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This study focuses on material characterizations of Magnetrheological uid (MRF) on
performance characteristics of magneto-rheological braé& (MRB). In this study, three
different types of MRF (low viscosity, medium viscosity, @hhigh viscosity) are considered
for several types of MRB. Firstly, the optimization solutivof the MRB design is proposed
based on the Bingham plastic model of the MRFs and nite elemet analysis of MRB
magnetic circuit. From optimal design of the MRBs with diffent MRFs, performance
characteristics of the MRBs such as braking torque, off-stee torque, and power
consumption are evaluated. In addition, the compact size oMRB using different MRFs
is also studied. Finally, some observations and guidance oselection of MRFs in MRB
design are summarized.

Keywords: magneto-rheological uid (MRF), conventional MR brake, material characterization, optimal design,

side-coil MR brake

INTRODUCTION

In last two decades, researches on the development and appticdtbrake featuring magneto-
rheological uid (MRF) have interested many researchersr&heave been numerous researches on
improving performance of MRF based brake (MRB) with di erent conrgtions ad applications
such as: disc-type MRB\(1 and Kwon, 2003; Liu et al., 2006; Park et al., 3p@fm-type MRBs
(Huang et al., 2002; Smith et al., 2)Mybrid-type MRB with T-shaped rotor’{rraam et al., 2008;
Nguyen and Choi, 2012; Mousavi and Sayyaadi, p0A%aam et al performed some analyses
and comparisons of di erent types of MRB such as disc-type, drum ,tgoel T-shape type in
development of a rotational MRB for rehabilitation devicésraam et al., 2000 Inmaduddin
etal. reviewed advances in MRBs, in terms of various innoratid structural and magnetic circuit
designs, including disc-type, drum-type, and hybrid type ab asemodeling techniques that have
been involved with each innovatiorinfaduddin et al., 201)3 In order to have a more detailed
comparison of di erent types of MRB)guyen and Choi (201linvestigated the optimal design
of di erent types of MRB considering their maximum braking torguand speci ¢ volume. Later,
Nguyen et al. (2014a@valuated the e ect of di erent shapes of envelope such as thtamgalar,
the polygonal and the spline to the performance and the mass of MR8sentlyNguyen et al.
(2014b, 2015proposed a new con guration of MRB in which a magnetic coil is wdwom each
side of the housing of the MRB (in this research, itis nameddes-soil MRB). The results showed
that, with this con guration, some disadvantages of thadftemnal MRBs such as the “bottle-neck”
problem of magnetic ux, the non-magnetic bobbin requirentedi culties in manufacturing and
maintenance can be eliminated or minimized. In additione thptimal solutions showed that the
mass of the side-coil MRB was signi cantly improved in producihg same braking torque as the
conventional ones.
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In the design of MRB, dierent types of MRF have been
used. However, how the characterization of MRF's e ects on
the performance of MRB was not considered in detail. In eD yveC eR 2
order to Il this gap, this research investigates the e ects of
MRF characterizations on the performance of MRB throughvhere, yeand care, respectively, the yield stress and post yield
simulation results, from which guidelines on the selectioih  Viscosity of the MRF.R is the shear rate of MR uid at the
MRF types for MRBs are summarized. The remainder of thénterface. Because the gap size of the duct is very smasihtiar
paper is arranged as follows. In section Conventional and-Sidéate of MRF in the gap is assumed to be linearly distributed which
Coil MRBs, several con gurations of MRB considered in thiscan be approximately determined as follows:
study are introduced. After that, in section OptimizationMRBs
Based on Finite Element Analysis, the optimization solution re
of the MRB design is proposed based on the Bingham plastic RD — 3
model of the MRFs and nite element analysis of MRB magnetic d

circuit. In section Results and Discussions, Optimal sohgio whered is the gap size and is the angu|ar Ve|ocity of the drum.

of the MRBs with dierent MRFs are obtained, from which,  pjug Equations (2, 3) into Equation (1) the following eqoati
performance characteristics of the MRBs such as braking torqugan be obtained.
0 -state torque, and power consumption are evaluated. Finally
some observations and guidance on selection of MRFs in MRB Zq Za
H H 2 re
design are summarized. T.D 2 2 . drc 2 2 yedr @)
Ry Ri

