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Abstract A hybrid type magneto-rheological (MR) fluid damper based on electromagnet
and two permanent magnets apart from electromagnet was designed and its characteristics
were analyzed numerically. In the proposed MR damper, the magnetic field is generated by the
permanent magnet and raised by the additional electromagnet. This combination provides a
larger amount of damping force with lower consumption of electric energy. The proposed model
has an additional advantage of providing a moderate damping force in case of electromagnet
failure. The magnetic circuit of a hybrid MR valve was analyzed by applying Kirchhoff's law and
magnetic flux conservation rule. A 2D axisymmetric model of the proposed hybrid MR damper
was developed in commercial software where magnetic field properties are analyzed by finite
element method. The optimization process was developed to optimize the geometric parame-
ters and generated damping force using design of experiment (DoE) technique. The damping
force of the MR damper was selected as an objective function. The optimal solution to the op-
timization problem of the hybrid MR valve structure was evaluated and compared with the solu-
tion obtained from the initial parameters. It is demonstrated that the novel hybrid type provides
higher damping force than the previous model.

1. Introduction

MR fluids are smart and controllable materials. The sudden change of MR behavior due to
external stimulus makes it more attractive for damping and dissipative devices [1]. It was first
developed in 1949 by Jacob Rainbow at the US National Bureau of Standards [2, 3]. The sig-
nificant advantages of MR fluid attract many engineers and manufacturing industries. MR fluids
are used in various areas such as automotive suspension for passengers [4, 5], heavy vehicles
[6], military weapons [7], washing machines [8, 9] and human implants such as prosthetic limbs
[10]. For the past decades, many works about the design of various types of dampers and dif-
ferent control technics have been carried out. However, most researchers did not pay attention
to the hybrid type of MR damper. Lee et al. [11] proposed a novel type of tunable MR damper
operated based solely on the location of a permanent magnet incorporated into the piston. Hu
et al. [12] proposed a self-sensing MR damper which consists of conventional damper parts
and a self-sensing mechanism. Due to the fail-safe problem of existing MR dampers, different
designs were proposed to overcome the problem. Xiao et al. [13] proposed a solution for a fail-
safe problem by integrating permanent magnets into existing MR damper. Bai and Wereley [14]
presented a fail-safe concept that could produce a great dynamic range at all piston speeds.
Also, a biased damping force can be generated by permanent magnet which enables fail-safe
behavior in case of power loss. In their work, the magnetic field is generated by an electric cur-
rent through the coil and guided by ferromagnetic poles to the MR fluid gap.

Due to the crucial importance of the magnetic circuit in an MR damper, many researches
based on electromagnet have been carried out. However, this model has some drawbacks in
terms of energy-saving and fail-safe behavior. For the first problem, the electric current is
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permanently supplied even on a smooth road at low speed. In
the second one, in case of power failure in the coil, the mag-
netic field is no longer supplied to the MR channel, which
causes the damping force to drop to the lowest amount. Till
now, very few types of researches concerning hybrid type MR
damper have been published. Wulff et al. [15] proposed a vi-
bration damper, in particular for motor vehicles. That work in-
troduced a permanent magnet for supplying a permanent
magnetic in case of failure or malfunction of the electric coil.
The current research was conducted by Boese and Ehrlich [16]
where novel concepts of magnetic circuits were introduced.
The basic magnetic field was generated by a permanent mag-
net and raised by the additional electromagnet. Surprisingly,
this novel type of hybrid damper offers better safe-failure and
larger damping force. However, in Ref. [16] their model lacks
compactness, which limits its wide application.

The main contribution of this work is to propose optimal
geometric design parameters and to evaluate the performance
of hybrid type MR damper including both permanent magnets
and electromagnet. The design objectives of this work were to
optimize geometric parameters of MR damper to achieve im-
proved damping force, better dynamic range and provide a fail-
safe solution in case of electromagnet failure for vehicle appli-
cation. The optimization of the hybrid MR damper is based on
the design of experiment (DoE) using Box-Behnken method
and finite element analysis. The MR damper for vehicle sus-
pension designed by Nguyen and Choi [17] was considered for
optimized results comparison.

