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Abstract. Greater braking torque, in constrained volume apijiat, is a primary challenge in
magnetorheological brakes™ designs. This papersdeih the feasibility of increasing the
overall braking torque by multiplying the numberitsf active surfaces in constrained volume.
Improved design of magnetorheological brake is guesdd. Variation in number of active
surfaces and their influence to magnetic flux demsntensity was considered through
electromagnetic simulations. Simulations on muitiplodels were carried out using commercial
finite element method softwareaCOMSOL MultiphysicsAC/DC module. Materials™ magnetic
properties, required for simulation process, weewipusly obtained from manufacturer or were
determined by the measurements and were appli¢detsimulations. Post processing was
utilized to calculate the magnetic flux densitytdimition and intensities across the models’
specific cross-sectional areas. The proposed madmestiogical brake design shows great
potential for braking torque increase.

1. Introduction

Magnetorheological - MR brake is a type of electechmanical brake that consists of a stator, rotor,
working fluid and one or more excitation coils. Timagnetorheological fluid - MRF, is the working
fluid of the MR brake - MRB and is contained betwéke stator and the rotor. When excited, by the
control current, each coil generates magnetic flaldugh MRB's body. Affected by the magnetic field
the MRF’s viscosity changes [1, 2]. This rheologidaange leads to change in the MRB's braking
torque value.

There are several MRB types [3]. Regardless ofr tbenstruction differences, the direction of
magnetic flux density is their common feature. Tignetic flux density - magnetic flux direction is
and needs to be perpendicular to MRF's flow diogctie. MRF's active surfaces and needs to form a
closed loop.

Form the magnetic and construction point of vieypidal MRB is composed of MRF, as
(ferromagnetic) working medium, nonmagnetic and metig materials. Magnetic properties of a MRFs®
can easily be obtained from their manufacturersirhignetic materials, such as aluminum, have known
magnetic properties. On the other hand, magnetipgrties of magnetic material such as construction
steel, usually are not available, and need to kermiéned by measurements. The most important
materials magnetic property, in this case, is tiitgal magnetization curve, which is a highly nowelar
characteristic. This property was tackled earlret & presented and explained in details in [4].

The major issue with any MRB's application, e.dhatics, automotive, industry etc. is that the
overall braking torque value is still far too smdlhere are several ways to increase its value.ddne
them is to use MRFs with better yield characterssind to reduce MRF's gap size inside the brake.
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Second is to increase the applied magnetic fllensity acting on the MRF. The last one is to enbanc
the size of the MRF's active surface area by myitig the number of its layers.

The objective of this work was to simulate magnétix distribution through variable number of
MRF layers of a novel MRB design that features savhéhe above-mentioned braking torque
improvement techniques. The magnetic flux distitrutvas analyzed by a commercial Finite Element
Method - FEM software. Obtained magnetic flux valaan then easily be converted into braking torque
values.

2. Novel magnetor heological brake design

The authors of this paper have used previousMBB's type division: drum, inverted drum, disc, T-
shape rotor and multiple discs MRB. There are daesayiations for each type. The MR disc brake
design is very common MRB type found in literattoday [2, 3], but the emphasis of this research was
placed on the hybrid design, combining the drum™usthape rotor brake design.

2.1.Proposed design

Newly propose MRB design, Figure 1 a), b), c), deaign variant of the drum and the T-shape rotor
design. Opposed to MR drum brake type, that onb/dree coil, or oppose to the MR T-shaped rotor
brake, that has two separate coils, proposed designhas several more (eight) individual stationary
coils, thus forming a multi-pole structure. Thisdsdesign improvement compared to previously
proposed design in [4], Figure 1 d). Novel MRB dadnas eight excitation divided into two sets. tFirs
set of coails, in Figure 1 marked 1 - 6, are raglialiranged on the circumference of a MRB’s stator.
Second set of coils, in Figure 1 marked 7 and&pasitioned parallel to rotor's shaft axis. Eagih

magnetic flux vector B is directed towards the center of the MRB, thusdasing the magnetic flux

intensity acting on the MRF contained inside thekbr To have a closed magnetic circuit, therevaoe t
six-spoke magnetic flux density return bridges uiFégl.
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Figure 1. Magnetorheological multi-pole multi-T-rotor brakesigns, a), b), c)
novel design, d) previous design [4].
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Figure. 2. Proposed magnetorheological brake design cros®selistrations, a)
multi-T-rotor assembly, b) magnetic flux spreadingtes (layers).

To increase the total MRF active surface area tdrrelement was concentrically multiplied several
times inwards, thus forming a new multi-T-rotorreént, Figure 2 a).

