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ABSTRACT

This paper aims to provide a new design considering compressive force application in the MR fluid and
improve its braking torque by optimizing it. According to the current study, compressing the MR region will increase
braking torque compared to no compression. The area covered by an existing model of the conventional disc brake
is taken into consideration for the unique design of the MR brake to operate in shear and compression mode, and
the required compression given by the hydraulic pressure similar to a conventional disc brake. The suggested MR
brake’s structural layout is presented. The Herschel-Bulkley shear thinning model’s mathematical expression for
the torque equation for the compression and shear modes is provided. An analytical magnetic circuit is done for the
proposed design for determining the relationship between applied current and magnetic field strength as a function of
the geometrical and material attributes of the MR brake. Simulation is done on COMSOL software with the help of
an AC/DC module, considering the non-linear relationship between the magnetic field and magnetic flux. Simulation
results of braking torque achieved with the varying current are determined. The graph displays the braking torque for
current in the compression plus shear mode as well as shear mode. After that, optimization is done on the proposed
model for optimal design parameters. For optimization, we adopt the most popular Genetic Algorithm (GA) method.
Optimization aims to increase the braking torque capacity of the MR brake for the given volume.

Keywords: Magnetorheological brake; Magnetorheological fluid; Hydraulic pressure; Herschel-Bulkley model;

Compression plus shear mode; COMSOL; Optimization; Genetic Algorithm (GA); Braking torque

1. INTRODUCTION

Vehicle safety primarily depends on the braking system
as a sound braking system allows the vehicle to stop safely
and provides a comfortable ride. So, the brake is a vital device
in the vehicle system. The automotive industry is researching
braking systems for safe driving. Researchers are focussing
on improving braking torque efficiency and also reducing
weight. To enhance the efficiency of a braking system, the
active trend is to replace the conventional disc brake with the
Magnetorheological (MR) disc brake because of its negligible
wear effect, fastresponse, and excellentreliability. Conventional
brake wears with time because of friction, deteriorating the
brake efficiency'. Since the MR brake’s friction performance is
time-invariant, it can be used to replace disc brakes.>* Devices
based on MR have applications in braking, clutch, dampers,
and valves.*® Smart material MR fluid can be utilized as brake
friction material.*” Because adopting MR brakes requires
less braking torque, the research initially concentrated on the
design, control, and assessment of prosthetic devices.®!3

The ideal MR brake design has been studied by Karakoc,
et al. considering multi-disc configuration and getting the
optimal design parameter with the help of a simulated annealing
algorithm.' Park, et al. have studied mass and torque-based
interdisciplinary optimization of vehicle MR brakes."> Nguyen,
et al. looked at the best MR brake design for a mid-sized car,
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considering the space available, braking torque, weight, and
steady temperature produced by the MR brake operating
at a zero-field friction torque when going at 100 km/h.*> The
optimum analysis of motorcycle MR brakes was carried out by
Nguyen, et al., who took into account the braking torque, mass,
frictional temperature, and geometric dimensions.'®

At first, the study of MR brake’s yield stress was due to the
shear phenomenon of MR fluids."*!"" According to Tang, et
al., squeezing the MR fluid in the direction of the magnetic field
increases the yield shear stress to a high value.?’ Additionally,
accordingto Tao, etal., the operation of compressionaggregation
attheendpoints ofthe MR chainbooststhe fluid’s yield strength.?!
There is considerable research considering the compression
of MR fluid for calculating the yield stress and getting a
more significant value than the shear phenomenon of MR
fluid.*? Generally, we use the field-dependent Bingham
rheological model and the Herschel-Bulkley rheological
model for the torque analysis of MR brake. Nguyen, ef al. and
Farjoud, et al. have shown that the analytical braking torque
has not provided satisfactory results.**” Hence Herschel-
Bulkley model is used for the torque analysis. Nguyen, ef al.,
Sarkar, et al., Shamieh, et al., and many other researchers have
done torque analysis with the Herschel-Bulkley model.*?¢2#

