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Abstract: This paper aims to present a suspension control strategy for a semi-active mount with
variable damping utilizing a smart magneto-rheological fluid (MRF), which will be applied in a micro
autonomous railway inspection car as a primary suspension to protect the inspection equipment
from the large suspension vibration on rails. We proposed a new multi-pole structure design for a
semi-active magneto-rheological mount (MR mount) that can provide both a high damping force and
a wide damping force band. Firstly, the mathematical model of MR mount dynamics was derived;
secondly, a skyhook control strategy was developed for the MR mount; and finally, a dynamic
simulation problem using Matlab software was constructed to evaluate the performance of the MR
mount. The dynamic simulation results showed that the proposed MR mount using a skyhook
control strategy showed greater vibration isolation performance compared to conventional passive
mounts. In particular, the absolute displacement, velocity, and acceleration of the detector device
were reduced by 83.33%, 77%, and 70%, respectively. The suspension vibration transmitted to the
inspection device also decreased significantly, compared to input oscillation (i.e., un-sprung mass
oscillation). Specifically, the suspension vibration reduced by a half at the excitation frequency of
2-fold the natural frequency and by greater magnitudes at higher excitation frequencies.

Keywords: magneto-rheological fluid; semi-active mount; micro autonomous railway inspection car;
suspension control strategy; mount

1. Introduction

To prevent train accidents, rail surface defect (RSD) inspection is essential. At present,
computer-based RSD inspection based on the convolution neural network model [1,2]
has been of significant concern to potentially replace manual RSD inspection methods,
such as eddy current testing [3], ultrasonic testing [4], and acoustic emission testing [5].
Although computer vision technology can solve the problems related to time consumption,
safety, human resources, and automation, this approach faces significant challenges from
image noise, in which the vibration of the detector is an important source that causes noise.
Therefore, an intelligent electronically controllable suspension is necessary to suppress
unwanted vibrations to enhance detector performance.

The mount is considered as a small-sized suspension system that is applied to prevent
and absorb the unwanted vibration for lightweight equipment such as a motor, engine,
cabin, or patient bed. Although active mounts display excellent isolation performance
in terms of noise, vibration, and harshness (NVH) in both low and high frequencies, this
mount type also has significant disadvantages that limit their applications, such as high
power consumption, a high cost, a complicated structure, and required maintenance. So,
they are mainly developed to support engines in luxury cars [6,7]. By contrast, semi-
active mounts can solve these drawbacks effectively while offering good vibration isolation
performance in a certain frequency band. Therefore, many researchers have focused on

Appl. Sci. 2022, 12, 7336. https://doi.org/10.3390/app12147336 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12147336
https://doi.org/10.3390/app12147336
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-9543-237X
https://orcid.org/0000-0003-1322-5551
https://doi.org/10.3390/app12147336
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12147336?type=check_update&version=2


Appl. Sci. 2022, 12, 7336 2 of 13

this object [8–14]. Specifically, there are two main approaches to the design of semi-active
mount: utilizing different fluid properties including a magneto-rheological (MR) fluid
and an electro-rheological (ER) fluid [9,12] and changing structural parameters including
the cross-sectional area and the length of the channel [13,14]. For example, in the latter
approach, Wang et al. [13] used a mechanism of through thread with a single actuator to
simultaneously adjust the length and cross-sectional area of the inertia channel to change
the damping force; therefore, this design can isolate vibrations within a certain frequency
band. Among different types of semi-active mounts, the MR fluid mount is most concerned
due to its outstanding characteristics, such as fast response, high shear stress, easy control,
and good stability. In addition, the MR mount can be improved easily by adding a magnetic
part and a MR fluid into a conventional rubber or hydraulic mount [15–19]. According
to operating modes, MR mounts are classified as flow mode, squeeze mode, shear mode,
and combined mode. For example, Chen et al. [15] proposed an MR mount with a squeeze
mode for passenger vehicle applications. An MR mount with a shear mode was also
proposed by Choi et al. [16]. Nguyen et al. [17] and Phu et al. [18] proposed MR mounts
with a flow mode, adopting a combination of annular and radial channels to improve
the damping force of the mount. However, they have some disadvantages, including a
relatively complicated structure, the neck locking phenomenon, and a narrow damping
force band (from a viscosity-induced damping force to a magnetic field-induced damping
force). To overcome this problem, the magnetic flux should be exploited effectively by
using multi-magnetic poles and space optimization for the mount, and using fluid flow
channels with big gaps and short lengths to avoid the locking phenomenon.