Proposed MRB multi-T-rotor assembly, i.e. shaft andlti-T element, is composed of both
nonmagnetic and magnetic materials. Nonmagnetiit alsa features nonmagnetic disk, designated as
multi-T-element inner support. The nonmagnetic diskerts magnetic flux lines spreading route
through body of the MRB, and splits it into two matjc flux layers, Figure 2 b). These two layers ac
uniformly onto separate but geometrically equahsewts of the MRF active surfaces i.e. MRF layers.

2.2.Mathematical model

The proposed MRB design torque generating propect@ be described by the same analytical model
used for the MR drum brake model with the resudjastment for additional MRF layers. The maximum
field-induced torque, for MR drum brake, is given b

T, :izmi (20RO By:ZK:4DTDEF§ %, (1)

Similarly, the maximum viscous torque is:
. .
T,]=Z4Drtmzagtn§ 2)
1

where, k is the number of MRF Iayersl:{Ok is a radius of a specific MRF layér,is the MRF layer's

height, 7, is the yield stress developed in response topéesl magnetic fields is the viscosity of
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the MR fluid with no applied magnetic fielél is the angular velocity of the rotor andis the thickness

of the MR fluid gap.
It is anticipated that the overall intensity of tBewill increase as progressed toward inner MRF

layers, leading to increase of thein inner MRF layers. On the other hand, Fkgf will progressively

decrease in radius. This combination may reswhieven MRF layer induced torque value distribution
i.e. even overall torque contribution from eachitd MRF layers. Magnetic flux intensity simulations
results are presented in this paper.

A brief parameters overview of the proposed MRBigless presented in Table 1. Proposed MRB
model is planned to be manufactured in near future.

3. Numerical smulations

In this section, the proposed MRB's numerical satioh most important steps are presented. The
proposed MRB design was modeled using commerci® B&ftware, COMSOL MultiphysicsDue to
presence of the nonmagnetic disk and two six-spokgnetic flux density return bridggSOMSOLs

3D space dimension option was utilized. Magnettdfivas considered to be static, so the Stationary
Study was used.

3.1. Simulation steps
Entire model should be surrounded with an air bamdseveral times the volume of the model.
Appropriate material nodes are to be assigneddo/atlement of the model. In this specific simulati
materials such as nonmagnetic air and aluminiumevgsiected fromCOMSOLS database, but
nonlinear magnetic materials, such as C15E stegl MRF Basonetic 5030were defined using
previously obtained data, [4]. These data have besmied to theCOMSOLas separate files. Note,
presence of elements such as ball bearings weteated) because of their steel composition and small
volume share in overall construction.

In Magnetic Fieldssubsection of the model, additiodahpere’'s Lawsvere needed, due to the use
of several different materials. In the same sub®ecsix Multi-Turn Coil domain nodes were added.
These nodes contain coils input data and were tessalve the following equations, [5]:

O (4! 04 B) -0 ¥x B= ] 3
B=0OxA (4)

NI
‘]e ZTCOIIBECOH (5)

Tablel. Multi-pole multi-T-rotor magnetorheological bragarameters.

Parameter Value
Magnetorheological brakes™ outer diameter (mm) 315
Magnetorheological brake's length (shaft not inet)dmm) 94
Multi-T-element outer radius (mm) 100
Magnetorheological fluid's active area height (mm) 20.5
Nonmagnetic disks’ thickness (mm) 2.5
Shafts’ radius (mm) 7.5
Magnetorheological fluid gap (mm) 0.5
Number of coils (-) 8

Maximum control current intensity per coil (A) 1
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One of three meshed model is presented in Figuxe8h was generated using theer-controlled
mash The MRF's layers were meshed using FEree tetrahedralwith custom element size. The
minimum tetrahedral element size was at 0.05 mrso Adpecial attention was placed on the curvatures
and the narrow regions of MRF segments of the br@ke curvature radii were multiplied by the
Curvature factorparameter which in return gives the maximum alldveé&ment size along specific
boundary. Th&esolution of narrow regionsarameter controls the number of element createdrirow
regions. These parameters greatly improved the mashty of the models, which is now at the
threshold of 0.1, which is considered satisfactogsh. The solver was stationary but non-linear.

3.2. Simulation goal

The goal of this research was to analyse the inflaghat the change in the number of the T-rotor
elements has on magnetic flux and to compare thdtse For that purpose, three FEM MRB models
were constructed. All models had the same numbetittean same specific position of the coils as well
as the identical basic construction and the paremmef the brake.

Main difference between the models was the numbéheoT-rotor elements, Figure 4. The first
model had only two T-rotor elements i.e. four MR¥drs. The second model had three T-rotor elements
i.e. six MRF layers and the third model had fouoloer elements i.e. eight MRF layers.