Based on the above review, this work’s main contribution is
to develop a novel configuration of MR brake that can substitute
the standard disc brake. The proposed design utilises both the
MR fluid’s shear and compression modes to get the required
braking torque. The mathematical expression of braking torque
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is obtained by considering the Herschel-Bulkley model, and the
optimal design of the MR brake is regarded with a significant
focus on geometry. The important geometric dimensions and
necessary braking torque are, respectively, considered design
restrictions and objective functions in the optimization process.
When trying to maximize or decrease the value of an objective
function under a certain set of constraints, genetic algorithms
are most frequently used. Biologically inspired operators like
mutation, crossover, and selection are employed in genetic
algorithms to produce high-quality solutions to optimization
and search problems. By using the genetic algorithm, the best
solutions are obtained.

2. HYDRAULIC DISC MR BRAKE

This study proposes a novel design for the MR brake to
replace the traditional disc brake. A new hydraulic disc MR
brake was designed, as indicated in Fig. 1, taking into account
the available space for the traditional brake. The available

Brake pad core
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Disc
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Extension spring. Shaft

Housing

Coil
(a) (b)
Figure 1. (a) 2D schematic illustration of proposed MR brake,
and (b) 3D schematic illustration of the proposed MR

dimensions of conventional disc brake and the suggested MR
brake with its significant geometrical parameters are depicted
in Table 1 and 2, respectively. The planned MR Brake is
depicted as having a single rotating disc and immovable housing
plates (covering the central electromagnet). The annular space
surrounding and on each side of the disc, which is positioned
on the shaft, is filled with MR fluid. When the piston is under
hydraulic pressure, the wiper seals allow sliding while sealing
the MR fluid. To impede the force generated by the hydraulic
action, eight extension springs are employed. 326 turns of AWG
24 copper wire make up the central electromagnet. The number of
turns is taken as 326, which is given according to the formula:

N, xA, =0.8xA;

where N= number of turns
A= cross-section area of wire = 0.2 mm?

A = cross-section area of core

3. MATHEMATICAL MODELING OF THE MR BRAKE

The main challenge in the design of MR brakes is to develop
the relation between braking torque, geometric dimensions, and
magnetic field intensity. As a result, a model of the suggested
MR brake using Computer-Aided Design (CAD) is created using
SolidWorks to calculate the torque equation, as seen in Fig. 1.
Similar to Sarkar, ef al., the suggested system applies braking
torque through shear plus compression®. Sarkar, et al. study
would be a basis for deriving the torque equations for the proposed
system considering both shear and compression mode*. When
calculating the braking torque, the active region and inactive zone
are taken into account. When MR fluid and an applied magnetic
field interact, the active region is defined, and when MR fluid is
unaffected by the magnetic field, the inactive region is defined.
In this study, only active regions are considered for calculating

brake. braking torque.
Table 1. Available dimensions of conventional disc brake
Components Dimensions(mm)
Caliper Radial thickness = 175.5, Thickness = 55
Piston Piston dia.= 40, Connecting rod dia.= 30, Thickness of piston = 10, Thickness of Connecting rod = 10
Brake pad Thickness = 10, Length = 80
Disc Inner radius = 34, Outer radius = 144, Thickness = 23
Table 2 Dimensions of proposed hydraulic MR brake
Components Dimensions(mm)
Caliper Radial length = 165.5, Thickness = 55
Piston Piston dia.= 40, Connecting rod dia.= 30, Thickness of piston = 10, Thickness of
connecting rod = 10
Brake pad Inner radius = 69, Outer radius = 144, Thickness = 10
Disc Inner radius = 34, Outer radius = 144, Thickness = 23
Core Thickness = 2.5
Coil Area =40.2%2.027
Housing Above the core = 16.473

Extension spring

MRF gap b/w brake pad and disc
MREF gap b/w core and disc 0.5
Seal b/w core and brake pad
Seal b/w brake pad and shaft

Length = 15, Outer dia.= 14
1 (in case of shear), 0.5 (in case of compression)

Length = 0.5, Thickness = 10
Length = 35, Thickness = 10
Shaft Radius = 34

784



QUAMAR & SARKAR: OPTIMAL DESIGN OF HYDRAULIC DISC BRAKE FOR MAGNETORHEOLOGICAL APPLICATION

The shear stress that occurred in the MR fluid acting just
in shear mode can be represented as follows using the model
of Herschel-Bulkley:

T=1,(H)+Ky" (M

Here the first term is yield strength which depends on the
applied field intensity H. K and n are the zero-field consistency

and flow behavior index, and the ¥ is the MR fluid’s shear
strain rate, which is roughly represented by,

. IX®

T=— )
where h is the MR fluid gap, o is the shaft’s angular velocity,
and r is the disc’s radial distance.

