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Abstract

In this paper, a new energy generated semi-active suspension system based on Magneto-rheological (MR) damper has
been designed with the investigation of its power generation capability. The mathematical model for the suggested
energy generated MR damper has developed and a 3D model of energy generated MR damper has developed in EMS,
where it is analyzed broadly by finite element method. The objectives of the simulation were to minimize the
interaction issue between the damper and energy generator parts and confirm its power generation ability. The induced
magnetic flux density, magnetic field intensity, applied current density, temperature gradient of this damper clearly
validated this damper’s power generation.
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1. Introduction

MR fluid-based dampers so hopeful for semi-active or adaptive control system which’s filled with kind of smart
materials like Magneto rheological (MR) fluids (Lai et al 2002). MR fluid is made by mixing fine particles of carbonyl
iron with low viscosity oil. It functions at three different mode such as shear mode, squeeze mode and valve mode. In
the presence of an external magnetic or electric field MR fluids offer quick, reversible, and harmonic exchange to
semi-solid state from free-flowing state in a few milliseconds and able to form chain-like fibrous structure . It has
some striking benefits such as exhibiting a much lower sedimentation rate than conventional fluids, and a large
operational temperature range . Moreover, it glances an improvement in apparent yield stress , quick response, and
low power consumption . MR dampers is vast for both low- and high-speed (Shakil et al 2023). It’s mainly used in
automobiles, civil construction such as buildings, bridge’s structure (Shabir et al 2022), reducing floor vibrations
(Shabir et al 2022), heavy motor damping (Lai et al 2002), helicopter lag dampers(Shabir et al 2022), railway vehicles
(Shabir et al 2022) and more (Shabir et al 2023). MR damper consists of a piston rod, a piston head, hydraulic and
pneumatic reservoirs. These hydraulic and pneumatic reservoirs are separated by a floating piston or diaphragm
(Shakil et al 2022). The piston head is attached by piston rod, and it contains magnetic circuit (coil on bobbin
concentric to a tubular flux return). When the piston rod assembly moves inside the MR damper, the fluid flows by a
circular gap in the piston head and creates a magnetic field in the gap and raises the yield stress of the MR fluid in the
circular gap when current supplied to the coil in the piston head. Figure 1 shows the schematic diagram of the
conventional semi-active suspension system. MR damper’s vibration and shock create mechanical energy which can
be used as a power sources and huge amount of this mechanical energy is lost during everyday usage of an automobile
under road irregularities. By that the wasted energy vibration is attached with highway roughness, car speed,
suspension rigid and damping coefficient and one report says that the total power dissipation of four dampers of
traveler vehicle reached 200 W when going on a haggard highway at more or less 13.4 (Shabir et al 2022). External
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power supply would not be needed, if this wasted energy can be transferred into the electrical energy (Shabir et al
2022). Suda et al observed that producing energy in the reproduction process is well to fulfill the energy demand in
the dampers (Shabir et al 2022). Some research has been accomplished formerly on power generation ability of MR
damper such as Jung et al introduced an MR damper with power regeneration which consists of an electromagnetic
induction device for reducing suspension vibrations (Shabir et al 2022). It gives a technological plan for self-powered
vibration control and electromagnetic induction (EMI) exploits vibration energy to produce electrical energy. Choi
and Werely studied the liability and effectiveness of a self-powered MR damper and used a spring—mass
electromagnetic induction device (Shabir et al 2022). The produced energy is used as the source of MR damper
outright to escape the use of accessory sensors in the former two works. Bogdan et al introduced a power generator
for a linear MR damper which is known as electromagnetic power generator (Shabir et al 2022). Chan et al first
proposed the concept of self-powered, self-sensing MR dampers and filed for patent applications (Madiha et al 2023).
It’s only applicable for double ended MR dampers. With the aim of reducing the used amount of electric power
increase reliability of the MR damper, this paper is proposing a new design concept for the magnetizing device
involving a hybridized magnetic field source using a permanent magnet and coil concept for energy generation ability.
It would be useful to incorporate the energy creation and manageable damping technological innovation within one
system (Shakil et al 2022).

1.1 Objectives
This research focused on the Design of MR Damper for Automobile suspension with Finite Element method

2. Design Description of the Suggested Energy Generated MR Damper

The MR damper has two parts, one is damper parts and another is energy generation parts. The damping parts like a
conventional damper but the energy generation parts consist a permanent magnet and coil arrangement. Figure 1 (a)
presents a conventional MR damper and Figure 1 (b) displays the suggested mono tube MR damper. The proposed
energy generated MR damper consists an extra permanent magnet, The nonmagnetic material is attached to the outside
wall of the damper and permanent magnet is attached to nonmagnetic material. The external coil is attached to piston
road. When the piston moves, the external coil moves with piston rod and cuts magnetic flux produced by the
permanent magnet and produces electrical power (Shabir et al 2022).