CONVENTIONAL AND SIDE-COIL MRBs

Generally, the magnetic density in the MRF gap is a function of

As mentioned above, several types of MRB have been develogédiusr, thus the values ofieand ¢ of the MRF in the gap are
so far. In this study, two of the most typical types of MRB,also functions ofr. Equation (4) then have to be calculated by
the conventional disc-type MRB and the side-coil MRB, aréumerically integrating. In order to facilitate the calatibn, it is
considered Figure 1A shows a typical conventional MRB and assumed that the magnetic density in the MRF gap is constant
Figure 1Bpresents the side-coil one. and an average value of the magnetic density obtained from

The rst con guration represents conventional MRBs which numerical integration is used. In this case, Equation (4) ba
use outside cylindrical coils such as disc-type, drum-tygglev analytically integrated to yield
the second con guration represent for the MRBs which use side
coils including T-shape MRBs. As shown in the gure, a disc " 4# )
(rotor) made of magnetic steel is fastened to the ange of the T.D eRg 1 Ry . C 3ye(Rg Ri) )

MRB shaft made of non-magnetic steel. The disc is embedded pis| )

inside a stationary envelope (housing) made of magnetid.stee

In Figure 1A a wire-coil is wound on a non-magnetic bobbin The torque due to MRF in annular gap acting on the outer
which is xed to the brake envelop while ifigure 1B the coilis  circular face of the disc can be determined by

placed on each side housing of the brake. By using the side-coi

con guration, it is observed that the coils can be placed clise Z Aa Za

on the housing. In addition, multiple coils can be implemented 1. p R, ,dAD Rya2 RadiD2 R (yaC oPdl
especially for high braking torque MRBs.

It is obviously observed that the braking torque of the
proposed MR brake comes from two sources: the friction of MRF (6)
acting on the two end-faces and on the outer annular face of ) .
the disc. Firstly, the friction between MRF and the end-fades d/vhereAa IS the_ area of the outer annular face .Of the dikg,
the disc is analyzed. The induced torque from MRF in radiafnjlnd Ry are radius and length of ar_mular ducts is the shear
duct acting on one end-face of a disc can be expressed as followiess at the annular face of the disga and 4 are the yield

Aa 0 0

(Nguyen and Choi, 2032 stress and post yield viscosity of the MRF in the annular duct.
’ Similarly to MRF in the end-face gap, by using average magnetic
z Z density obtained from numerical integration and assuming a
R2 . . . . . .
T.D JAAD 2 or2dr o linear distribution of shear rate in the MRF gap, the following

. Ry can be obtained
whereA is the area of the end-face of the dists the radius of an R,
in nitesimal area of the discR; and R, are the inner and outer TaD 2 Rila( yaC aT) (7
radius of the duct. ¢ is the shear stress of the MRF at the interface,

which can be predicted from the Bingham-plastic model of theFrom Equations (5) to (7), by neglecting friction torque
MRF as follows: from sealing and bearing, the induced braking torque of the
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FIGURE 1 | Con gurations of the conventional and the side-coil MRBs(A) Conventional MRB.(B) Side-coil MRB.

conventional disc-type MRB and the side-coil ones can beadii of the coil in the case of the side-coil MRB,is the angular
correspondingly obtained velocity of the rotor, eand yeare, respectively, the average post
yield viscosity and yield stress of MRF in the end-face dudtef t
- 4 conventional MRB, j is the average post yield viscosity of ite
Te D 2TeC TaD e d[1 (ﬂ) ]+ C 4 ye(Rg Rz) active MRF volume (denoted by MIRHNn the end-face duct of

d Rd 3 the side-coil MRBs whiley; is the corresponding yield stressy
° Ry and ya are, respectively, the average post yield viscosity and yield
C 2 Rita( oC o do ) () stress of MRF in the annular duct of the side-coil MRBg,and

o are the zero- eld yield stress and viscosity of the MRF. The
rheological properties of MRF such as the induced yield stigss
TeD 207w CT) CTa D — i1 (By%e c 2 AR R vi» ya a@ndthe corresponding average post yield viscosdy j,
° ZRSFEI :) 4 : 2 ; 1 (R ] =R .R:) ) a depend on the exerted magnetic ux density across the active
il c —2 (R} RWHC2 Ritg( yaC a5, MRF volumes and can be approximatedybieta et al. (2009)

C

and the o -state force (the torque of the MRB when no magnetic
eld is applied to MRF) of both considered MRBs can be