The consistency and flow behavior index is represented by
the parameters K and n respectively. Both are fluid properties,
and it varies on applied magnetic-flux density. According
to Zubieta, et al., the relation between the rheological
characteristics that vary with field and the magnetic flux B is
given as?:

K=K, +(K, -K,)(2e % —e?P%x) 3)
n=n_+(n, - n, )(2e s —e P 4)
7Bv1gv,-y —2Bogr,

T, =1, (1, —T,.)(2e

e ) )
K,.n,,t, are the properties at zero magnetic fields, and

K..n »T, are the properties at saturation value. 0,0, ,and

Ogr, are related to torque.
Tao, et al. have modelled the MR fluid’s yield shear stress
under compression:

T, (H) = 7,,(H) + K(H)P, ()

The first term is the MR fluid’s yield shear stress when
there is no compression, and the subsequent term indicates
the linear correlation between shear stress and compression
pressure (P ). K(H) is calculated by performing experiments
on a magneto rheometer and found that it is independent of
pressure and magnetic field intensity, but K(H) may depend on
H based on electromagnetic force.?

Hence, the Herschel-Bulkley MR fluid model under
compression is given by putting Eqn. (6) into Eqn. (1):

T, =7, (H)+K(H)P, + K" (7

Hence, the transmitted torque in the MR brake on one side
of the rotating disc is given as:
(a) dT = 2ntr’dr(for _shear)
(b) dT = 2nt_r’dr(for _compression) ®)
Integrating Eqn. (8) from r,to r, and multiplying it by 2
gives the torque transmitted on both sides of the rotating disc,
where 1, is the lower limit of the disc and r_ is the upper limit
of the disc.
For the shear mode of operation, transmitted torque given

as:2°

4TEK(DD (I_2n+3 _rln+3)

n 5 3
T, —?(rz . )ryd(H)+—(n+3)hCn )

For the compression mode of operation, transmitted
torque given as:*

T, = %"(r; —1)(t,, (H) + K(H)P,) + (j’f;’; @ -y (10)

Eqn. (9) and Eqn. (10) give the required braking torque
under shear and compression mode of operation, respectively,
on both rotor surfaces in the active zone. Here the torque
created by the applied field is the first term and the second term
is the torque produced by the MR fluid’s viscous friction in
the active zone. The MR fluid’s viscous friction in the inactive
area is assumed to be negligible while considering the torque
equation.

4. ANALYTICALMAGNETOSTATIC CIRCUIT ANALYSIS

To get the connection between MR fluid’s applied
current and magnetic field strength, the magneto-rheological
brake’s magnetic circuit has to be analyzed. In the proposed
brake, after applying hydraulic pressure, the coil current
has to increase for achieving the necessary yield stress after
activating the core electromagnet. The magnetic circuit of the
proposed work is shown in a 2D axisymmetric design made in
COMSOL software to reduce the computational time during the
simulation, as shown in Fig. 2. The shear mode and compression
mode generate the same magnetic circuit; the only difference
is that the MR fluid gap gets lesser over compression. Figure 3
illustrates the suggested MR brake’s dimensions.

” ‘I—?—H*f S

[
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Figure 2. Magnetic circuit under operation.