2. Design and modeling

A schematic diagram of the hybrid MR damper which is op-
erating in valve flow mode is illustrated in Fig. 1. As demon-
strated, the hybrid MR damper consists of MR fluid, two per-
manent magnets, annular gap, electromagnet coil, piston rod,
gas chamber, floating piston and casing (cylinder housing).
The piston valve is made by two permanent magnets at the
bottom and top parts of the electromagnet coil which first gen-
erates a permanent magnetic field. The produced permanent
magnetic field is strengthened by the electromagnet after ad-
justing the input current. MR fluid fills the annular gap between
the piston and flux return ring. The piston seal between the
piston and cylinder housing is used to reduce friction and pre-
vent magnetic leakage. As the piston moves into the damper
housing, MR fluid flows through the annular gap. Thus, a pres-
sure drop due to flow resistance of MR fluids in the annular gap
is induced [18]. The dimensions for radius and the total height
of the MR valve are adopted from Nguyen and Choi [17].

2.1 Magnetic circuit theory

The purpose of this magnetic circuit is to find analytically the
relationship between the applied electric current to the coil and
the output magnetic flux density and intensity, which play a big
role in the change of yield stress of the MR fluid. For this

Table 1. Geometric dimensions of hybrid MR damper.

Parameters Symbols Dimensions
MR fluid gap g 1 mm
Coil width We 1.5mm
Height of magnet Hp 4 mm
Flux return Tc 5mm
Piston radius R 17 mm
Coil radius Re 14 mm
Main pole Lp 6 mm
Small pole Lp 5mm
Piston shaft radius Ro 6 mm
Total length L 50 mm
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Fig. 1. Schematic diagram of the proposed hybrid MR damper.
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Fig. 2. Cross-section view of hybrid magnetic circuit of piston.

damper, the magnetic field is generated by permanent mag-
nets and boosted by the variation of electric current in the coil.
The magnetic field generated is distributed through the annular
gap and perpendicular to the MR fluid flow. Fig. 2 shows the
cross-sectional diagram of the hybrid MR damper, the corre-
sponding dimensions are shown in Table 1.

The geometric valve is composed of the piston length (L),
MR fluid gap (g ), coil radius ( R..), coil width (), magnet
height ( #,,), flux return thickness (7,.), piston radius (R ),
piston shaft radius (R,) , length of the main pole (L,) and
length of small pole ( L,.) . Kirchhoff's law and Gauss's law are
used analytically to find the magnetic field applied in the annu-
lar gap [19]. The magnetic circuit is composed of 17 paths for
easy calculation. Fig. 3 of the electric circuit equivalent is
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Fig. 3. The equivalent magnetic circuit of piston.

sketched based on those paths. The equivalent magnetic re-
luctances are calculated as follows:
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where p, the magnetic permeability of vacuum which is ap-
proximated as 4m*107 H/m . p, and p,. are the relative
permeability of low carbon steel and MR fluid, respectively.
Low carbon steel has been chosen as the lower the carbon
content the better for the electromagnetic core. A neodymium
(NdFeB-35) type of magnet was used to generate a significant
magnetic field. Also, the type of MR fluid used in this work was
MRF-132DG from LORD Co. The magneto-motive force (F,)
was derived from Fig. 3 using Kirchhoff's law as follows:

m m k
F:Hi = (DiRmi = zNiIi (1 0)
i=1

i=l i=1

From Gauss law, in a given section of the magnetic circuit,
F,. is magneto-motive force, N, is the number of coil turns,

D= LE.a?S and 7, is current input. From the electric equiva-

lent shown in Fig. 3, Kirchhoff's voltage law gives:

Fm=2(R,+R,+R+R +R,)D,

_2(R|U+R14+R2)<Dc (11)
N =(R+R +R,+R,)®, +RD (12)
Q=0+, (13)

where @, and @, are the magnetic flux values in coil and
magnet, respectively. By combining Egs. (11)-(13), the follow-
ing equation can be obtained:

2\ R, +R,+R,+ R, +R,
.= 7
8
R,+R,+R,+R +R,

(R +R,+R, +Ry,+R)+( (R, + R, +R,)

(14)
B

Fim =" (15)
uO
L,
R=—1 16
— (16)

where Br is remnant flux density. which is a measurement of
magnetic induction that, after successful magnetization, re-
mains in the magnet. From Ref. [20], they assumed that the
magnetic field is uniform and perpendicular to the MR fluid
section and the magnetic field density can be expressed as
follows:

B,,=—%. (17)

However, since the magnetic characteristics of solid and MR
fluid materials are not linear, it is not easy to obtain the precise
magnitude of magnetic field from calculations.