YDY1 C(Yo Y1) Bsr e Bsy 11
expressed gsguyen et al. (2015) 1 C(Yo 1) ) (11)

whereY represents for a rheological parameters of MRF such

oRg R 4 4 as the yield stress and the post yield viscosiy,and Y7 ,
ToD —4 [1 (@) I- C T(Rﬁ R?) respectively, represents for the value ¥%fin the absence
. of magnetic eld and in saturated state of MRFgy is the

cC?2 Rﬁtd( wC o Rd) C 2T« (10)  saturation moment index of th& parameterB is the applied

do magnetic density.

whereT. is the braking torque of the conventional MRBs is

the braking torque of the side coil MRBg is the o -state torque  OPTIMIZATION OF MRBS BASED ON

of MRBs,Te and T are the friction torque of MRF in region FINITE ELEMENT ANALYSIS

1 (MRF1) and MREF in region 2 (MRF2) acting on the disc in

case of the side coil MRBy is the outer radius of the dis&®  In this part, the optimal design problem of the conventional

is the inner radius of the active MRF volume in the end-faceand the side-coil MRBs is constructed. In the design of MRBs,
duct, Rs is the shaft diameted is the gap size of the end-face a required braking torque is usually given depending on the
MRF ducts between the disc and the housidgijs the gap size application. Therefore, the purpose of the MRB design is to
of the annular MRF duct at the outer cylindrical face of the discdetermine geometric dimensions of the brake so that the érak

tq is the thickness of the disB;j and R.o are the inner and outer can create a required braking torque while the mass of thedorak
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is as small as possible. In addition, the power consumption
the coils and the o -state torque are also important issuesgiho
be accounted for. The power consumption should be as small
possible to save energy and to accommodate with availablerpow
for each application. The o -state torque should be small tg
reduce the energy lost and also to reduce the heating probitem.
this study, an objective function, which is a linear comtioa of
the above issues, is proposed, which is mathematically exgres
as the following:

To

P
s—C 1
OTOref

ObjD m 5
re

(12)

mp
—C
m P

ref
In the above,my, P, and Tg are, respectively, the mass,
the power consumption and the o -state torque of the
brake, met, Prer, and Toer are, respectively, the reference
mass, the power consumption and the o -state torque
and n, p, and 7o are the corresponding weighting
coe cients determined based on the importance of the
objectives. In this research, the reference values aranelta
from the optimization problem in which the objective function
is the mass of the MRBNguyen et al. (2014a, 2015)
Generally, the MRB mass can be approximately calculate
by Nguyen et al. (2015)

My D Vg ¢CVh hCVs sC VMR MR C Viob bobC Ve ¢ (13)

12

—h

~

Conventional MRB

T
T
TIT

Y

—~

Single side-coil MRB

FIGURE 2 | Finite element models to analyze the magnetic circuit of the
MRBs. (A) Conventional MRB.(B) Single side-coil MRB.

where V4, Vh, Vs, VMR, Vhonand V¢ are, respectively, the
geometric volume of the disc, the housing, the shaft, the MR
the bobbin and the coil of the brakeg, n, s, MR bopand ¢
are correspondingly density of the discs, the housing, tlatsh
the MRF, the bobbin in case of conventional MRB (in case of th
side-coil MRBs, this term is eliminated) and the coil material
Power consumption of the MRBs can be calculated by

PD I°Ry (14)
wherel is the electric current applied to the coils amy}, is
the resistance of the coil wires, which can be approximatel
calculated as follows:

r Ac 1 2R:" wcher
DLytwD2 RNc—D2 R"——D ———(15
Ry D Lwrw RccAW RCAWAW @ (15)
r AT AR wcher
Ry D 2Lyrw D 4 RCNCA—WD4 Re Al T @ (16)

In the abovel., is the length of the coil wirey, is the resistance
per unit length of the coil wireN. is the number of coil turns,
R: is the average radius of the coil cross-sectional dgas the
cross sectional area of the wirk; is the cross sectional area of
the coil,+is the lling ratio of the coil which is assumed to be 0.8
in this study r is the resistivity of the coil wire,D 0.017 264 m)
for copper wire.