The control theories for the MR mount have been well developed, including the
skyhook control theory used by Karnopp et al. [20], the fuzzy-PID control used by Pan
et al. [21], and adaptive fuzzy control used by Fu et al. [22]. These theories utilize the input
dynamic signals of the sprung part (represent all details suspended on the mount) and the
un-sprung part (define all details suspended under the mount), including the displacement,
velocity, and acceleration, and then estimate the corresponding current supplied to the coil
to generate the corresponding damping force. Among these control theories, the skyhook
control is easy to apply and also ensures a good control performance.

From the above analysis, a new configuration of the RSD inspection car was proposed,
using a smart MR mount with six magnetic-pole pairs, and the skyhook control theory was
implemented to absorb the unwanted vibration for the detectors.

2. Concepts for the RSD Inspection Car

Based on the function of the components, the proposed RSD inspection car is divided
into four main parts: the driving system, the mount system, the detector system, and
the bogie body (Figure 1). Firstly, the driving system, including two electric motors, four
batteries, four wheels, two laser sensors, and a controller box, generates energy for the
car’s movement by converting electricity in the battery into mechanical energy in the front
wheels, ensures the car moves in a straight line, and keeps an equal distance to the left
side railway and to the right side railway by using input signals of two laser sensors and
adjusting the speed of the left and right front-axle motors. Secondly, the detector system is
an essential component of this car, which detects railway surface defects by collecting and
processing data of the railway surface profile using cameras, laser sensors, and a graphic
processing unit (GPU), and then provides exact position of the defects. These parts are
assembled on the sprung (body) part to be isolated from the vibrations of the railway
surface. Thirdly, the bogie body includes the bogie and the body. The bogie has a compact
design by welding the box steels together, while the body is an aluminum floor. They
support and link to other parts, such as motors, batteries, mounts, laser sensors, detectors,
GPU, and controller. Finally, the mounting system consists of four mounts, placed between
the sprung and un-sprung parts to isolate unwanted vibrations transmitted from the rail
surface. They significantly contribute to eliminating the noise of collected images. In
addition, the brake system of the vehicle is also built. Due to the relatively low speed and
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low weight of the inspection car, the mechanical automotive braking system is designed to
stop the car. The brake system includes two motors, wires, and two friction bands. Those
motors are hung on the body, while other parts are linked to the frame.
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Figure 1. The proposed configuration of the RSD inspection car.

3. The Proposed MR Mount
3.1. Conceptual Design of Mount

The proposed mount is composed of two main parts: elastic and damping parts
(Figure 2). Firstly, the elastic part functions to receive, transmit, and absorb the vibration
source from the rail surface. The rubber generates the damping force, which is relatively
small, compared to that of the damping part. Secondly, the damping part generates and
adjusts the damping force by supplying the current into the coil and changing its magnitude.
This part includes six steel cores, six copper coils, two steel discs, two aluminum cases, and
bolts. In addition, the mount also has a body component that supports and links the mount
to the car frame and a diaphragm component that help to compensate volume for MRF by
moving down and up. As the mount receives the excitation source, the elastic part receives
vibrations and changes from hard vibrations of source to soft vibrations of the elastic part,
then pumps (when the sprung part moves downwards relative to the un-sprung part) and
sucks (when the sprung part moves upwards relative to the un-sprung part) the MRF flow
into the radial channel. When the MRF goes through the radial channel, it is impacted by
the external magnetic field. The yield magnetic field will magnetize MRF particles. The
shear stress appears to resist MRF flow, increasing the pressure drop of MRF. Therefore,
as the external magnetic flux changes by changing the input current magnitude into the
mount, the damping force of the mount also changes.
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3.2. Mathematical Model of the Mount
3.2.1. A Damping Force Model