2.2 Finite element analysis

To address the magnetic field distribution and magnetic flux
density of the MR-piston valve, a finite element model was built
using ANSYS MAXWELL software. A 2D axisymmetric model
was developed for parametric study. This model was tested to
find the magnetic field density, B, generated in the MR fluid gap
by varying the current input from 0 to 2 A. The magnetic prop-
erties of the materials used are shown in Table 2. B-H curves
used for S45C low carbon steel and MRF-132 DG were ex-
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Table 2. Geometric dimensions of hybrid MR damper.

SN Specification Symbol Value
Relative permeability of

! low carbon steel (S45C) Hs 2000{17]

2 Permeability of vacuum o 4 *107
Relative permeability

3 of MR fluid (Lord 132-DG) Hur 450221
Relative permeability

4 of (NdFeB) magnet Him 109

5 Relative permegblllty o 0.99

of copper wire

ALWh/m]

4. B597e-A06
. -4, 3E58E-A0G
-1,3471e-085
-2,26378-085
-3.1802e-085
-4, A967E-AE5
-5.0153e-005
-5.9298e-085
-G, 8464E-B05
-7.7629e-085
-8,6795:-085
-9. 596@: -AE5
-1.8513e-2a4

-1.1429e-Ba4
-1.234Ee-A0Y

(a) Permanent magnet only

AlWh/n]

1,38916-084
. 1. 1696 A4
1.0300:-084
4. 9849:-085
7. 5894E-005
6. 1139e-085
4, 7184e-085
3. 32298085
1. 9275e-A05
5. 5198e-00G
-8, 63538-006
-2, 25998 -085
-3, 6545e-0E5

-5, B500e-0E5
-6, 44558 -085

(b) Permanent magnet and electromagnet

Fig. 4. Finite element analysis for hybrid MR damper.

tracted from Refs. [11, 21], respectively. Fig. 4(a) shows the
magnetic field lines and magnetic flux density in the MR fluid
gap in the case of magnets only. Fig. 4(b) represents both
magnets and electromagnets in the working state. The maxi-
mum current of 2 A was applied to the coil of 120 turns. To
strengthen or weaken the magnetic field of a permanent mag-
net, the polarity of input excitation counts a great deal. In this
study, positive polarity was kept.

To determine the damping force, the relationship between
magnetic flux density, B and yield stress, 7, for the LORD
MRF-132 DG fluid was examined and is shown in Fig. 5. The
yield stress for MRF-132 DG can be determined by the follow-
ing polynomial [21, 23]:

7, (KPa)=52.962B* ~176.51B" +158.79B
+13.708B +0.1442. (18)
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Fig. 5. The relationship between magnetic flux density and yield stress.

The values of yield stress obtained from the above Eq. (18)
are used to evaluate the pressure drop of hybrid MR damper
as the following equations [23, 24].

AP=AP_ + AP, = 21"

vis ) 3

Q+2C§%LP+LF) (19)

1

where AP, and AP, are the viscous pressure drop and
field-dependent of MR damper. 7 is the plastic viscosity of
MR fluid, g is the MR annular gap, # is the valve height,
and L is flange thickness (pole). R, is the average radius of
the annular gap and is given by (R, =R+ 0.5 g) Q is the flow
rate through the MR valve and can be calculated by
(0=V,.4). L, and L, are the flanges between coil and
magnets and flanges at the bottom and top of magnets, re-
spectively. C is a coefficient that depends on the flow velocity
profile, its value range between (2.07-3.0), and it can be ap-
proximated by the following equation [25]:

=207+ 1201 (20)

120n+087Rg’t,”

The total damping force, F, of hybrid MR fluid damper is cal-
culated as follows:

12pHV, , 2C

F= FW.S+EWR=?3&A2+? t,(L,+L,)A4 (21)
A= A, - A (22)
A, = 71'(R+g+TC)2 (23)
Ag = 7R} (24)

where 4, and 4 is the cross-sectional area of piston and
piston shaft, respectively. In this work, the plastic viscosity co-
efficient of MRF-132 DG was taken as 7=0.112 Pa-s and
the velocity of the piston was chosen as ¥, = [0 to 0.08 m/s].
Finally, the damping forces were calculated and presented in
Table 3.
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Table 3. Calculated damping forces for hybrid MR damper with initial de-

sign parameters.

Table 4. Input parameters and levels for Box-Behnken design.

