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With the development of automotive vibration technology, the semiactive suspension system with adjustable damping force and
high reliability is taken seriously. The magnetorheological damper (MRD) that applies intelligent material (magnetorheological
fluid) is the key element of this system. It can achieve a continuous and adjustable damping and then reaches the purpose of
comfort. In order to improve the damping effect of MRD, this paper presents a MRD, which has magnetorheological (MR)
effect along annular radial channel. The paper completely designs the structure and magnetic circuit of MRD. Based on the
theory of electromagnetism and MR fluid dynamics, the paper analyzes and tests the external characteristics of the MRD by
the MATLAB/Simulink and the vibration experiment. The results compared with ordinary MRD reveal that the damping force
obviously increases and has wide adjustable range, thus verifying the reasonableness of the damper design.

1. Introduction

Smart structure system is an active research topic in the
contemporary.TheMRD takesMR fluid as workingmedium.
It has excellent electromagnetic controllability, provides good
electrical-mechanical coupling interface for smart structure
system, and possesses broad developmental prospect in the
fields of aircraft, automobile, construction, high-speed trains,
and so forth. For meeting the requirements of damping force,
the design of MRD demands generating enough magnetic
field in the work region. The magnetic field intensity is
restricted by the magnetic materials and magnetic circuit.
Therefore, in order to increase MR effect, the reasonable
structure design of magnetic circuit is an important research
content in MRD.

In the past 20 years, the MRD with different magnetic
circuit structures was studied by scholars and applied to
the semiactive control system [1, 2]. The semiactive control
system based on MRD has the advantages of continuously
adjustable damping, low power consumption, simple struc-
ture, high reliability, easy maintenance, and so forth. It is
being the mainstream development direction of vibration
control. In 1994, Carlson and Chrzan [3] developed a com-
mercial MRD of annular flowing channel (RD-1005-3, LORD

Corporation), which marks the arrival of application about
MR damping technology. However, the volume of the fluid in
the MRD is up to 5 litres. To the problem that the cylinder
volume is too large, Bai et al. [4] proposed a MRD using
bypass valve; it has the characteristic that the damping is
big and effectively reduces the cylinder volume but occupies
installation space. In addition, Mao et al. [5] proposed a
MRD using bifold valve, which is, respectively, installed on
both ends of cylinder. Although the bifold valve improves
the effective length of generating MR effect, it increases
the complexity of the damper structure. Yazid et al. [6]
proposed a MRD of mixing work mode based on shear
and squeeze, which can generate larger damping force and
magnetic field but only has a short stoke under mixing mode.
In addition, Meng et al. [7] researched the typical circuit
structure of MRD and, respectively, analyzed the influence
of magnetic length, core section, and cylinder thickness on
the magnetic field. Zheng et al. [8] and other scholars made
a deeper study, who found that magnetic field generated by
two reverse winding coils can considerably exceed magnetic
field generated by singlewinding coil in damping channel, but
the effective damping channel is shorter.Therefore, the design
has to increase the volume of magnetic circuit to enhance
magnetic field intensity in damping channel. It influences coil
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layout and limits the utilization rate of the magnetic field in
damper.

At present, the damping channel is generally the axial
channel of the piston edge in MRD. The structure makes
heat produced by electromagnetic coil unable to be timely
dissipated, thereby raising the temperature of MR fluid in the
channel, thus exacerbating the influence from temperature
on MR effect. Furthermore, the region generating MR effect
is between the piston and cylinder, which easily causes
noncollinearity of the piston rod and cylinder axis in the
reciprocating motion, so that the gap width of occurring MR
effect is not equal, thereby resulting in getting stuck piston
because of different axial damping force. Besides, in order to
increase the effective length of generating the MR effect and
improve the utilization rate of magnetic field, increasing axial
length of the piston and number of the coils is commonly
used. However, it observably shortens the working stroke
of the damper on condition of uniform installation size. To
solve these problems, this paper presents aMRDwith annular
radial channel. The damper can observably promote channel
length to generate MR effect but will not change the width
of gap for moving eccentric piston. Therefore, it effectively
avoids the defects in prestudying MRD. At the same time,
to obtain the damping force-stroke and the damping force-
velocity property of the MRD, this paper analyzed the
external characteristic of the damper with simulationmethod
and the reasonableness based on simulation and experiment
results.