From the cross section view of the Model damper, the position of the coil and permanent magnet is clearly observed.
There’s a small air gap between to the coils and a permanent magnet by which the permanent magnets move from

Piston
coil

Outside

' coil

Figurel: (a) MR damper, (b) Suggested MR damper model

up to down during the piston’s movement (Shabir et al 2022).
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3. Mathematical Model of the Proposed Energy Generated MR Damper

The vibrations can be created power in the form of kinetic power. The technical power from the moving damper can
be transformed into power which MR damper device can use it. The electro-magnetic transduction procedure is used
here to quintessence power. The permanent magnets are made of neodymium magnet (NdFeB) grade N6 and non-
magnetic materials are made of non-magnetic aluminum (lui et al 2022). Table 1 summarized below.

Tablel: Specification of power generator

Parameter Value
Magnet thickness T, 8 mm
Magnet quantity n,, 6

Gap distance g 3 mm
Coil turns N 250
Coil thickness w, 6 mm
Magnet height [, 46 mm
Resistance of the coil | 2.6 Q
Rcoil

Copper wire diameter 0.6 mm

According to the simulation, the height of the permanent magnet is taken 46 mm and the height as
coil is selected 55 mm winding. The air gap magnetic flux is expressed by Equation (1) [32].

BremeMOHcAg (1)

¢, =

A.g
ZgBrem + TmnuoHc m

Here @, is the air gap magnetic flux without considering the flow, o = 4m x 1077 (N A™?), H, is

the coercive magnetic- field intensity of the magnet. Likewise, By, 1s the remanent flux density
of the magnet, Ayis the area of the air gap and 4,, is the area of the magnet. @, is the air-gap
magnetic flux considering the flow.

BremTmlo HcAg

Dy =m 4, )
ZgBrem + TmﬂOHcm

In the event that the piston rod is permitted to move, then the magnet will move along the coil axis,
an electric field will grow in the coil, for example, to restrict the magnet's movement. This field
creates an electric potential V over the coil's leads, which Faraday's law of incitement predicts to
be relative to the time rate of modifying in magnetic flux through the coil (Shakil et al 2022). Avoiding
eddy current problems, the induced voltage can be mentioned as Equation 3.

dat’s
A. The Force applied between the cylindrical permanent magnets and the coils of the MR damper
An analytical model is present in this study for calculating the applied axial force among the coils

and cyliderical permanent magnets. The analyitical evolution of the axial force is stated by this
Equation 4.
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After assimilating 2, Z,0 and 0 the applied force E, between the permanent magnet and coils is
stated finaly by Equation 5.
F = HoK1K2
z 2

2 4
Ca= ) D (=DM 1), + ) ()
i=1 j=3
In Equation 7 A, is absolutely analytical part and f, is analytical part based on elliptic meanings.
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K
The different parameters depend on i and j and the parameter i verifies i? = —1. The cylindrical
permanent magnet is axially magnetized and the axial force applied between the cylindrical

permanent magnets and coil is expressed directly by using the Equation 9.

Ca (5)

A, =

J1J
F,=2EC, )
B. Damping Force of the Proposed MR Damper

To design the MR damper model, the mathematical design suggested by Spencer et al [27] is
embraced in this research. The Figure 2 shows the corresponding mathematical expressions. The
damping force of this model is expressed by Equation 11.

F= Cy+ Ki(x —x0) (10)
C1y = az + Ky(x _Y) + Co(x —y) (11)
z=—vylx—ylzlz|" = px - »lzI* (12)

+ A —y)
a(l) = aa"'ab(l) (13)
Ci = Ci(I) = c1q+ cypl (14)
Co = Col = cp1q + Co1pl (15)

where X is the comparative displacement across the damper, X and Y are two transformative variables.
Parameterk, k1, Coq, Cobr C1ar C1p» X05Y, U A, 1, @4 and a, are utilized to portray the MR damper.
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Figure 2: Mechanical model of the MR damper

4. Finite Element Analysis and Characterization

EMS is a 3D electromagnetic field simulator software suite that brides electrical and mechanical phenomena, based
on the powerful finite element method and it is Add-in to SolidWorks. EMS has Electrostatic, Magneto static, AC-
Magnetic, Transient Magnetic and motion analysis modules. All materials are applied from EMS materials browser.
After setting the material properties, temperature and forces are applied to the model from the menu. For calculating
the upstroke and down stroke force delivered by the damper, the moving body of the damper’s model and its direction
is selected. The next step is meshing which is an important part of the computer aided engineering simulation and
finite element simulation process. Figure 3 represents the meshed image of the energy generated by MR damper’s 3D
model.