With the increase in the T-rotor element numbeg,rthmber of the MRF layers, which generate the
overall torque, increases as well. With the inoegasMRF layers number the MRF volume increases
but the volume of the volume of the ferromagnetatenial decreases. With the ferromagnetic material
volume share in decline, magnetic flux densitynstg, potentially, decreases. As a result of thes
overall torque value may decrease as well. On therdand, if the number of MRF layers were to be
reduced, the number of MRF active surfaces willpedas well. As a consequence of this reduction,
the ferromagnetic material volume share raisesingaghotentially, to increase of the magnetic flux
density intensity.

To determine the overall magnetic flux density msigy in a specific MRF layer a series of FEM
simulations were carried out for each of the thiviE®B models. A median magnetic flux density value
was determined along three predetermined circulaslA 1D Plot Groupline graphs were used to
depicture magnetic flux density magnitude chandmsgathese three circular lines. Circular linesaver
positioned at the very bottom of the MRF layetthatvery top of it and in the middle of it, Figufe).

In the simulations, the hexagonal prism statorcthils’ cores, the multi-T-rotor element and the si
spoke magnetic flux density return bridges werégassl with the magnetically soft steel C15E. The
rest of the MRB assembly elements were assignddnemhmagnetic materials.
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Figure 3. Proposed magnetorheological multi-pole multi-Terdtrake's mesh.
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Figure 4. Proposed magnetorheological multi-pole multi-terobrakes cross sections

illustrations, a) Model 1, b) Model 2 and c) Mo@e{with circular lines points of passing
illustration).

4. Results and Discussion

4.1.Magnetic flux density distribution

Magnetic flux density distribution pattern withihet proposed MRBs was studied and the results are
presented. Magnetic fluxes intensities changeadh MRF layer for all three MRB simulated models
are presented in Figure 5 and Figure 6. Numerighles are presented in Table 2. These values were
determined along three circular lines, Figure 4 glach MRF layer. Minimum and maximum values of
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Figure5. Change in magnetic flux intensity in each magrietological fluid's layer for
all three models.



KOD 2018

IOP Publishing

IOP Conlf. Series: Materials Science and Engineering 393 (2018) 012012 doi:10.1088/1757-899X/393/1/012012

magnetic fluxes, along these lines for all threelets, ranged from 0.197 T up to 0.278 T in outerAVIR

layer and from 0.873 T up to 1.077 T in the inndRMayer.
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Figure 6. Magnetic flux simulation results for magnetorhepbal multi-pole multi-T-
rotor brake - Model 3.
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Good results repeatability is achieved especiallyhie outer MRF layers area, Figure 5. Small
inconsistencies in magnetic flux results in theeMMRF area, Figure 5, are due to different spaaird)
different number of MRF layers between models. Noearity in magnetic fluxes change through MRF
layers is noticeable. This may lead to non-consdsten the field induced torque values among MRF
layers. This was not predicted nor consideredeneidrly stage of the MRB design stage.

Table 2. Numerical valuesf magnetic flux intensities at a specific radii.

Model 1 Model 2 Model 3

Layer B,[T] Ro, [mm] Layer B,[T] Ro [mm] Layer B, |[T] Rok, [mm]
1 1.0402 22.75 1 1.0208 22.75 1 0.9970 22.75
2 0.4745 48.59 2 0.6122 38.25 2 0.6727 33.82
3 0.2998 74.42 3 0.4013 53.75 3 0.4975 44.89
4 0.2398 100.25 4 0.3157 69.25 4 0.3776 55.96
5 0.2627 84.75 5 0.3182 67.03

6 0.2355  100.25 6 0.2769 78.1

7 0.2473 89.17

8 0.2324 100.25

5. Conclusion

This study presented a novel viewpoint on magnetadyical brakes. A new magnetorheological brake
design was proposed. By combining magnetic andmagnetic materials, a new space may have been
opened for magnetorheological technology. The is®-magnetic material in magnetic flux density
path led to its non-uniformity through magnetorlogital brake's body.

The goal of this study was to determine magnatix density intensity change with regard to change
in number of magnetorheological fluid's layers. fas purpose three magnetorheological brake finite
element models were made using commercial fingeneht model software. All three models had the
same basic geometric properties and number of atixgit coils but differed in the number of
magnetorheological fluid's layers. Magnetic fluxdiies intensities along specific lines were aiedi
for each magnetorheological fluid's layers fortatee models. Results are presented graphically and
tabular.

Nonlinear relationship between magnetic flux dgnand magnetic field in different materials was
applied in the simulations. Combination of matariahay contribute to other magnetorheological
applications, where there is a need for magneticdensity increase in small areas, but where ggame
restrictions are present.

The proposed multi-pole multi-T-rotor magnetorhguotal brake design shows big potential. Greater
braking torque, in constrained volume and weighthdow achievable. Future work should be focused
on linearization of magnetic flux density changetiygh magnetorheological fluid's layers which was
not the case in this study.
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