2. The Principle and Design of MR Damper

2.1. The Principle of Damper. Figure 1 illustrates the design
concept of the MRD with the inner channel. The MR effect
occurs between themiddlemagnetizer and the upper (under)
magnetizer of piston. The MR fluid inflows the piston from
the central hole of upper or under magnetizer, generates MR
effect at the channel gap, and then outflows from the under
or upper magnetizer.

The MRD using the inner channel is compared with the
ordinaryMRD using the external channel. Its working stroke
is increased and space occupied by piston is decreased when
the whole damping force is the same. At the same time, it can
effectively increase the area of generating MR effect and the
damping force on the same conditions.

2.2. The Structural Design of Damper. The structural design
of the MRD mainly includes design of the cylinder, the
piston rod, the electromagnetic piston, the guide seat, and
the gas compensative chamber. The cylinder acts as a key
component in theMRD. It not only bears extrusion produced
by movement but also is the main device of dissipating
electromagnetic heat and friction heat in work. The cylinder
diameter can be determined by the maximum damping force
and the allowable pressure of cylinder:

𝐷 = √
4𝐹max

𝜋𝑝 (1 − 𝜆2)
, (1)

where 𝑝 is allowable pressure of cylinder, 𝐹max is maximum
damping force of damper, and 𝜆 is the ratio given by 𝑑/𝐷,
generally taken to be 0.3∼0.35 [9].

The piston rod is a major component bearing force in the
MRD. It directly connects to the suspension and delivers the
impact produced by vehicle body, so the piston rod not only
needs to have goodmechanical properties but also must have
sufficient strength. Moreover, the wire hole is opened on the
centre of piston rod to conveniently wind coil:

𝑑 = 𝜆𝐷,

𝑑 > √
4𝐹max
𝜋 [𝜎]

+ 𝑑
2

0
.

(2)

Here, [𝜎] is the yield stress of material. 𝑑
0
is the diameter of

wire guide hole. In order not to change work gap for eccentric
movement of piston, the design of the guide seat must ensure
coaxial degree of the cylinder and the piston rod, so the guide
seat must have enough length:

𝐻 ≥
𝑆

2
+
𝐷

2
, (3)

where 𝑆 is the working stroke of damper.
Electromagnetic piston is the heart of structure and

magnetic circuit design in the MRD. Its structure can affect
the magnetic field distribution and the properties of damper.
Therefore, the design of the electromagnetic piston needs
to fully enhance axial magnetic field under constant size of
piston, which is shown in Figure 2.

The gas compensative chamber is to compensate volume
difference generated by upper and under chambers during
movement of the MRD piston. It should have enough com-
pensation volume:

𝑉 =
𝜋

4
𝐷
2
ℎ ≥

𝜋

4
𝑑
2
𝑆. (4)

Here, ℎ is the length of compensation chamber.

2.3. The Design of Magnetic Circuit. The magnetic circuit
design is a critical issue for damping effect of MRD. Because
of ordinary MRD, the defects that are low utilization rate
of magnetic field and magnetic saturation exist. This paper
promotes utilization rate of magnetic field as goal to design
magnetic circuit, whose structure is shown in Figure 3.

According to the magnetic circuit shown in Figure 3,
which can be divided into three areas, utilizing the basic
theory that calculates reluctance can, respectively, obtain
magnetic resistance of area 1, area 2, and area 3:

𝑅
𝑚1
=

𝑙 − 2𝑏

𝜇
0
𝜇
1
(𝜋/4) 𝑐

2
,

𝑅
𝑚2
=

𝐷 − 𝑟
1

𝜇
0
𝜇
2
𝜋 ((𝐷 + 𝑟

1
) /2) 𝑏

,

𝑅
𝑚3
=

𝑙 − 𝑏

𝜇
0
𝜇
2
𝜋 (𝐷 + 𝑎) 𝑎

.

(5)
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Figure 1: The structure principle of damper with the type of inner channel.
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Figure 2: The electromagnetic piston with combined type: (1) coil,
(2) middle magnetizer, (3) gasket, (4) upper magnetizer, (5) wire
hole, (6) piston sleeve, and (7) under magnetizer.
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Figure 3: The structure of magnetic circuit.