A
(a) (b)

Figure 3 (a) Meshing of the MR damper Model, (b) Finite element mesh plotting of the MR damper model

The geometry of the mesh is triangular and global mesh size is 4.5 mm and tolerance is 0.04%. The mesh plotted
image of the model is exposed in Figure 3 (b), which is accomplished by using mesh plot tools of EMS. From Figure

(b)
Figure 4: Cross section clipping view of magnetic flux density (a) Continues fringe view and (b) Line
fringe view
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3 (b) it is observed that the global range of mesh size varies from 4.66 mm to 4.41 mm which depends on material
properties as mesh size is assumed different for different materials. For characterizing energy generated MR damper
magnetic flux density, magnetic field intensity, current density, temperature gradient and heat flux density has
examined briefly for different input excitation current by EMS finite element analysis. Firstly magnetic flux density
is considered for different excitation current varies from 0.1 A to 1.2 A. Figure 4 (a) and (b) represents the cross
section clipping view, contour plotting of fringe view and Figure 5 presents the vector plotting of magnetic flux
density of energy generated MR damper.

In Figure 4 (a), actually the magnetic flux density value is represented in tesla for an excitation current of 1 A where
the flux density varies from 0 to 1.28 Tesla in the damper body. Observing closely is obvious that higher flux density
is produced around the inside piston coil area and the permanent magnet area which is expressed by the color variation.
For more clear inspection of the magnetic flux density distribution, the vector plot results are observed by ignoring X,
Y and Z axis respectively which is illustrated in Figure 5.

Figure 5 (a)(b)(c). Magnetic flux density of energy saving MR damper (X, Y and Z vector plotting)
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a b

(d)
Figure 6: Magnetic field intensity of model (X, Y and Z vector plotting)

By examining Figure 5 it is observed that when any of the axis is ignored the magnetic flux density has reduced by
small amount compare to Figure 4 (a) and (b). Another observation is the direction of the magnetic flux vector, which
is not similar to ignoring the different axis and magnetic flux density inside the piston coil is higher than the permanent
magnet. Figure 6 represents the magnetic field intensity of the energy saving MR damper model which actually
expresses the intensity of magnetic field around the permanent magnet and piston coils due to the supplied current to
excitation coils.

It is seen from the Figure 7 (a) that magnetic field spread inside the outer coil. The outer coil is moving along with
piston rod, so these moving coils are facing the induced magnetic flux as presented above. According to Faraday’s
law a voltage is induced in those outer coils. These outer coils are connected to the inner coils. These inner coils are
being used as a load to the outer coils. This close path creates opportunity to outer coils for supplying current to the
inner coils where the amount of current depends upon the frequency of the piston rod movement. Figure 7 (b) is a
representation of the cross-section line view of the magnetic field intensity distribution in the damper’s body. The

Figure 7: Applied current density of the model (a) Fringe line and (b) Vectot plotting view
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Figure 8: Magnetic flux density variation with respect to distance (permanent magnet’s diameter)

magnetic field intensity has higher value around permanent magnet and MR fluid gap area as it is expected to control
the damping force more accurately. For understanding the magnetic field intensity produced by the coils is analyzed
by finite element vector plotting by ignoring the X, Y and Z axis correspondingly as exposed in Figure 8.

For understanding the magnetic field intensity produced by the permanent magnet and the coils, it is analyzed by finite
element vector plotting by ignoring the X, Y and Z axis correspondingly as exposed in Figure 8. The magnetic field
intensity is not same among the three Figures, such as the magnetic field intensity is different at the three different
axis. The direction of the intensity vectors is altered in those images. Figure 8 is a representation of cross-sectional
fringe line view of the piston heads applied current density.

One important feature of this damper from Figure 8 is that the applied current density has higher value in the piston
coil area and little current is produced inside the damper’s outer coil. From the vector plotting generally two things
are observable and they are the direction and intensity of the applied current at each point of the coil.

5. Simulation Result and Discussion

Energy generated MR damper’s finite element model has been built in EMS for characterization. EMS simulation
establishes values at every global mesh node of the model. So here in the finite element analysis of the energy
generated MR damper, nodal solution results are used for characterizing the damper’s design where the excitation
current was maintained at 1 A. At first 2D magnetic flux density results from EMS have analyzed. The 2D model’s
magnetic flux density plot from the simulation results is shown in Figure 9.

