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Abstract

Design and analysis of the magnetic circuit is an important step in design of magnetorheological
(MR) damper. Magnetic Field-dependent damping force is affected by the construction of
magnetic circuit and related parameters. In this paper, a kind of integrated piston assembly was
presented and analyzed. The effect of several factors on performance of the magnetic circuit
was calculated and studied, such as the different-stage coil, the same and opposite direction
of coil, the width of damping channel, the diameter of core, bypass, and so on. Both 2D and 3D
calculation were used to analyze and optimize the construction of magnetic circuit. The results
demonstrate that these factors have different impact on magnetic circuit performance. It is
expected that this work can hopefully be applied to guide the design of MR damper and related

device.
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Introduction

A vehicle damper is commonly known within
the automotive industry as a shock absorber [1].
Vehicle dampers dissipate energy, whereas tires
and springs absorb shocks in a suspension. Passive
suspension systems using helical springs and viscous
dampers are designed to meet the requirements of
conflicting demands i.e., ride comfort versus road
holding and handling. There is no possibility of
changing the damper characteristics for different
environmental conditions such as different road
or weather conditions. Active or semi-active
suspensions are one of the solutions used to
improve the vehicle dynamic behavior and resolve

the above-mentioned conflicting demands, and the
semi-active damper’s research started in the 1970s
[2,3]. One of the most representative semi-active
dampers is MR damper, and which is also one of
the most effective and efficient vibration-control
devices.

During the past two decades, a number of stud-
ies have been reported about the MR dampers.
MRF is a kind of material, which is controlled by a
magnetic field to allow the damping characteristics
of the device to be continuously adjusted by vary-
ing the power of the electromagnet. MR dampers
can offer an outstanding capability applicable in
active/semi-active vibration control systems [4].
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Figure 1: MR damper and the construction of piston assembly.
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Stelzer has proved that the MR damper is more ef-
fective for vibration isolations than passive coun-
terparts [5]. Currently, more and more MRF damp-
ers have been developed and applied successfully
in different vibration control systems, especially in
vehicle suspension system [6-9]. To accommodate
the fast-growing demand in MR dampers, different
issues, including design, analysis, modeling, and
control of MRF damper systems have been exten-
sively studied [10-14]. However, In the MR damper,
magnetic circuit plays a very important role in de-
vice overall characteristics due to magnetic circuit
design affects both magnetic field and MRF flow.
Among them, the MRF gap size is also an important
part of the magnetic circuit, and it affects magnetic
performance parameters such as flux density and
time response of the mount [15,16].

Thus, to have a clear insight into the structure
design of MRF damper systems, a comprehensive
knowledge about various aspects of magnetic

circuit design for MR damper is crucial. There are
numerous tools that can be used for analyzing
magnetic circuit, and these tools such as Ansoft
Maxwell use finite element techniques to solve the
problem of a magnetic circuit. This work discusses
important aspects that need to be considered in
magnetic circuit design such as 2D and 3D finite
element calculation and analysis.

The Construction of Piston Assembly

The design of an MR damper is to ensure
that it can sufficiently energize the MRF during
the operation. The configuration of MR damper
is shown in Figure 1A, mainly include cylinder,
compensation assembly, seal and guide assembly,
piston assembly and rod. The cylinder holds the
compensation assembly that separates MRF from
the high-pressure gas chamber. The damping
properties of MR damper are mainly determined
by piston assembly, and in order to further enhance
the magnetic field in the MR damper, the entire
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magnetic circuit and guide structure are integrated
in piston assembly. The detailed design of the
piston assembly can be seen in Figure 1B.

Inthe design of the piston assembly, the different
number of coils was considered to optimize the
magnetic field. Single-stage and two-stage coil
were analyzed, and the schematic diagram are
shown in Figure 2.

In this work, the electromagnet design was done
in detail by simulation analysis of 2D and 3D. MRF
(MRJ-01, Chongging Materials Research Institute)
and electrical pure iron (DT4) are mainly materials
for construction of the magnetic circuit. The piston
sleeve and core are made of electrical pure iron.
The model of these materials was established to
simulate the magnetic circuit, the magnetic model
of MRF and electrical pure iron can be expressed as
follows [17], respectively.

(1)

_ 4 3 2
Byge = @, H ypp + a3 H e + @ H o + 0 H e + a

{Bm_, = bH}y + b, + bH, +bH,, +b, 0 <H,, <13004/m

By, = ¢H) +c,Hy +cH) +c,H +cH,, +c, 1300<HD,<1.465A/m} (2)

The all relationship of magnetic flux density B
and magnetic field intensity H was fitted by MAT-
LAB. Where a,b and ¢ are fitting coefficient, and
the detailed value are 4, = -0.002963, @, = 0.005061,

a, = -9.284e—-6, qa,=9216e-9, a,=-3.le-12,
b, = —0.02149, b, =0.003906, b, = -3.691e-6,
b, =1.174e-9, b, = 3.557e—14, c, = 1.544,
¢, =3.06le-5, ¢, =-7451le-10, ¢, =1.052e-14,

¢, = —7.12¢-20, ¢, =1.814e-25.