. Parameters Parameters Levels
Current (A) Damping force (N) names -1 0 +1
0 880.3 MR gap A 05 1 15
05 17159 Main pole B 5 7 10
10 24612 Flux return C 15 5 45
15 275044 Coil radius D 15 15
20 3119.05 Small pole E 3 45
Table 5. ANOVA response surface for the quadratic model.
Source Sum of squares Degree of freedom Mean square F-value P-value Prob. > F Significance
Model 6.403E+007 20 3.202E+006 33.59 <0.0001 Significant
A 1.482E+007 1 1.482E+007 155.45 <0.0001
B 2.001E+006 1 2.001E+006 20.99 0.0001
C 1.245E+006 1 1.245E+006 13.06 0.0013
D 4.975E+006 1 4.975E+006 52.19 <0.0001
E 1.718E+006 1 1.718E+006 18.02 0.0003
AD 3.030E+006 1 3.030E+006
AE 1.858E+006 1 1.858E+006
CE 6.817E+005 1 6.817E+005
A 3.862E+006 1 3.862E+006
F 4.869E+005 1 4.869E+005
Residual 2.383E+006 25 95325.59
Lack of fit 2.367E+006 23 1.029E+005 12.95 0.0741 Not significant
Pure error 15892.98 2 7946.49
Cor. Total 6.642E+007 45

R-square: 0.9641, Adj R-square: 0.9354,
Pre-R-square: 0.7810, Adeq precision 23.532

3. Parameter optimization

The optimization process is developed to optimize the geo-
metric parameters and generated the maximum damping force
of hybrid MR damper using response surface method (RSM)
and Box-Behnken design. The yield stress force of a hybrid
MR damper is selected to be an objective function. In this work,
46 FEM models based on Box-Behnken were developed on
ANSYS MAXWELL software to achieve our objective function.

From Table 1, there are ten basic geometric parameters that
have a direct effect on the magnetic flux density and the yield
stress force. The parameter for permanent magnet, such as
height of magnet, is kept constant at a small dimension to
avoid high yield stress, which can reduce the riding comfort
[17]. Since the weight of damper is increased due to the per-
manent magnet, the parameters related to the size and weight
of the damper, such as coil width, piston radius, piston shaft
radius and total length were also kept at a small value. Finally,
five design variables were selected at MR gap, g , main pole,
L,, flux return, 7., coil radius, R. and small pole L, . Dur-
ing optimization, when there are many factors and interactions
which affect the desired response, RSM is an effective tool for
optimizing the process [26]. In this optimization, Box-Behnken

design was selected as each numeric factor is varied over
three levels and this design has fewer runs than 3-level factori-
als. The five design variables as cited above were chosen for
this Box-Behnken design experiment and assigned as A, B, C,
D, E and prescribed into three-level as shown in Table 4. Then,
46 runs trials among 243(3°) were assigned to the DoE soft-
ware to determine their optimum levels. The trial version soft-
ware of Design-Expert was used in this work. The influence of
design variables to the response parameters which are damp-
ing force and magnetic flux density was performed through
analysis of variance (ANOVA).

The ANOVA for response surface quadratic model analysis
is summarized in Table 5. The F-value of 33.59 for this model
implies that the model is significant. There is only a 0.01 %
chance that a model F-value larger than the provided one may
occur due to noise. In this analysis, the value of “Prob > F-
value” less than 0.05 indicates that the model terms are signifi-
cant. The value of 78.1 % of Pred R-squared is in reasonable
agreement with the Adj R-squared of 93.54 %. The results for
the signal to noise ratio come out as 23.532, which is an ade-
quate signal for the model. The second-order polynomial equa-
tion, which illustrates the relationship of the five factors with the
yield stress force ( F,, ), is given as:
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Table 6. Optimum geometric parameters and solutions for hybrid MR Table 7. Total damping force comparison for initial and optimum parame-

damper. ters.
SN Parameters Dimensions Current (A) Total damping force from FEM
1 MR gap (g) 0.7 mm Initial parameters Optimized parameters
2 Main pole (Lp) 6 mm 0 880.3N 1383.2N
3 Flux return (T¢) 3mm 05 17159N 2716.2N
4 Coil radius (Re) 15 mm 1.0 2461.2N 3669.7 N
5 Small pole (Le) 3mm 1.5 27504 N 4073.3N
6 Magnetic flux density (B) 1.2 Tesla 20 31190N 41314N
7 Yield stress force (Fur) 3501.03N
8 Total length (L) 46 mm
4500 1=0A
£000 o :;;;;;;::;:;; - _E:i%
4850 Eaann —— ——
° 2000
1500 J—
el L I I
100 7.50 Velocity (mis)

A:MR_gap B: Pole . . . . . . .
1507500 Fig. 7. Damping force against piston velocity at a various applied current.