F

In order to determine the braking torque of the MRBs, rstly,
hite element analysis (FEA) is used to evaluate the magnetic
density across the ducts of MRF based on quasi-static analysis
ghis is reasonable because the purpose of this research is to
investigate the e ect of MRF on performance characteristics of
MRB and this can be archived by quasi-static simulation. In
detail, the nite element models generated by 2D-axisynmuoet
couple element (PLANE 13) of commercial ANSYS software, as
shown inFigure 2, are applied to solve the magnetic circuits of
the MRB. It is noted inFigure 2 that the mesh size is speci ed
by the number of elements per line rather than element size
gnd the number of elements on the lines across the MR duct
Is speci ed as a parameter called the basic meshing number.
The number of elements of other lines is chosen as a product
of the basic meshing number and an appropriate scalar. It is
well-known that the smaller the mesh size, the better theltes

is obtained. However, the small mesh size results in a high
computational cost. When mesh size is reduced to a certain
value, the convergence of solution is expected. In this sttty
basic meshing number of 8 elements is su cient to ensure the
convergence of the FE solution.

From the FE solution of the magnetic circuit, the induced
MRF rheological properties in the ducts such as the yield stress
(ye vj» va) and the post yield viscosity ¢, ¢, a) are
calculated by Equation (11) via the average induced magneti
density and its initial rheological parameters. From theadbéd
values of all abovementioned parameters, the on-state d¢f eac
MRB can be then estimated by Equations (8, 9). From geometric
dimensions, the o -state torque can be calculated by Equatio
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Initial values of design
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— - Magnetic flux density

Run log file - Braking torque
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Tnitial Calculate equivalent unconstrained
Iteration objective function (1"

Find DV direction vector
(Negative of the gradient of 1.)

Calculate new values of DV
(Golden-section algorithm)

l

Runlog file

Convergence Stop

l

Optimal solution

Calculate new value of Calculate equivalent
DV (Golden-section | | unconstrained objective
algorithm) function .*
Find DV direction vector
(Polak-Ribiere recursion
formula)

FIGURE 3 | Flow chart for optimal design using FEM.

(10) while the mass and the power consumption of the MRBRESULTS AND DISCUSSIONS

can be determined from Equations (13, 14), respectively. It is

noted that these performance parameters are updated in eadh this section, the optimal results of the MRBs are obtained
optimization loop. In this research, the optimization procedur With dierent types of MRF and discussions on the e ects
is conducted by using the rst order optimization method with of MRF types on performance parameters of the MRBs are
the gradient decent algorithm. The procedures to achievenmgdti  presentedTable 1shows the materials selections for components
design parameters of the MRBs using the rst order method obf MRBs. As shown in the table, the commercial silicon
ANSYS optimization tool is shown ifrigure 3. Starting with  steel is used for magnetic components of the MRB such
initial value of design variables, by executing the ANSY$ lo as the housing and the disc, the bobbin is made of non-
le, performance characteristics of the MRBs at the rstitéoat magnetic steel, the coil is made from copper wire sized as
are calculated. The ANSYS optimization tool then transfothes  24-gage (diameteD 0.511mm) whose maximum working
constrained optimization problem to an unconstrained one viacurrent is around 3 A and during the optimization process an
penalty functions. For the initial iteration, the searchefition applied current of 2.5A is used. Three types of commercial
of DVs is assumed to be the negative of the gradient of th#IR uid made by Lord Corporation: MRF-122-2ED (low
unconstrained objective function. In the subsequent iteres, yield stress), MRF-132-DG (medium yield stress) and MRF-
the direction vectors are calculated according to PolakéRédb 140 CG (high yield stress) are considered. Parameters of the
recursion formula. A detailed description of this algorithm eld dependent Bingham rheological model of the MRF are
integrated with ANSYS software is shown in previous researatfetermined from experimental results using curve tting meth
(Nguyen et al., 2007 as shown inFigure 5. In this research work, a least square

Frontiers in Materials | www.frontiersin.org 5 June 2019 | Volume 6 | Article 125


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Quoc et al. Material Characterization for MR Brakes

TABLE 1 | Magnetic property of the brake components. account especially when the MRBs work continuously such as in
automotive application.