The magnetic field-dependent property of MRF
was tested by using an advanced commercial
rheometer (Model: MCR301), and the testing
magnetic field of from 0 to 0.6 T was selected.
Figure 3 shows relationship between the magnetic
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Figure 3: The magnetic field-dependent property of MRF.
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Figure 4: Magnetic flux density distribution of single-stage (A) and two-stage coil (B) design.
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flux density and shear yield stress under different
magnetic field, which display magnetic saturation of
MRF occurs at about magnetic field of 600 mT, and
this value plays a very important role for guidance of
circuit design. In order to avoid magnetic saturation
of MRF, the appropriate excitation magnetic flux
density should be selected. Furthermore, the finite
element method is widely used in electromagnet
design and analysis for magnetic circuit. There are
numerous analysis tools that can be used for this
purpose. Ansoft Maxwell is one kind of analysis and
calculation tools for using finite element techniques
to solve the problem of a magnetic circuit. In this
work, Ansoft Maxwell was used for finite element
analysis of magnetic circuit.

2D Finite Element Analysis of the Magnetic
Circuit

Comparison between single-stage and two-
stage coil

Magneto-static  finite element problems
usually are quickly and have very good accuracy
when correct material properties and boundary
conditions are used. In this section, both designs
based on different number of coils are studied
and compared. Figure 4 shows the magnetic flux
density distribution at the centerline (a dotted line
is shown in Figure 2) of MRF.

Figure 4A and Figure 4B represent the calculation
results of single-stage and two-stage coil design,
respectively. The damping force is a key parameter
for evaluating MR damper performance, and the
damping force is expressed as [18]

2
Jo 1277L/i V+3z'LA
Dh h

Where L represents the effective length of
the damping channel, that’s the critical portion of
magnetic circuit, 7 is viscosity without magnetic
field, A is the area of piston, D is outer diameter
of the piston, 4 is the gap of damping channel,
v is running speed of piston, 7 is the shear yield
strength of MRF. Figure 4 implies that two-stage
coil has more magnetic-controlled length in the
gap for a certain level of excitation current. Thus,
the two-stage coil has a higher performance than
the single-stage coil under the same excitation
conditions. Therefore, two-stage coil is a significant
advance and will have promising applications in
damping devices.

sgnv (3)

Comparison between same and opposite
direction of two-stage coil

For MR damper, it is desired that the magnetic
field excitation can be controlled for changing the
damping force enough. So, the same and opposite
direction of coil are also important for damping
force generation. A plot of magnetic flux in piston
at excitation current of 3A is shown in Figure 5.

As seen, the same winding direction for two-
stage coil is shown in Figure 5A, while the opposite
winding direction is shown in Figure 5B. The
magnetic flux lines can be cancelled out each other
at same winding direction, and that lead to hinder
the magnetic field lines through the middle section
of piston. As seen, magnetic flux lines form two
loops at opposite winding direction. By contrast,
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Figure 5: The same and opposite direction of coil for piston.
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Figure 6: The magnetic field distribution with different value of D,.
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the effective length (L) of the damping channel
can be increased at opposite winding direction.
That will be good for damping characteristics at
opposite winding direction, and this can also be
explained by using equation (3).

Influence of diameter of core on the magnetic
circuit

The core of piston is most important part of the
magnetic circuit. As illustrated in Figure 2B, the 2D
model was built, and the reluctance maximum area
of core was setto D,, and the D, can be expressed
as D, =D-D,.Where D =14 mm, D, represents
the depth of coil slots. In this section, the excitation
current was also set to 3A. The magnetic field
distribution of D, (centerline) is shown in Figure 6.

Figure 6 reveals the magnetic flux density
of D, (centerline) increases dramatically with
the decreasing of D,. When a smaller value of
D, is selected, the core has the possibility of

reaching magnetic saturation, and the calculation
result provides a good guidance to select the
reasonable D, . In addition, to provide the required
magneto-motive force with minimum reluctance,
and a constraint is the total space available to
accommodate the coil, the optimum D, of 7 mm
was selected for this design.