(a) MR fluid gap and main pole to dmaping foce

4600

——i=0A

3750
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MR

U 20s0
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C: Flux_return g.nz 0.03 0.04

150 150 0.06 0.07 0.08
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Velocity (mis)
(b) MR fluid gap and flux return to dmaping force

Fig. 8. Dynamic range against piston velocity at a various applied current.
Fig. 6. Interaction effects on damping force.

and the interaction effects of the two factors [27].

Fig. 6(a) shows the interaction effect of MR gap, g, and
main pole length, L, to the damping force, F,,. It is ob-
served that the yield stress is more sensitive to the MR fluid
gap with main pole length. Furthermore, the smaller the MR
fluid gap and the bigger the main pole length, the higher the
generated yield stress force. From Fig. 6(b) a higher yield
stress force is generated by gradually decreasing of MR fluid
gap while the flux return shows an impact from 2.25 to 3.5 mm
thickness and then held constant. In this work, MR gap is the
most sensitive parameter to yield stress force. The optimized
results of hybrid MR damper parameters with its optimum yield
stress force and magnetic flux density are presented in Table 6.

The optimized hybrid MR damper is modeled in ANSYS

F,,=1924.55-1104.974+416.398 +326.4
+684.99D +348.32F —244.974AB —82.22AC
—752.024D - 651.144E +152.BC +123.97BD  (25)
—66.26BE +39.32CD +420.12CE +90.08 DE
+687.574° + 63.84B° —218C” +224.72D’
—-276.8E".

4. Optimization results

The main purpose of this section is to maximize the damping
force while minimizing the damper size. The response surface
plots as a function of two factors and maintaining all other fac-
tors at fixed values are more useful in getting both the main
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Maxwell platform in a similar way as illustrated for the initial
parameters. The total damping force for the optimized damper
was calculated by using Eq. (21). The total damping force by
FEM was found to be 4131.43 N at a maximum current of 2.0
A. The simulation results for the total damping force versus
piston velocity at different applied current are shown in Fig. 7.
The increase in external current, the damping force exhibits a
gradually increasing trend due to the MR effect. The medium
damping force of 1383.21 N at an external current of 0 A
shows the impact of permanent magnet in the absence of cur-
rent and confirm fail-safe stability. From a current of 1.5 and
2.0 A, there are slightly insignificant changes in damping force
which indicate that the yield stress approaches its saturation
point. To evaluate the performance of hybrid MR damper, the
dynamic range, A,, which is the ratio of peak force under
maximum applied current to that of zero current input. It is cal-
culated as the following [25]:

Foonsir
Apzw, (26)

viscous

Fig. 8 shows the dynamic range according to velocity at dif-
ferent excitations. At the maximum current of 2.0 A, the dy-
namic range is 30.35, which implies that the hybrid MR damper
exhibits a wide control range. The total damping force for initial
and optimized parameter is compared in Table 7. The damping
force is clearly much improved after design parameter optimi-
zation. For input current of 2.0 A, the damping force is in-
creased 30 % compared to that of initial design.

5. Conclusions

A Hybrid type MR damper was designed, analyzed and nu-
merically simulated. Finite element analysis was used to ana-
lyze the model. Box-Behnken design was utilized for optimiza-
tion. During the optimization process, the effects of pole length,
flux return and MR fluid gap on the yield stress force were in-
vestigated. The results from the optimized parameters revealed
that the damping force varied from 1383 N at the current of 0 A
to 4141 N at the current of 2.0 A. The damping force was im-
proved to more than 165 % compared to the previous model
with the same size presented by Nguyen and Choi [17].

A moderate damping force of 1383 N at 0 A confirms the ex-
cellent fail-safe behavior of our hybrid MR damper. To assure
the performance of the damper, a dynamic range of 30.35 at
the coil current of 2.0 A and velocity of 0.02 m/s were obtained.
The proposed hybrid MR damper will be used for vehicle appli-
cations. The next step of this work is to apply this novel type
MR damper in a quarter-car suspension for verifying its effec-
tiveness on vibration control.
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