The entire magnetic circuit of the proposed MR brake
is divided into five parts, as shown in Fig. 2. For a magnetic
circuit, the relationship between the current and the effective
length of each piece and the magnetic field intensity of various
sections may be found using Ampere’s Law as per Shamieh,
et al.®:
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> H, xL, =N xI (11)

where N_is the coil’s number of turns, (1) is the applied current,
and the strength of the magnetic field and a reasonable length
for the circuit’s k, link are denoted by H, and L,, respectively.
Now, according to Shamieh, et al., since the magnetic flux is
conserved, the circuit’s description of its continuity is:*

¢=B, xA, (12)

where the magnetic flux is ¢ , the k link’s cross-sectional area
is A, and the magnetic flux density is B, which is described
by

B, =p, xp, xH, (13)
U, =4n*107 TmA™ is the free space’s magnetic

permeability, and p, is the k link’s relative permeability.
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Figure 3. Geometric dimensions of proposed MR brake.

The analysis of the magnetic circuit was carried out under
the assumption that the magnetic field was uniform and the
constant relative permeability. But the magnetic field intensity
is not uniform in the MR fluid region.

The effective length of the links of the magnetic circuit
and their corresponding cross-sectional area, as shown in
Fig. 2, is considered following Shamieh, et al.:*®

L, =L-(a+b) (14)
(P i e (15)
2
L2220 (16)
L,=h, 17)
L, =d, (18)
A, =R>—(R-1)] (19)
A, =m(a+b)(R—t+1 +1) (20)
A=A, =A, =TC[1‘22 —( +ra)2] 21)

In the proposed MR brake design the metal component is
silicon steel. So, considering Eqn. (11) and Fig. 2, it is written
as:
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N, xI=(L,+2L, +2L, +L,)H_ +2L H; (22)

H_and H, are the magnetic field of silicon steel and MR fluid
links, respectively. Now, using Eqn. (12) and (13), it can be
written as:

o _ BixA;
ufsxusXAs “'fsxusXAs
Eqn. (13) can be put into Eqn. (23) to determine the

correlation between MR fluid and silicon steel’s magnetic
field. This relationship is expressed as follows:

H =

S

(23)

s HXA f

s and f subscript are for silicon steel and MR fluid,
respectively.

Although it may change with the strength of the magnetic
field, the computation will treat the relative permeability of
the MR fluid and metallic component as constant”’. Finally,
the magnetic field in the area of MR fluid can be estimated by
replacing Eqn. (24) with Eqn. (22).

N xI
H, = Sa (25)

A A
(MJ(LI iR | R ) +L5j+L4
M A, A,

5. SIMULATION OF THE MR BRAKE

The current research analyses the magnetic circuit
produced in the proposed MR brake using the commercial
FEM tool COMSOL Multiphysics by adding AC/DC module.
Simulation has been carried out in simulation software Comsol
Multiphysics 5.3a software to determine the yield stress
dependence on the magnetic field. Many simulation works have
been done over Comsol Multiphysics software for magnetic field
simulation.’*?>¥ In the MR brake domain, it is utilized to
compute the magnetic field and its distributions. Maxwell’s
equations are solved using magnetic vector potential in
simulation software for each domain. The rectangular shape
around the MR brake acts as a magnetic insulator represented
by air. As MRF-132DG has a more significant operating
temperature, it is used in the current study.

The non-linear magnetic properties (BH curve), yield
stress vs magnetic field of MR fluid 132DG are given by Lord
Corporation.?* The different materials used in the proposed
MR brake design are shown in Table 3. The non-linear
magnetic properties (BH curve) for the magnetic materials are
considered from the COMSOL material library. For modeling
the multiturn coil, copper material is used. For generating the
magnetic field in the proposed model, Ampere’s Law is used,
and the non-linear HB curve is used as the constitutive relation
for the MR fluid and the silicon steel. A simulation study was
done on the stationary solver considering varying current over
parametric sweep in which the current value is taken as OA,
1A, 2A, 3A, and 4A. For getting the braking torque, the line
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integration is done on each active MRF zone with the help of
the post-processor of the AC/DC module.