Similarly, the magnetic resistance of channel gap is given by

𝑅MR =
𝑔

𝜇
0
𝜇MR (𝜋/4) 𝑐

2
, (6)

where 𝜇
1
, 𝜇
2
, and 𝜇MN, respectively, are relative permeability

of electrical iron, piston magnetizer, and MR fluid. 𝜇
0
is the

vacuum permeability. 𝑎 is the thickness of piston sleeve. 𝑏 is
the height of upper magnetizer (under magnetizer). 𝑐 is the
diameter of middle magnetizer. 𝑙 is the length of piston. The
total magnetomotive force is

𝐹 = 𝑁𝐼 = 𝜙 (𝑅
𝑚1
+ 𝑅
𝑚2
+ 𝑅
𝑚3
+ 𝑅MR) . (7)

The represented above-obtained reluctance in (7) can calcu-
late turns of coil as follows:

𝑁 =
𝜙 (𝑅
𝑚1
+ 𝑅
𝑚2
+ 𝑅
𝑚3
+ 𝑅MR)

𝐼
. (8)

Figure 4 depicts assembly diagram of the MRD with
annular radial channel.The basic structure includes cylinder,
electromagnetic piston and floating piston of combinative
type, bottom cover, and piston rod. In the damper, the
under ring fixes with bottom cover, and the upper ring
connects with piston rod.TheMRD is installed on the vehicle
suspension by the upper and under rings. When vehicle
produces the vibration, the piston rod drives electromagnetic
piston to compression or recovery. Because the shear yield
stress of MR fluid can be adjusted by applied current, the
damping force generated by damper can preferably improve
riding performance of vehicle on different roads.

3. The External Characteristic
Analysis of MRD

3.1. The Calculating Model of Damping Force. According to
the structure of damper shown in Figure 4, the calculating
model of damping force of MRD with annular radial channel
is deduced based on Bingham constitutive model [10] as
follows:

𝐹 = [𝑝
𝑎
(

𝑉
0

𝑉
0
+ 𝐴
𝑃
𝑆
) + 3

𝜏
𝑦

ℎ
(𝑟
2
− 𝑟
1
) sign (V)

+
6𝑄𝜇

𝜋ℎ3
ln(𝑟2

𝑟
1

) +
128𝑄𝜇

𝜋𝐷4
ℎ
𝑎
] (𝐴 − 𝐴

𝑃
)

− 𝑝
𝑎
(

𝑉
0

𝑉
0
+ 𝐴
𝑃
𝑆
)𝐴 + 𝐹

𝑓
.

(9)

Here, the first term is compensative chamber pressure in
square brackets of (9), the second term is controllable
pressure drop, the third term is viscous pressure drop, and
the fourth term is flow pressure drop. 𝑄 refers to the flow
rate of volume. 𝑟

1
, 𝑟
2
are the inner and outer diameters of

magnetizer. 𝜏
𝑦
is the shear yield strength of MR fluid. 𝑆 is the

displacement of piston. 𝐴 and 𝐴
𝑃
refer to the cross-sectional

area of cylinder and the piston rod. ℎ is the gap width of
channel.𝑝

𝑎
,𝑉
0
, respectively, are the initial pressure and initial
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Figure 4: The assembly diagram of MR damper.

volume of compensative chamber. 𝐹
𝑓
is the damping force

generated by friction.

3.2. The External Characteristic Simulation of Damper. The
performance of assessing damper includes damping force-
stroke (𝐹-𝑆) and damping force-velocity (𝐹-𝑉) property.
The slope of 𝐹-𝑉 curve reflects the damping coefficient of
damper, and the area surrounded by 𝐹-𝑆 curve reflects the
size of dissipating energy. Therefore, we usually take the two
properties as important index to evaluate the performance
of damper. According to the calculating model of damping
force obtained by previous section, this paper establishes
simulation model of damping force about the MRD based on
MATLAB/Simulink shown in Figure 5.

The simulation model describes the relationship about
damping force—velocity and damping force—displacement
under different current 𝐼. We set that the displacement is
sinusoidal excitation, the amplitude 𝐴 = 75mm, and the
frequency 𝑓 = 1Hz. The applied current (𝐼), respectively,
is taken as 0, 0.5, 1, 1.5, and 2A. The force-stroke (𝐹-𝑆) and
force-velocity (𝐹-𝑉) curves are shown in Figure 6.