Figure 9 shows relation between the magnetic flux density and the distance. The distance is the permanent magnet’s
diameter, which is considered at a certain level above the piston head situated inside the damper cylinder wall. Figure
9 showed that the magnetic flux density increases at a closer distance to the permanent magnet. The event of going
away from the permanent magnet magnetic flux density decreases rapidly as they are approaching to the non-magnetic
materials zone. This magnetic flux density is almost zero inside non-magnetic materials situated between the two
walls of the damper, the MR fluid inside the damper is not affected by the flux of the outside permanent magnet. So,
there is no magnetic field interaction between the inner and outer magnetic field. The great achievement of this work
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Figure 9: Magnetic flux density VS distance between two non-magnetic walls (through piston head)
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Figure 10 : Magnetic field intensity variation with respect to distance (permanent magnet’s diameter)

is due to the successful magnetic field isolation between closely situated two magnetic sources. This magnetic isolation
is accomplished by using nonmagnetic materials solid plastic. After the non-magnetic material wall, the magnetic flux
density again increases dramatically in the other side’s permanent magnet wall which is illustrated in the last part of

the Figure 9. Figure 10 expresses the variation of magnetic flux density for a distance between two non-magnetic
walls, here the distance is considered through the piston head.

Figure 11 it is seen that the magnetic flux density is slightly decreasing as it is going away from the permanent magnet
area and it becomes almost zero just after the non-magnetic isolation. Then a slight increment is observed up to near
about 3 cm which is the area from the non-magnetic isolation to piston head coil. After that a slow decrement of the
flux is noticed up to 4.2 cm i.e. the other side non-magnetic wall. Again, the sharp rise of the magnetic flux density
is noted in the last portion of the graph which is the high flux density in the other permanent magnet wall. Figure 11
the magnetic field intensity variation model through permanent magnet generator’s diameter, which is also considered
at a certain level above the piston head situated inside the damper cylinder wall. The initial and ending higher magnetic
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Figure 11: Applied current density variation in distance between two non-magnetic walls (through piston head)

field intensity in the graph represents two permanent end walls higher value. In the middle region, there is a small rise
of intensity due to the induced magnetic field in nearer piston head coils.

Figure 12 articulates the variation of applied density for a distance between two non-magnetic walls where the distance
is considered through the piston head.

It can be said from Figure 12, inside the damper wall and MR fluid gap there is no applied current density, which is
presented in 0 to 1 cm distance in the above graph. But this applied current density increases sharply from the damper
wall region to the piston coil inner side as the current is applied in the coils. After that, applied current density

decreases gradually from the piston coil to the damper wall. Figure 12 presents the applied current density variation
of the damper model through outer coil wall’s diameter.
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Figure 12: Variation of applied current density through outer coil diameter

From Figure 12 it’s obvious that the current is produced inside the outer coil of the model which is represented by the
higher value of the applied current density of the starting and the end of the above graph value of applied current
density is almost zero between the two opposite walls of the outer coil. So, overall results its observed that the
permanent magnet in the outer body generates magnetic flux. When it is moving along with piston rod these fluxes
are cut by outer body coils. As cut by changing flux energy induced in these coils which works as a power supply to
the inner coil. These supplying currents from the outer coil to the inner coil depend upon the relative motion between

the permanent magnet and outer coil. It can be concluded from this advanced finite element analysis that the proposed
model is successfully working as self-powered and energy saving MR damper.

6. Conclusion

Advancement in MR damper technology is one of the challenging researches in the vibration control area. In this study

a mono tube MR damper model is developed which has power generation competence. Here solid works EMS based

finite element analysis is accomplished for characterizing and validating the model’s accuracy of power generation.
In this damper model permanent magnets and coils are used as power generators that utilize wasted vibration energy
from the environment. In this energy generated damper’s EMS analysis MR fluid gap width, outside air gap width,
gap length, permanent magnet length, permanent magnet thickness, non-magnetic material thickness, piston head, coil
housing thickness, diameter of the piston head, the number of coil turns, different materials used in overall model are

selected as design parameters for model’s accuracy. From EMS electromagnetic analysis magnetic flux density,
magnetic field intensity, temperature, the applied current density has been examined to characterize the power
generation feature and all the results are clearly validating that quality. The magnetic isolation between the two
separated fields has been observed clearly from those results. So, it can be concluded that the developed mono tube
MR damper model works effectively as an energy generated device.
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