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of 1000N. To verify the effect of different channels switch
closing on the relative displacement of the engine to the ve-
hicle frame and the transfer force between the engine and
the vehicle frame, numerical calculation of the variation of
the relative displacement transmissibility and force transmis-
sibility between the engine and the vehicle frame for differ-
ent controlled channel switch closing is shown in Fig. 15.
Figure 15a shows that when the mount is subjected to a fre-
quency of 20 Hz and an amplitude of 3 mm, the controllable
area is A = A;, and the displacement of the engine relative
to the vehicle frame is minimal; in agreement with Fig. 14
area 2, the transmissibility is minimal. In Fig. 15b, when the
mount is subjected to 45 Hz, the force amplitude is 1000 N
when the controllable area A. =4A; meets the minimum
transmissibility of area 5 in Fig. 14.

Automotive designers can better predict the mount vibration
isolation performance by analyzing the 1/4 vehicle model
(Ladipo et al., 2016). The 1/4 vehicle model of the control-

lable multi-channel semi-active MR fluid mount is shown in
Fig. 16. Equations (29) and (30) for the 1/4 vehicle model
of controlled multi-channel semi-active MR fluid mount are
given.

P —Py=1; Qil + Ri10i1 + APwvr1,
Py — Py =1;2Qi> + Ri2 Qi2 + A Pyra.,
Py — Py =1;3Qi3+ Ri30i3 + APvrs,
Pi — P> =1i4Qis + Ris Qis + A Puvira,

Py — Py = I Qir + Rir Qi (29)
Ci I.)l = Ap(xe - )’c) — Ay,
CoP, = A,

M.X, + Bix, + Kixe + ApPl =0,

Ay = Qi1+ Qi+ Qi3+ Qia+ Qir;

MoX, + Ki(xe — ye) + Br(Xe — yo) + ApPI = Fexc,

My + Kr(yc —Xe) + Br(ye — Xe) + Ky (ye — h) (30)
+By(Yye —h)— Ap Py =0;

where K, and B, are the stiffness and damping of the mount,
respectively, and M, is 1/4 of the vehicle mass.

The 1/4 vehicle model is divided into low-frequency (0-
20 Hz) and high-frequency (20-200 Hz). The low-frequency
engine displacement transmissibility to the vehicle frame is
minimized, and the high-frequency engine excitation force
is minimized to the vehicle frame force as the evaluation in-
dex. Combining Egs. (30) and (31) yields the relative dis-
placement transmissibility 7Ty and the force transmissibility
Tr, where Tr is given in Eq. (31).

Fr

F exc

Tr

€29

When the system is subjected to a large-amplitude exci-
tation of the road surface with a frequency of 0-30Hz, the
engine displacement transmissibility vs. the number of con-
trolled channel openings is shown in Fig. 17a. Figure 17b
curve of the engine transfer to vehicle frame force transmis-
sibility with the number of controlled channel openings. In
Fig. 17a, the relative displacement transmissibility decreases
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with the increase in the number of controllable channels with
2 A current applied. This is due to the increase in mount
damping due to the number of applied currents in the con-
trollable channel, which makes the resonance peak lower.
However, when 2 A current is applied to all four controllable
channels, the stiffness of the mount increases, which leads to
an increase in the resonance peak, and the black solid line
in Fig. 17a shows the resonance peak at around 20 Hz. In
Fig. 17b the solid blue line shows the minimum force trans-
missibility available at 37 to 51 Hz and 93 to 200 Hz for all
four controllable channels with no current applied. The ma-
genta dotted line shows one of the four controllable channels
applying 2 A current at 32 to 37 Hz to achieve the minimum
force transmissibility. The red solid line shows the minimum
force transmissibility at 23 to 32 Hz when a 2 A current is
applied to both controllable channels. The green solid line
shows the minimum force transmissibility at 20 to 23 Hz
when 2 A current is applied to all three of the controllable
channels. The solid black line shows that the four control-
lable channels applied 2 A current between 51 and ~ 93 Hz
where the controllable multi-channel semi-active MR fluid
mount can achieve the minimum transfer force.

So, in practical use, once the type of vehicle is selected,
the excitation frequency range of the engine is known. When
the vehicle is driven on rough roads, a 2 A current is applied
to all four controllable channels of the semi-active MR fluid
mount to minimize the relative displacement of the engine
and the vehicle frame. When the vehicle is driving on a bet-
ter road, the number of controllable channels can be switched
on and off from 1-4 according to the specific engine speed
and according to different engine speeds. For example, no
current is applied to any of the four controllable channels of
the semi-active MR fluid mount when the vehicle is on the
highway. When the vehicle is at a stationary state, the fol-
lowing happens: (1) when the engine is idling without load,
the three controllable channels of the semi-active MR fluid
mount apply 2 A current, and (2) when the engine is idling

with load, the four controllable channels of the semi-active
MR fluid mount do not apply current.

Semi-active MR fluid mount with four controllable channels
and one rate-dip channel, characterized by applying a current
to the four controllable channels, making the controllable
channel switching. Controlled channel switch close makes
the total cross-sectional area of the MR fluid mount chan-
nel change, thus realizing adjustable mount dynamic stift-
ness and damping. rate-dip channels are unaffected by mag-
netic fields and are always flowing. As a result, the following
conclusions can be drawn. (1) The designed magnetic cir-
cuit structure can meet the channel switching requirements,
different channel applied currents, and can realize the de-
sign of controllable multi-channel MR fluid mount to achieve
wide-frequency vibration isolation. (2) The rate-dip channel
improves semi-active mount low-frequency isolation perfor-
mance when all four controllable channels are closed. Si-
multaneously, currents are applied to different controllable
channels to derive the optimal range of vibration isolation
frequencies. (3) For the 1/4 vehicle model numerical simu-
lation of the controllable channel, the low-frequency range
is evaluated by the relative displacement transmissibility of
the engine from the frame and the reciprocating unbalanced
force of the engine to the frame at high frequency. Low and
high frequencies can reduce the relative displacement trans-
missibility and force transmissibility when the controllable
channel switch closes different channels.



Controlled multi-channel semi-active magnetorheological fluid mount parameters.

Category Symbol Name Value Unit
Main rubber spring K; Rubber stiffness 2.5x% 10 Nm™!

By Rubber damping 500 Nsm™!

Ap Equivalent piston area 25%x1073 m?2

C Upper chamber compliance 25x 101 moN~!

Cy Lower chamber compliance 2.4 %1077 mIN~!
Inertia track h Height of rectangular orifice 5%x1073 mm

b Width of rectangular orifice 20 x 1073 mm

L Controllable partial orifice length 30 x 1073 mm

Ly Length of upper part of orifice 10x 1073 mm
Others w MR fluid kinematic viscosity 0.06 Pas

0 MR fluid density 2.66 x 103 kgm™3
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