Brake components  Material Relative Saturation Figures 12 13 show optimal solutions of the MRBs, when
permeability ux density R R ) . i . . .
the weighting coe cients of the objective function in Equeib
Disc, Housing Silicon Steel B-H Curve 1.55 Tesla (12) are chosen atmD p D 1o D1/3, at dierent values of
(Figure 4A) the constrained braking torque ranging from 5 to 100 Nm. This
Coil Copper (24-gage) 1 X means that the importance of the three performance parameters
MR Fluid MRF-122-2ED B-H curve 1.5 Tesla (the mass, the power consumption and the o -state torque) are
MRF-132-DG (Figure 4B) 165Tesla  assumed equal. Itis noted that in this case the gap size of MRF is
MRF-140-CG 1.75 Tesla ; ; ; ;
also considered as a design variable, ranging from 0.6 tmh.0
Bobbin, Shaft Non-magnetic Steel 1 X

The results show that by considering all three issues (multi-
objective optimization) in the optimization, a compromised
optimal result can be archived. By comparifigures 12 13with
curve tting method is used, and the results are presented irthe previous gures Figures 6-11), it is observed that in case
Table 2(Nguyen and Choi, 2090 of multi-objective optimization, the mass of the MRBs is a bit
In the optimization, the design variables are signi cantgreaterthan thatin case of mass optimization; however thegpow
geometric dimensions of the MRBs such as the coil heightonsumption and o -state torque are signi cantly smaller. &g,
he, the coil width we, the inner radius of the disdR, the the same comments can be obtained by considering di erent
outer radius of the disdyy, the disc thicknesgy, outer radius types of MRF fronfigures 12 13, which mean that the medium
of the brakeR, the housing thicknessy, the inner radius vyield stress MRF (MRF 132-DG) is the most compromised
of the coils in case of the side-coil MRB%, and the gap among the three considered MRFs. The gap size of MRBs at the
size of the MRF ducts are also considered as design variableptimum is equal to its lower limit, which is 0.6 mm.
It is noted that the shaft radius is set bgsD 8mm in Figures 14 15 show optimal solutions of the MRBs, when
the optimization. the weighting coe cients of the objective function in Equeib
Figures 6-11 show optimal solutions of the MRB when the (12) are chosen atnD p D 0.5 and 1o D 0, which means
mass is considered as the objective function at di erent galu that the importance of the mass and the power consumption are
of the constrained braking torque, ranging from 5 to 100 Nm.assumed equal while the o -state torque is not considered. The
It is noted that this case is equivalent to the case when theesults show that the mass of the MRBs is a bit smaller than that
weighting coe cients in the objective function in Equatiofi2) in Figures 12 13 and the power consumption of the MRBs is
are chosen at y'D1.0, p D 1o DO. The smaller value of the signi cantly reduced, especially for the MRBs employing MRF
MRF gap size in the higher braking torque can be archived32-DG, while the o -state of the MRBs are slightly increased.
and the smaller mass of the MRB is. Therefore, during thé&rom Figures 14 15, again it is observed that the medium yield
optimization process, the MRF gap size is not considered asstress MRF (MRF 132-DG) is the most compromised among the
design variable and xed at a certain value. In these gutlesee three considered MRFs. The gap size of MRBs at the optimum is
typical values of the gap size, which are 0.6, 0.8, and 1.0 mexqual to its lower limit in this case, as well.
are considered. IrFigures § 7, the gap size is set by 0.6 mm.  Figures 16 17 show optimal solutions of the MRBs, when the
It is observed from the gure that when we consider only theweighting coe cients of the objective function in Equatidii2)
mass of the MRBs in the optimization, MRBs employing theare chosen atyD 0.5, p D 0.0 and o D 0.5, which means
highest yield stress MRF have the smallest mass and powtat the importance of the mass and the o -state torque are
consumption at all values of the constrained braking torqueassumed equal while the power consumption is not considered.
However, the o -state torque of the MRB with highest yield The results show that the mass of the MRBs is almost the same
stress is signi cantly greater than the others. Therefdrehe  asthatinFigures 1415. This is because the weighting coe cient
brake normally works in o -state condition, this issue shddde is the same in both cases. However, the power consumption is
taken into account. It also observed from the gures thatamgo much higher than that of the previous case, although the otesta
the three MRFs, the medium yield stress MRF (MRF 132-DGlorque is smaller. Similar té&igures 14 15, the medium yield
is the most compromised of the three mentioned performancetress MRF (MRF 132-DG) is the most compromised among
parameters, the mass, the power consumption and the o -statihe three considered MRFs. Again, the gap size of MRBs at the
force. The o -state torque in the case of MRB with MRF 132-DGoptimum is equal to its lower limit.
is even smaller than the MRB with low yield stress MRF (MRF- Figures 18 19 show optimal solutions of the MRBs, when the
122-2ED). The reason is that the MRB employing MRF-122weighting coe cients of the objective function in Equatidii2)
2ED has a larger disc radius to produce enough braking torquare chosen at ,D 0.75, p D 0.0 (power consumption is not
which also results in corresponding higher o -state torque. B considered) and 1o D 0.25. By comparing witlrigures 16 17
comparison at di erent values of the MRF gap size, it is observeil is observed that the mass of the MRBs is a bit smaller in this
that the smaller the gap size, the smaller the mass of the MRBase while the o -state torque is a bit higher. However, the pow
that can be archived, and the lower the power consumed bgonsumption is much smaller than the previous case. Thergfore
the coils. However, the o -state torque of the MRBs increasel the optimization considers only mass and o -state torquee, i
as the MRF gap size decreases and this should be taken insorecommended that the weighting coe cients should be sgt b
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TABLE 2 | Rheological properties of MR uids.
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mD 0.75, p D 0.0, and 7o D 0.25 rather than 4D 0.5, p D