The damping force of the mount is constructed with the assumption of the Bingham
plastic behavior of the MRF. This paper used MRF 140-CG, which generated high stress
up to 58 (kPa) at a magnetic field intensity of 200 (kA/m) [23]. We used the experimental
data (in graph form) showing the relationship between the yield shear stress τ and the
magnetic field intensity Hm for MRF 140-CG, which was published by the manufacturer,
Lord Corporation. Based on these data, we approximated the polynomial function to
represent the yield shear stress τ, using the least square curve-fitting method (LSM) to
generate Equation (1):

τ = −2× 10−12H3
m − 2× 10−6H2

m + 0.6226Hm − 389.85, (1)

The difference between the pressure of the upper chamber P1 and the pressure of the
lower chamber P2 equals the sum of the pressure drops generated by inertia of fluid flow
∆PI, the viscosity of fluid ∆Pµ, and the yield stress of fluid ∆Pτ . Each pressure drop for the
MR mount with a valve structure using a flow mode is derived as in Equation (2). Further,
the compliances of the upper chamber C1 and the lower chamber C2 also impact P1 and P2.
They are determined based on the continuity equation of fluid [17]. Finally, the damping
force equation of the mount is derived by the product of the upper chamber pressure P1
and the effective cross-sectional area Ap in Equation (3) [15,17,24,25]:

P1 − P2 = ∆PI + ∆Pµ + ∆Pτ = Ii Ap

( ..
Z− ..

q
)
+

12kµµQLan

πg3Ran
+

12kµµQ
πg3 ln

Rod
ri

+
128µQLho

πDho
4 +

cτLrakτ

g
sgn
( .

Z− .
q
)

, (2)

Fm = P1 Ap =

[
C2

C1 + C2

(
cτLrakτ

g
sgn
( .

Z− .
q
)
+

12kµµQLan

πg3Ran
+

128µQLho

πDho
4 +

12kµµQ
πg3 ln

Rod
ri

)
+

Ap(Z− q)
(C1 + C2)

+ Ii Ap

( ..
Z− ..

q
)]

Ap, (3)

where c is the coefficient which depends on the flow velocity profile, c = [2.07–3.07] [24]; µ
is the viscosity of MRF; kµ, kτ are the effective area ratio of the viscous fluid and the field

fluid, respectively; Q is the flow rate (Q = Ap(
.
Z− .

q)); Ii is the inertia coefficient of the
fluid (Ii

∼= πρR4
od/8g) [15]. Structural parameters of the magnetic part include the outer

radius Rod, the annular radius Ran, the inner radius ri, the inner diameter Dho, the gap g,
the working radial and annular length Lra, Lan of MRF; the height of core Lho. Dynamic
parameters of the car will be explained in the next section. The values of all key parameters
of the proposed mount are listed in Table 1.

For convenience, a variable Rµ is set as equivalent viscous resistance coefficient of
the MRF flow (Equation (4)), and it depends only on structures and size of the proposed
MR mount

Rµ =
12kµµLan

πg3Ran
+

128µLho
πDho

4 +
12kµµ

πg3 ln
Rod
ri

, (4)

Further, the value of the term of inertial force of the MRF, Ii Ap(
..
Z− ..

q)Ap, is relatively
small compared to the other terms. So, it is reasonable to neglect this term in Equation (3).
Therefore, based on the formula of Rµ and Q, Equation (3) can be rewritten as the following:

Fm = P1 Ap =
ApC2cτ(Ro − ri)kτ

(C1 + C2)g
sgn
( .