Table 3. Material and relative permeability of MR brake

components

Components Materials Relative Permeability
Shaft Aluminum 1

Caliper Aluminum 1

Piston Silicon Steel H-B curve
Spring Aluminum 1

Core Aluminum 1

Coil Copper -

Wiper Seal Natural Rubber 1

Brake pad Silicon Steel H-B curve
Disc Silicon Steel H-B curve
MR fluid MRF-132DG H-B curve
Housingbelowpiston ~ Aluminum 1

Housing above piston ~ Silicon Steel H-B curve

6. DESIGN OPTIMIZATION

In this section, following the magnetostatic analysis, the
optimal design problem considering the maximization of total
braking torque is taken for the compression mode of operation.
As per the literature, there is an MR brake with compression
application on the MR fluid in which the braking torque is 100
N-m after providing the compression on the MR fluid with the
help of a side electromagnet.® So, to obtain the ideal design
parameter, our work’s purpose of optimization is to boost
braking torque when the current is not zero and decrease it
when the current is zero. During optimization, it is expected
for braking torque to be not less than 100 N-m and magnetic
flux to be not more than 250 kA/m considering Sarkar,
et al.,”® Besides, several design constraints must be assured for
the MR brake to be successfully developed. Figure 3 depicts
the suggested design’s configuration together with all relevant
geometric measurements. The design variables are considered
which we can change for the accommodation of the proposed
MR brake design in the available volume of braking system
used in the most popular passenger car. The design variables
(DVs), as displayed in the illustration, include coil height c,
the radial distance between the core and outer boundary of
MR brake t, the gap between caliper and brake pad a, the
thickness of brake pad b, MR fluid gap after compression h,,
disc thickness d, the inner and outer diameter of disc r, and r,
respectively and the seal height between the shaft and brake
pad r. The other dimensions are fixed for feasibility. All the
design variables are considered by taking care that the axial
length L of the MR brake is not more than 60 mm and radial
length R is not more than 200 mm. While considering the axial
and radial length, the caliper dimensions are not considered
for ease of calculation. The axial length is considered by the

available dimension of the conventional disc brake provided
in Table 1 which is 53 mm. So, for the constraint, we have
considered that the axial length should not be more than 60
mm. The radial length is given according to the most popular
passenger car wheel diameter.>* The MR brake optimization
problem is represented by:

*Maximize: T, (Total braking torque)
where, T, = T, - T

T, = the braking torque in the ON state (I # 0)
T ;= the braking torque in the OFF state (I = 0)

*subject to 7 >100 N-m

H <250 kA/m
L <60 mm
R <200 mm
minDV, <DV, <maxDV, i=1-9
Where’ min DV = [cmin tmin amin bmin hc dc r2 Tin @ ]

‘min ‘min ‘min

max DV =[c_ t b d 1 g

max “max “max - max = Cpac o Coae Zmax a

max  @max

A metaheuristic method called the genetic algorithm (GA)
is used to solve constrained and unconstrained optimization
problems. A lot of emphases has recently been paid to using GA
to tackle multi-objective optimization issues where multiple
criteria must be considered at once.?8*%

The optimization algorithm for this work was carried
out in MATLAB software. The GA solver is used from the
optimization toolbox available in MATLAB R2018a. 200
population size is considered from the menu for running the
solver. The lower and upper bounds of the design variables are
given in Table 4. The bounds are regarded according to the
available dimensions of the disc and provide the approximate
assumptions for upper and lower bounds regarding available
sizes for other variables.

Table 4. Lower and upper bound of the design variable

DV DVmin mm DVminmm
c 2.5 96

t 1 5

a 10 21

b 8 12

h, 0.5 1

d, 10 20

T, 40 120

T, 30 38

r 1 3

o

7. RESULTS AND DISCUSSION

7.1 Magnetic Field Analysis

On computing over FEM software, the magnetic field
intensity and magnetic flux density will be plotted on a 2D plot
group. First, the study is performed for the proposed design
without providing compression, i.e., under shear mode only.
According to Mazlan, et al.,* the performance of MR fluid
in compression mode has been studied where the gap before
compression was taken Imm. From there the concept has
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been taken to consider the gap in shear mode (i.e; before
compression) as 1 mm and after compression, it has been
assumed that the gap reduces by 0.5 mm for the getting the
effect of the magnetic field in shear and compression mode
respectively for the finite element study of the application
of MR fluid over MR brake. The plots of magnetic flux
and the torque vs current graph for both shear mode and
compression mode are considered and compared. The 2D
plot group for the magnetic flux density for the brake under
shear mode and compression mode at similarly applied
current are shown in Fig. 4 and Fig. 5.

o

— imm
- 045217 | | 0.461T
16 ey e ;

1(5)=4 _Surface: Magnetic flux density norm (T)

0.8

Hoe—

[ ’!‘ 1mm

0.2 —v
7'y

~~ 0.458T

Figure 4. Magnetic flux density under shear mode at I = 4A.