0.0, and 1o D 0.5. The gap size of MRBs at the optimum is also _

equal to its lower limit.

From all of the above, it can be summarized as the following:

- An objective function which is a linear combination of the

a real multiobjective algorithm to get Pareto front solutio
should be implemented.
- Inthe optimization, it is not necessary to consider the gagsi
of the MRF as a design variable. In most cases, the gap size of
MRF should be selected to be as small as possible considering
manufacturing convenience.
- At the optimum, the MRBs employing the highest yield stress
MRF (MRF-140CG) always have the smallest mass and power
consumption, however, the o -state torque is signi cantly
larger than the others. Therefore, in case the o -state terqu
is not important for the brake, highest yield stress MRF
(MRF-140CG) is recommended for MRB application.
At the optimum, the MRBs employing the lowest yield
stress MRF (MRF-122-2ED) have the largest mass and power
consumption, while the o -state torque is larger than that in
case of medium yield stress MRF (MRF132-DG). Therefore,

mass, the power consumption and the o -state torque can be lowest yield stress MRF (MRF-122-2ED) is not recommended

used for multi-objective optimization of MRBs. By assigning
di erent values of weighting coe cients in the objective
function, di erent optimal solutions can be archived. To get

for MRB application
- Atthe optimum, the MRBs employing the medium yield stress
MRF (MRF-132DG) have the compromised performance

the most compromised of the three objective performances, when the o -state torque is considered in the objective
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torque as a function of braking torque.

Frontiers in Materials | www.frontiersin.org

June 2019 | Volume 6 | Article 125



https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Quoc et al.

Material Characterization for MR Brakes

A 9 1 1 1 1
—— MRF 122-2ED
8 - - = MRF 132DG
MRF 140CG
7 4
C)
.
M
4
=
k]
1]
1]
©
=
0 T T T T
20 40 60 80 100
Braking Torque (Nm)
60 1 1 1 1
B — MRF 122-2ED
55+~ = MRF 132DG
+ MRF 140CG
3
[ =
il
°a
£
=
2]
c
o
O
[}
2
o
o
5 T T T T
20 40 60 80 100
Braking Torque(Nm)
c 8 1 1 1 1
—— MRF 122-2ED
71 = — MRF 132DG
MRF 140CG
6 4
S
Z 54
)
3
g
o
[
8]
8
o
=
e}
T T T T
20 40 60 80 100
Braking Torque(Nm)
FIGURE 8 | Mass optimization results of the MRBs as a function of brakin
torque of conventional MRB,d D 0.8 mm. (A) Mass as a function of braking
torque, (B) Power consumption as a function of braking torque(C) Off-state
torque as a function of braking torque.

A 8 1 1 1 1
—— MRF 122-2ED
74 - - MRF 132DG
MRF 140CG
a -
é - -
o
o
=
kS
[}
(2]
©
=
0 T T T T
20 40 60 80 100
Braking Torque (Nm)
B 60 1 1 1
—— MRF 122-2ED
55+ = MRF 132DG
MRF 140CG
g
= o
o i
a
£
=
[}
=
<}
(@]
o}
3
o
o
10 4
5 T T T T
20 40 60 80 100
Braking Torque(Nm)
C 1 1 1 1
P R MRF 122-2ED
- = MRF 132DG
64 MRF 140CG
E 5.
z 5
)
3
g
o
'_
L
8
@
=
(@]
T T T T
20 40 60 80 100
Braking Torque(Nm)
FIGURE 9 | Mass optimization results of the MRBs as a function of brakim
torque of side-coil MRB,d D 0.8 mm. (A) Mass as a function of braking
torque, (B) Power consumption as a function of braking torque(C) Off-state
torque as a function of braking torque.