Z− .
q
)
+

A2
pC2Rµ

( .
Z− .

q
)

(C1 + C2)
+

A2
p(Z− q)

(C1 + C2)
, (5)

3.2.2. Mount Dynamic Model

The proposed RSD inspection car is a single degree of freedom (SDOF) type with a
base including a bogie-wheel cluster. We assumed that (1) the mass is uniformly distributed
to four mounts, (2) the vertical vibration is the primary vibration of the car, and (3) the
left and right rail surface profiles are the same. Figure 3a presents the dynamic model
for the quarter-car suspension system. In this model, the sprung mass displacement and
motion velocity are determined in the local coordinates of Z(t), with a upward positive
direction. Similarly, those of the un-sprung mass determined in the local coordinates q(t)
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have the same positive direction. The model is built with the denotations as the following:
m, Z,

.
Z, and

..
Z are the mass, the absolute displacement, the velocity, and the acceleration of

the sprung mass, respectively; M, q,
.
q, and

..
q are the mass, the absolute displacement, the

velocity, and the acceleration of the base mass, respectively. The rubber body is equivalent
to the spring stiffness Kr. The internal friction damping caused by the rubber is Cr. From the
model in Figure 3a, the active force on the sprung mass is derived in Figure 3b. Assuming
that the sprung part moves upwards of the equilibrium position of the static state, the elastic
force of the rubber body FKr tends to pull the sprung mass part back to the equilibrium
position; therefore, the direction of FKr will point down. The damping force caused by
the internal friction of rubber FCr and the damping force generated by the pressure P1 of
the upper chamber ApP1 are all in a downward direction. The inertia force of the sprung
mass Fa also has a downward direction, opposite to the acceleration. The dynamic balance
equation for the sprung mass is determined in Equation (6):

Fa + FKr + FCr + ApP1 = 0, with Fa = m
..
Z, FKr = Kr(Z− q), FCr = Cr

( .
Z− .

q
)

, (6)

Figure 3. Dynamic model: (a) a quarter-car suspension system; (b) the active force on the sprung mass.

Finally, the parameters determined in Equation (5) are substituted into Equation (6) to
find the acceleration of the sprung mass as in Equation (7):

..
Z =

1
m

−Kr(Z− q)− Cr

( .
Z− .

q
)
−

A2
p(Z− q)

(C1 + C2)
−

A2
pC2Rµ

( .
Z− .

q
)

(C1 + C2)
−

ApC2cτ(Ro − ri)kτ

(C1 + C2)g
sgn
( .

Z− .
q
), (7)

Equation (7) is the general dynamic equation for the sprung mass. The acceleration of
the sprung mass is inversely proportional to the m of the sprung mass. It is also associated
with the relative displacement (Z− q), the relative velocity (

.
Z− .

q), and the structure of
the mount, such as the effective working area of the upper chamber, the elastic stiffness,
the damping coefficient of rubber by the inertia friction, the equivalent viscous resistance
coefficient generated by MRF viscosity Rµ, the yield stress of MRF when the external
magnetic field is applied, and the gap of MRF. Finally, the acceleration of the sprung mass
is dependent on the compliances of the upper and lower chambers. The study of Jazar
et al. [26] showed that the stiffness of rubber is linear in the displacement range less than
or equal to 6 (mm). In this paper, the displacement of the rubber is 6 mm; thus, we can
use the linearity of the rubber stiffness. The proposed mount has similar structures to the
rubber and diaphragm, and its size is smaller than one-half of that of the mounts designed
by Nguyen et al. [17] and Christopherson et al. [26]. So, the parameters Ks, Cs, C1, and C2
are referred to as one-half of the corresponding parameters in these studies.
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Table 1. Details of the RSD inspection car’s components.

Parameters Values

Stiffness of the rubber, Ks (kN/m) 50

Damping coefficient of the rubber, Cs (N·m/s) 50

Compliance of the upper chamber, C1 (m5/N) 2 × 10−10

Compliance of the lower chamber, C2 (m5/N) 2 × 10−8

Effective area of the upper chamber cross-section, Ap (m2) 7.065 × 10−4

Gap of MRF, g (m) 0.002

Outer radius of the magnetic part Rmp (m) 0.03

Equivalent viscous coefficient caused by MRF, Rµ (Ns/m5) 9.91 × 107

Ratio of the effective area caused by the magnetic field, kt 0.58

Weight of the sprung mass per each mount, m (kg) 15

Density of MRF 140-CG (kg/m−3) 3540

4. Controller for the MR Mount
4.1. Analysis of a Skyhook Control Strategy

The desired damping force of a conventional damper is calculated following the
damping force of an ideal Skyhook damper. The Skyhook damping force is determined by
Equation (8), where Csky is the damping coefficient of the Skyhook damper and