3.3. Results and Discussions. The damping effect of vehicle
suspension is usually described by external characteristic of
damper, such as the 𝐹-𝑆 and 𝐹-𝑉 characteristic curves. The
area surrounded by the 𝐹-𝑆 curve reflects the damping effect
of damper in a vibration period. Figure 6(a) shows that the
area encircled by 𝐹-𝑆 curve gradually increases with increas-
ing of electric current, which indicates that the damping
force of MRD is controllable. And it shows that the damping
force is asymmetric in the compression and extension stroke.
The asymmetry is mainly produced by gas damping from
compensative chamber. Besides, whatwe can see from the𝐹-𝑆
diagram is that the damping force of MRDmay be controlled
by adjusting applied current in stretching and compression
stroke. Thus it can real-time optimally adjust the damping
of the vehicle suspension according to road condition and
improves good riding and stability performance. At the same
time, Figure 6(a) presents that the damping force of MRD
is about 1500N as the applied current takes 0A. It is the
uncontrollable damping force that mainly contains viscous
force. When the applied current takes 2A, the damping
force is about 3500N, in which the controllable damping
force is about 2000N, namely, Coulomb force. Therefore,

the adjustable range of damping force is [1500, 3500], and
the adjustable coefficient can reach 1.33. This indicates that
the MRD has large damping force and damping scope.
Figure 6(b) shows that the damping force increases with
increasing of velocity. When the applied current takes 0A,
the 𝐹-𝑉 curve approximately is straight line, which indicates
that MR fluid presents Newton characteristic in the absence
of magnetic field. When the applied current takes nonzero
value, the 𝐹-𝑉 curve is nonlinear, which indicates that MR
fluid exhibits non-Newtonian characteristic under the effect
of magnetic field.

4. The Experimental Research of MRD

4.1. The Vibration Test System of MRD. The vibration test
bench of MRD is the device that can simulate vibration
environment and test the mechanical properties. According
to the basic structure and principle, it is generally divided
into mechanical bench, electrohydraulic bench, and electric
bench. Because of the electric bench’s simple structure,
easy manufacture, and low cost, this paper applies the
self-designed electric bench to test external characteristic
of MRD. Its basic structure includes drive device, sensor,
and test device. The drive device consists of electromotor
and slider crank mechanism, which generates sinusoidal
vibration signal. The test system is shown in Figure 7.

4.2.The Experimental Results. Respectively inputting applied
current (𝐼) as 0, 0.5, 1, 1.5, and 2A and adjusting frequency
inverter of the electromotor make drive device generate
vibration signal.Through real-time datameasurement, draw-
ing of force-stroke and force-velocity curves is shown in
Figure 8.

As shown in Figure 8(a), it is given that the damping force
and the area encircled by 𝐹-𝑆 curve increase with gradually
enhancing current (𝐼). The maximum damping force is up
to 4000N, which indicates that the damping effect of the
MRD is good. Figure 8(b) is the force-velocity curve; when
the velocity and applied current increase, the damping force
gradually rises. This is because the speed changes viscous
damping of MRF, and the current changes the shear yield
stress of MRF. When the conditions are the same, the test
results are consistent with the simulation curve, but there are
also some differences. This is mainly because the slider crank
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Figure 5: The external characteristic simulation mode of MR damper with the type of inner channel.
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Figure 7: The vibration test system of MRD.
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Figure 8: The test curve of MRD with annular radial channel.

mechanism causes some fluctuations in movement, and the
vibration test bench causes shape and position deviation in
processing and assembling.

5. Conclusions

The MRD with annular radial channel is designed in this
paper, whose fluid channel takes the type of inner channel,
in which MR fluid inflows and outflows from the middle of
piston.The design can effectively avoid the fact that the piston
gets stuck in reciprocating motion because the axial force
is uneven. Meanwhile, if we want to improve controllable
damping force of the damper, it only requires to increase
its radial size but does not affect axial working stroke. In
addition, based onMATLAB/Simulink and the vibration test
bench, we establish the external characteristic simulation
model of the MRD, test the external characteristic by vibra-
tion experiment, analyze the performance index such as the
damping force range and the adjustable coefficient, and so
forth. With the increasing of applied current 𝐼, the damping

force of MRD grows to 3500N from 1500N, the 𝐹-𝑆 curve
is smooth and plump, and the experimental results are
consistent with the simulation curve.Therefore, this indicates
that the MRD has large damping scope and good damping
effect, can meet the damping force requirements of vehicle
suspension, and can be applied to semiactive suspension
system of the adjustable damping type.
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