Influence of damping channel width on the
magnetic circuit

The design of a low reluctance magnetic circuit
guides the magnetic field into a region where
MRF needs to be energized. The damping channel
width is an important parameter in the magnetic
circuit, and the width was represented by 7T in this
paper. To study the influence of damping channel
width on the magnetic circuit, the annular gap
width was analyzed in the range of 0.5-2 mm and
the excitation current of 3 A was applied to the
MRF. Their width-dependent results are shown in
Figure 7.
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As can be seen from the Figure 7, four cloud
picture exhibit similar performances, the magnetic
flux density of MRF decrease steadily with
increasing of the damping channel width, and this
phenomenon can be more clearly expressed as
Figure 8.

Figure 8 represents the magnetic flux density
distribution at the centerline of damping channel,
and a dotted line is shown in Figure 2. When
damping channel width step was increased by
0.5 mm, the magnetic flux density has attenuated
significantly. The magnetic flux density is as high
as 850 mT when damping channel width is 0.5
mm under the excitation current of 3 A, while the
damping channel width of 2 mm, the magnetic
flux density of the centerline is only 300 mT. That

indicates the damping channel width has a greater
impact for the magnetic flux density of MRF. As
can be observed from this result, a small damping
channel width should be selected for piston design,
and the magnetic saturation of MRF should also be
considered at the same time.

The magnetic field distribution of the sleeve
would be affected by variations of the damping
channel width. The thickness (T') of sleeve was set
to 3 mm in the design, and it may lead to magnetic
saturation with the variations of . Using Ansoft
Maxwell, the magnetic field distribution of sleeve
was calculated with the variations of %, and the
result is described in Figure 9. As can be seen,
the maximum magnetic flux density of sleeve was
about 1200 mT when the optimum /% was set to 1
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Figure 10: The 3D model of piston and its calculation result of magnetic field.

mm. the sleeve is made of electrical pure iron, and
which has about saturation magnetic flux density of
2100 mT. Therefore, the excitation magnetic field
in sleeve is much less than saturation magnetic flux
density, and which meets the design requirements.
Combination with the analysis above, the optimal
damping channel width is set to 1 mm in this work.

3D Finite Element Analysis of the Magnetic
Circuit

The detailed distribution of magnetic field can
be analyzed more clearly using 3D finite element
analysis. As seen Figure 10, 3D model (Figure
10A) of piston was established by using drawing
tools, and the simulation results (Figure 10B) are

computed at the excitation current of 3A.

In 3D model, an axial winding slot and two radial
winding slots in outer body surface of the piston
core, the axial winding slot extends from one side
to another side of piston, and the radial winding
slots include a first and second slot. In addition, a
bypass hole is disposed inside the piston and in an
axial, the bypass hole is typically linear and allows
MRF to freely flow through the piston during MR
damper operation. Robert has proved that the
force performance of MR damper can be optimized
by providing bypass hole [19]. The calculation
results indicate the magnetic field distribution in
the central region of MRF. Apart from the impact
of the winding slot, the remaining area reached a
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Figure 11: The magnetic field distribution for the radial centerline of bypass hole.

magnetic field of 600 mT, and the magnetic field is
distributed uniformly. The region of axial winding
slot and two radial winding slots only occupy a very
small surface area of piston core, and the magnetic
field can reach 50~80 mT, that lead to little
influence of filed-dependent forced performance.
Present analysis verifies the applied magnetic field
is appropriate to the operation of MR damper.

It is understood to one of ordinary skill in the
art, that uses of the bypass hole is dependent on
the force performance required in a particular
MR damper application, and the magnetic field
distribution based on the radial centerline of bypass
hole is shown in Figure 11.

It can be seen from Figure 11 that the value of
magnetic flux density is only about 2 ~ 4 mT. The
bypass hole is mainly set for the liquid to flow freely,
and it is affected by the magnetic field as small as
possible. Combination with the result of Figure 3,
this value can be ignored for impact on magnetic
field-dependent force performance. MRF may be
diverted into bypass hole which is substantially free
of magnetic field effects. In a vehicle suspension
system, this will provide “smooth” vehicle ride
characteristics desired by a vehicle occupant.

Conclusions

The magnetic circuit was studied based on
integrated piston assembly in this work. Both 2D
and 3D finite element analysis was presented using
Ansoft Maxwell and the optimization of magnetic

circuit parameters was also discussed. The results
show that the several factors on performance of
the magnetic circuit, and different factors have
different effect on the magnetic field distribution.
Based on magnetic saturation of MRF at about
magnetic field of 600 mT, the different-stage coil,
the same and opposite direction coil, the damping
channel width and the bypass hole have a greater
impact on the performance of magnetic circuit.
The Design and analysis methods discussed in this
article assure satisfactory performance of an MR
damper. It is expected that these procedure saves
designer time and helps with optimizing magnetic
circuit performance in a more systematic manner.
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