.
Z is the

velocity of the piston in the Skyhook damper. The desired damping force of a conventional
damper was formulated by Karrnopp et al. [20] as in Equation (9), in which Csa is the desired
damping coefficient and (

.
Z− .

q) is the relative velocity of the damper piston (equivalent
to the relative velocity of the mount piston). To create the desired damping force, we must
change the desired damping coefficient value according to the Skyhook damping coefficient
at the velocity of the sprung and un-sprung mass, using the following formula:

Fd = Csky
.
Z, and Fsa = Csa

( .
Z− .

q
)

, (8)

Fd = Fsa ↔ Csa =
Csky

.
Z( .

Z− .
q
) , (9)

In the actual control of damping in the suspension system, a high damping force is
required in the case of rebound (extension) motion

.
Z(

.
Z− .

q) ≥ 0. In contrast, it requires a
low damping force in the case of jounce (compression) motion

.
Z(

.
Z− .

q) < 0. Therefore,
two types of control change the desired damping coefficient, including the on–off type
and continuous variable type, which are introduced in Figure 4a,b. For on–off type, there
are two states, i.e., with and without the magnetic field applied, leading to the generation
of the force or not, respectively. This type is simple to control; however, the range of
damping coefficient is discrete. For the continuous variable, the damping coefficient varies
on a continuous scale following a specific function, which will help the device produce the
desired force range as well as to avoid fast state transitions that reduce the jerk phenomenon.
Figure 4c,d illustrate the desired damping force control domain. The damping coefficient
control of continuous variable type can provide a larger controllable force domain which
enhances the effectiveness of the controller. The damping coefficient control following the
ideal Skyhook damping coefficient of continuous variable type is given as follows:

Csa =

Csky

.
Z.

Z− .
q

.
Z
( .

Z− .
q
)
≥ 0

Cmin
.
Z
( .

Z− .
q
)
< 0

, (10)
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Figure 4. Damping coefficient control of (a) the on–off type (b), the continuous variable type and
controllable force region, (c) the on–off type and (d) the continuous variable type.

In the control Equation (10), the value of the desired damping coefficient will increase
to infinity when the denominator (

.
Z− .

q) is too small or close to zero. To overcome this
problem, the upper value of the damping coefficient is limited by Equation (11) [27]:

Csa =

max[Cmin, min[Csky

.
Z.

Z− .
q
, Cmax]]

.
Z
( .

Z− .
q
)
≥ 0

Cmin
.
Z
( .

Z− .
q
)
< 0

, (11)

When the movement between the body and the sprung mass of the mount tends to
separate (

.
Z(

.
Z− .

q) ≥ 0), the semi-active controller for the mount will generate the desired
damping coefficient of max[Cmin, min[Csky(

.
Z/(

.
Z− .

q)), Cmax]] to prevent this movement.
On the contrary, if the movement between the body and the sprung mass of the mount
tends to be close to each other (

.
Z(

.
Z− .

q) < 0), the controller will generate a small damping
factor of Cmin to hinder this jounce. A limit of the damping coefficient control is set to [Cmin,
Cmax] when (

.
Z− .

q) is close to zero.

4.2. Diagram for Semi-Active Controller

A control diagram for the car using the semi-active mount is shown in Figure 5a. The
input dynamic signals of the sprung mass and the un-sprung (base) mass are determined
by the accelerometer, which fastens on the sprung and un-sprung mass. After defining
the acceleration value, the controller calculates the displacement and velocity of these two
parts. Figure 5b presents the diagram of damping force control. From the Skyhook control
strategy, a formula of the desired damping coefficient is constructed based on dynamic
parameters of the sprung and un-sprung mass. The relationship between the desired
damping force and the current amplifier is also formulated based on the magnetic field
intensity, the yield stress, and the damping force. Finally, a simulation program is built on
Matlab Simulink, using the Runge–Kutta method with a step size of 0.001 and a simulation
time of 50 (s).
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Figure 5. Semi-active controller: (a) full control diagram; (b) damping force control.