Frontiers in Materials | www.frontiersin.org

June 2019 | Volume 6 | Article 125


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Quoc et al.

Material Characterization for MR Brakes

9 1 1 1
A —— MRF 122-2ED

84 - = MRF 132DG
+ MRF 140CG

Mass of MRB(Kg)

0 T T T T
20 40 60 80 100

Braking Torque (Nm)

70

[ MIRF 122-2ED
651 - MRF 132DG
60+ + - MRF 140CG

55
50

Power Consumption(W)

5 T T T T
20 40 60 80 100

Braking Torque(Nm)

—— MRF 122-2ED
74 = = MRF 132DG
MRF 140CG

Off-State Torque (Nm)

20 40 60 80 100
Braking Torque(Nm)

FIGURE 10 | Mass optimization results of the MRBs as a function of brakin
torque of conventional MRB,d D 1.0 mm. (A) Mass as a function of braking
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torque as a function of braking torque.
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braking torque of conventional MRB, m D p D 7o D 1/3. (A) Mass as a
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FIGURE 17 | Multi-objective optimization results of the MRBs as a funain of
braking torque of side-coil MRB, m D 0.5; p D 0.0; 1, D 0.5. (A) Mass as
a function of braking torque,(B) Power consumption as a function of braking
torque, (C) Off-state torque as a function of braking torque.

FIGURE 16 | Multi-objective optimization results of the MRBs as a funan of
braking torque of conventional MRB, m D 0.5; p D 0.0; 1, D 0.5. (A) Mass
as a function of braking torque,(B) Power consumption as a function of
braking torque, (C) Off-state torque as a function of braking torque.
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FIGURE 19 | Multi-objective optimization results of the MRBs as a fun@n of
braking torque of side-coil MRB, m D 0.75; p D 0.0; 1o D 0.25. (A) Mass
as a function of braking torque,(B) Off-state torque as a function of braking
torque, (C) Power consumption as a function of braking torque.

FIGURE 18 | Multi-objective optimization results of the MRBs as a fun@n of
braking torque of conventional MRB, m D 0.75; p D 0.0; 1o D 0.25. (A)
Mass as a function of braking torque (B) Power consumption as a function of
braking torque, (C) Off-state torque as a function of braking torque.
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function. Therefore, in most cases, the medium yield stresgield stress MRF (MRF-122-2ED) is not recommended for MRB
MRF (MRF-132DG) is the recommended MRB application. application. Among the three considered MRFs, MRF-132DG
had the best compromised performance. Especially, in the case
CONCLUSIONS of D05 pDO0.0 71, D 0.5. Therefore, in the design
of MRBs that need to compromise dierent conict benet

In this research work, a mu|ti_0bjective function Consimgj performance characteristics, MRF-132DG is the recommended
mass, power consumption and o -state torque was proposed foMRB application. Finally, it is found that, in the optimization,
the optimal design of MRBs. Based on the proposed optimizatiort iS Not necessary to consider the gap size of the MRF as a design
material characterization of MRFs on the performance otariable.In most cases, the gap size of MRF should be selected a
the MRBs were investigated. Three di erent types of populapmall as possible considering manufacturing convenience.
commercial MRFs: MRF-122-2ED (low yield stress), MRF-132-
DG (medium vyield stress) and MRF-140CG (high yield stressAUTHOR CONTRIBUTIONS
and two typical disc type MRBs: the conventional and the side-
coil MRB were considered. The simulation results show that, &Il authors listed have made a substantial, direct and iettlal
the optimum, the MRBs employing MRF-140CG always hav€ontribution to the work, and approved it for publication.
the smallest mass and power consumption, however, the o -
state torque is signi cantly larger than the others. Theref ACKNOWLEDGMENTS
in case the o -state torque is not important for the brake,
MRF-140CG is recommended for MRB application. It is alsol'his research is funded by Vietnam National Foundation for
found that performance of the MRBs employing MRF-122-2EDScience and Technology Development (NAFOSTED) under
was always worse than the MRF132-DG. Therefore, the lowegfant number 107.01-2016.32.
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