I(5)=d Surface: Magnetic flux density norm (T) .

0.5mm

1 | daser 0.4737 '
| fre ’

80 3 160mm

Figure 5. Magnetic flux density under compression mode at
I = 4A.

Comparing Fig. 4 and Fig. 5 shows that the magnetic flux
has a slightly large value on the compression of MR fluid in
the active zone than that before compression. The compression
of MR fluid in the direction of the magnetic field significantly
improves the yield shear stress,? resulting in improved braking
performance as there are weak points of MR microstructure
at the ends of the MR chain under shear action, which results
in lower yield shear stress.?! This can be shown by plotting
the current vs Braking torque graph for the shear mode and
compression mode of MR fluid for the working of the MR
brake.

Figures 6 and 7 show that the magnetic flux increases
in the radial direction in MR fluid and has a maximum value
near the coil. At every applied current, the significant rise in
magnetic flux in the radial direction of MR fluid is shown
in compression mode. Still, in shear mode, the growth rate
is relatively slow, suggesting the magnetic flux saturation in
shear mode at a lower value than in compression mode. From
this, it can be concluded that the MR fluid gap plays a role
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in the early magnetic flux saturation. For higher MR fluid
gap in the active region brings early saturation. To improve
the braking performance, magnetic flux density also has to
be increased, which can be obtained by giving less MR fluid
gap and compressing the MR fluid. Hence the compression
of fluid helps improve braking performance in two ways, one
by reducing the gap and another by giving a strong bond of
MR microstructure at the ends of the MR chain, as Tao, et al.?!
Figure 8 shows the MR microstructure before and after the
magnetic field region compression.
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Figure 6. Magnetic flux at both MR gaps in shear mode.
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Figure 7. Magnetic flux at both MR gaps in compression
mode.
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(a) (b)
Figure 8. Formation of robust MR microstructure during
compression: (a) Chains before compression, and
(b) Chains aggregate into thick columns with robust
ends after compression.

In Figure 9, the braking torque value has been plotted
for different applied currents in both shear and compression
modes. As observed in Fig. 9, the yield shear stress increases
due to compression in the magnetic field direction, making
the braking torque in compression mode more important for
every current value than in shear mode. Also, the MR fluid gap
decreases due to compression, resulting in increased magnetic
flux density. It can be seen that there is a significant rise in
braking torque on increasing current in the compression mode
of working of the proposed design. In contrast, in shear mode,
the increase of the amplitude of braking torque on improving
current is relatively low due to the saturation of magnetic flux.
While doing the finite element analysis over shear mode and
compression mode, the rotor’s RPM is taken constant and
equal to 100 RPM. The pressure in compression mode is taken
6 bar for study as in hydraulic brake system, vehicle stop by
regulating the pressure between 20 and 120 pounds.*®

45 T T v T g T T T

40 +

[} %] [}
T (=] (]
| 1

1

Braking Torque [N-m]
o S
L PR |

-
[=]
1

5 — shear
—— compression 1

T T T

0 1 2 3 4

Current [A]
Figure 9. Braking torque under shear and compression.

As the compression mode of operation gives relatively
greater braking torque than the shear mode, the compression
study is done over various RPMs of the rotor, and the braking
torque in compression mode at different RPMs is plotted as
shown in Fig. 10.

It can be seen that there is a rise in the braking torque
on increasing the RPM of the rotating disc, but the rise is
significantly less because of the slight increase in the viscous
torque on increasing the RPM of the rotating disc. The torque
due to the magnetic field is unaffected by the rotor’s RPM.