5. Results and Discussion
5.1. Results of Magnetic Simulation

The magnetic density of the proposed mount is presented in Figure 6a,b, in which
all components have a magnetic density close to the magnetic saturation point (less than
2 (T)). In particular, in the MRF layer, the magnetic density is uniformly distributed from
up to down, and from outside to inside in the range of 1.0–1.2 (T), which is very close to
the saturation value of MRF in Figure 6b. Similarly, Figure 6c,d show the magnetic field
intensity in the mount. The magnetic intensity at the working MRF region (Hm) peaks
at approximately 200 (kA/m) and has uniform distribution from up to down and from
outside to inside in the range of 120–140 (kA/m), and the remaining areas (such as disc
and core) have a magnetic intensity of less than 20 (kA/m).
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5.2. Results of the Control Simulation
5.2.1. Response of the Frequency Domain

Figure 7 shows the root mean square (RMS) for the dynamic response of the frequency
domain in passive and semi-active mounts. Based on the displacement transmissibility
RMS(Z/q) (Figure 7a) and absolute displacement RMS(Z) (Figure 7b), within the excita-
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tion frequency range of 0–50 (Hz), the performance of semi-active mounts is much better
than that of passive mounts. First, the displacement transmissibility and absolute displace-
ment of the car using the semi-active controller are always under one unit, meaning that the
displacement of the sprung mass is always lower than the displacement of the un-sprung
mass. Second, the resonance at the natural frequency disappears and the displacement
reduces by 83.33% at this frequency. Similarly, Figure 7c,d present the absolute velocity and
the acceleration of the semi-active mount, respectively. These responses of the semi-active
mount are higher than those of the passive mount. They reduce by 77% for the velocity
and 70% for the acceleration at the resonance frequency.

Figure 7. Response of the frequency domain: (a) transmissibility, (b) absolute displacement, (c) abso-
lute velocity, and (d) absolute acceleration of the sprung mass.

5.2.2. Response of the Time Domain with a Semi-Active Mount

To provide a clear view of the dynamic of the sprung and un-sprung parts, Figures 8–10
show computer simulation results without RMS. The un-sprung motion is sinusoidal, with
three cases corresponding to three different frequencies, equal to 0.5-, 1.0-, and 2.0-fold the
natural frequency (Figures 8–10, respectively). In all cases, the damping of the Skyhook
damper is equal to the damping of the passive mount at the damping ratio of 1.0. In
Figure 8, the dynamic of the sprung mass is close to that of the un-sprung mass. The lock
phenomenon appeared sometimes where (

.
Z =

.
q and

..
Z =

..
q). The acceleration of the

sprung mass is higher than that of the un-sprung mass; nevertheless, this issue can be
neglected because the acceleration of the sprung mass is low at a low frequency. In Figure 9,
it is observed that the dynamic of the sprung mass is better than that of the un-sprung
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mass and the lock phenomenon does not occur. Finally, good performance for dynamics is
clearly shown at higher frequencies (Figure 10). The acceleration of the sprung mass is less
than 10 (m/s2), while the acceleration of the base is very high at 40 (m/s2).

Figure 8. Response of the time domain of (a) displacement, (b) velocity, and (c) acceleration of the
sprung and un-sprung mass with the excitation frequency equal to a half of the natural frequency.

Figure 9. Cont.
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Figure 9. Response of the time domain of (a) displacement, (b) velocity, and (c) acceleration of the
sprung and un-sprung mass with the excitation frequency equal to the natural frequency.

Figure 10. Response of the time domain of (a) displacement, (b) velocity, and (c) acceleration of the
sprung and un-sprung mass with the excitation frequency equal to 2-fold the natural frequency.

6. Conclusions

The configuration of the RSD inspection car using an MR mount as a suspension
system was analyzed and designed to detect rail surface defects. An MR mount with
multi-poles and multi-layers was designed and simulated. This mount design generated
a uniform distribution of the magnetic field density over the working MRF region close
to the saturation point of the MRF. In addition, a Skyhook control strategy was analyzed
and applied to control this car. The dynamic simulation results showed that the MR mount
had better vibration isolation performance than conventional passive mounts and the
suspension vibration to the inspection devices was significantly reduced.
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