Figure 10 shows the graph between the viscous torque and the
RPM of the rotating disc, the secondary X and Y-axis in red.

N [RPM]
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T T T T T
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Figure 10. Braking torque and viscous torque at various
RPM.

7.2 Optimal Design Analysis

For the cost function f(x), GA arrived at the lowest
value of 0.008648, where the cost function is (1/Tb), in just
six generations. Table 5 displays the ideal design variables
that were produced and table 6 displays the performance
requirements of the derived ideal MR brake design. For optimal
design parameters, the current and RPM values are [=2A and
N=100 RPM. The results show that the majority of the design
variables remained close to their initial levels. Few geometric
variables such as ¢, a, h_and r, witnessed the change, allowing
the objective value to decrease.

Table 5. Optimum design variable using GA for the MRB

Design variables Optimized value (mm)
c 3

1

16

8

1

10

120

30

1

"*:*N-eno-o.:rcr'm -

o

Table 6. Specifications for the selected optimal MRB design

T, 185.222 N-m
H 67.7 kA/m

L 60 mm

R 127 mm

GA code for this model gives a reasonably good result for
the study by Shamieh, ef al., in which to increase the dynamic
range and reduce the response time and weight of the MRB
while taking into account weight, size, and magnetic flux
density limits, a multidisciplinary design optimization problem
is used to discover the ideal brake geometry parameters®. The
result calculated analytically with the obtained optimized

789



DEF. SCI. J., VOL. 72, NO. 6, NOVEMBER 2022

design parameter gives the same result as the algorithm result.
The bar graph in Fig. 11(a) shows the compared design variable
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]
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Figure 11. Comparison of literature result with the generated
code.
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from Shamieh?, et al. and the obtained design variable from
the GA code. The validation of code is also done for Younis,*’
et al. and Hirani*’ and the compared bar graph of the design
variable has been plotted in Fig. 11(b) and 11(c) respectively.
The braking torque calculated by T, =T, —T . is obtained
as 115.74 N-m, which is more prominent than the Sarkar,?
et al. Here T is considered as braking torque in on state

(I # 0) and T ; as braking torque in off state (I = 0). While
doing optimization, the gap between the core and disc is
considered constant and equal to 0.5 mm. The core thickness is
considered stable and equal to 2.5 mm per feasibility.

8. CONCLUSIONS

The new design of the MR brake has been proposed
considering the conventional disc brake design. The proposed
MR brake worked under compression mode, and required
compression is provided with the help of hydraulic pressure
as in a traditional disc brake. The detailed Solid Work design
of the proposed MR brake both in 2D and 3D is presented in
this paper. The dimensions of every component of the available
conventional hydraulic disc brake and proposed hydraulic MR
brake are shown with the help of tables. The proposed model’s
analytical magnetostatic analysis and braking torque equation
have been discussed. Finite element analysis is done for both
shearmode, and compression mode on COMSOL software using
AC/DC module, and the braking torque is calculated. On doing
finite element analysis for both shear and compression modes
of operation, it is found that in the shear mode of operation,
there is early magnetic saturation than in the compression
mode of operation. Due to an increase in yield stress during
compression, the braking torque has also increased when the
compression mode of operation is used. A graph is used to
compare the braking torque in both the shear and compression
modes, and it discusses the relationship between the braking
torque and the disc’s rotational speed (RPM). On increasing
the RPM of rotor braking, torque rises because of the slight
increase in the viscous torque with RPM, and the torque due to
the magnetic field remains the same. Following finite element
analysis, optimization is carried out for the optimal design
parameter by increasing the braking torque in the ON state and
decreasing it in the OFF state. While optimizing, constraints
are put over the magnetic field, braking torque, radial length,
and axial length of the MR brake. The range of design
variables is set according to the feasibility of the proposed
design. MATLAB R2018a is used for the optimization study
in which the optimization solver is used for GA. The generated
MATLAB codes are validated with the literature and presented
in the form of comparison in this study. The design variables
obtained after optimization give good braking torque in ON
state (185.222 N-m), which is more significant than Sarkar,?
et al., which works under compression mode on one side and
shear mode on another rotor.
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