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Abstract. Magnetorheological brake (MR Brake) is one x-by-wire systems which
performs better than conventional brake systems. MR brake consists of a rotating disc
that is immersed with Magnetorheological Fluid (MR Fluid) in an enclosure of an
electromagnetic coil. The applied magnetic field will increase the yield strength of the
MR fluid where this fluid was used to decrease the speed of the rotating shaft. The
purpose of this paper is to develop a mathematical model to represent MR brake with
a test rig. The MR brake model is developed based on actual torque characteristic
which is coupled with motion of a test rig. Next, the experimental are performed using
MR brake test rig and obtained three output responses known as angular velocity
response, torque response and load displacement response. Furthermore, the MR brake
was subjected to various current. Finally, the simulation results of MR brake model
are then verified with experimental results.

1. Introduction

X-By-Wire is one of the system that had potential to improve performance by minimized the number
of part used in the system. Usually, by-wire systems have been employed in several segments such as
steering system, suspension system, braking system and medical equipments [1-8]. MR brake has
introduced as an actuator of brake-by-wire system in automotive industries. MR brake employs with
MR fluid where this fluid solidifies once applied with magnetic field. This fluid is also known as smart
fluid where it solidifies by increasing the strength of magnetic. Once the fluid is free from magnetic
field, it represents as a Newtonian fluid behaviour. The MR brake consists of a rotating disc immersed
with Magnetorheological Fluid (MR fluid) in an enclosure of an electromagnetic coil. MR fluid is
developed using micron sized suspensions measured between 20-50 microns [9-10]. The rheological
behaviour of MR fluid is similar with the carrier fluid when there is no external field is occurred in the
fluid [11-12].

The application of a MR fluid in braking system is related with current research work. Li & Du
(2003) presented the design and experimental evaluation of a Magnetorheological brake and
introduced an amplifying factor to evaluate brake performance [13]. Meanwhile, Park ef al. (2008)
presented a design optimization procedure using simulated annealing combined with finite element
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simulations involving magnetostatic, fluid flow and heat transfer analysis [14]. MR fluid selection for
MR brake application, such as magnetic circuit design and torque requirements for automotive
application was also studied. Karakoc et al. (2008) focussed on the investigation of practical MR
brake design criteria such as material selection, sealing, working surface area, viscous torque
generation and MR fluid selection for basic automotive braking system [15]. Additionally, Tan et al.
(2007) studies braking response of inertia/load by using an electro-rheological (ER) brake for ER-
robotic application in term of ER braking velocity response in order to halt the robot arm rapidly [16].
In 2009, Nam and Ahn (2009) is proposed the new structure of MR brake with the waveform
boundary of rotary disk that generated more resistance torque compare to the conventional MR brake
[17]. Furthermore, the MR brake system had been implemented to other application such as joystick
and prosthetic knee [18, 4].

The outline of this paper is as follows. In section I, brief introduction on the current research of MR
brake. Section II represents the experimental facilities and continued with mathematical model of MR
brake with test rig in Section III. Section IV describe the model validation between simulation and
experimental at constant loads. Finally, the conclusion of this work is presented in Section VII.

2. Experimental Apparatus

Figure 1(a) shows the testing equipment used in the experiment with the load of 50 N and 100 N that
shown in Figure 1(b). The inertia load will be attached to the load shaft and coupled with brake shaft
to generate a constant or falling load that resultant the net torque produce by MR brake. The function
of AC electric motor is to drive the MR brake shaft to desired velocity where it is coupled to the input
shaft/rotor of MR brake via pulley an A-type V-belt.

e =)

Shaft ! Electric Noaha T, ,‘ Load Shaft !

speed motor
sensor q MC
devices
Voltage
regulator

Personal
compuler

drive
(a)
Figure 1. a) Mechanical assembly of the MR brake test rig, and b) Load

The speed from the motor is transmitted to the MR brake shaft using belt tensional and well fitted
beside the electric motor. The pulley shaft is connected to the MR brake shaft using jaw coupling and
same concept also was applied at the load shaft. The pulley shaft and load shaft used a pillow block
bearing to support the rotating shaft where the inner bearing will allow the shaft to rotate in free
direction. The MR brake housing is coupled to a load cell via an arm of length of 238 mm. In this
equipment, the load cell is employed to measure the braking torque. The load cell was calibrated at
1V: 53.4 Nm and the maximum torque measured using this sensor is 534 Nm. Next, the load cell is
connected with bridge amplifier as the signal conditioning. Meanwhile, the rotational speed of the MR
brake shaft was measured by using an ABS speed sensor.

The MR brake test rig is equipped with an I/O device for data processing. Next, the Integrated
Measurement and Control (IMC) device provides signal processing of the sensory system. The IMC
device that is only capable to received analogue voltage signal. Then, the signals are digitally
processed and stored in a personal computer using FAMOS control software. IMC device is connected
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to a personal computer using NetBEUI protocol. A DC power supply manufactured by GW-INSTEK
is used to supply electric currents to the MR brake electromagnetic coil. All the measured data are
displayed in Personal Computer (PC) for the further analysis.

Mathematical Model

The characteristics of MR fluid can be described by using a simple Bingham plastic model (Philips
1969). The constitutive equation for a Bingham plastic fluid where the total shear stress (1) is written
as below [19]:

T=Ty F Y (1)

where, 7,; is the yield stress due to the applied magnetic field, H, 4, is the constant plastic viscosity

which is considered equal to the non-field viscosity of the fluid, and ¥ is the shear strain rate. Based

on the equation (1), the braking torque generated by the friction of the interface between static and
moving parts in the MR fluid inside the MR brake can be written as equations [12][15]:

T, = 22N [ (kH” + 1, “syr2dr @
b r p h

Where 7 is the radius of the disk, W, is the angular velocity of the rotating disk, h is the thickness of
the MR fluid gap between rotor and enclosure, H is the magnetic field intensity corresponding with k
and f. The values of k and [ are constant by considering the relationship between the magnetic field

intensity and the yield stress of the MR fluid.
An integration of equation (2) will determine the two types of components of braking torque which

are torque generated due to applied magnetic fields (T,) and torque due to friction and viscosity of

the fluids (Tﬂ). Both torque elements are expressed as follows [12][15].

T, = 2Ny (K —1)w,

#“ 2h S 3)
T, =2 Nka(ry ~ 1) @

Therefore, the total braking torque produced by MR brake can be written as follow,
T,=T,+Ty4 (5)

An effective MR brake torque generated when applied current to the magnetic coils. This will
decelerate the dynamics of all inertia (J,,) that coupled rigidly to the MR brake shaft. The (I'input)
term is the torque motor (T ) is combined with loading torque (T, ) that is coupled rigidly on the MR
brake shaft. The loading torque is generated based on the weight of the load (N)and the effective
radius (I )of the load. Then, the mathematical expression in terms of (T, input)can be written in

equation (6) as:

T

input

=Ty + T = (R /W, ) +mgr, (6)



2nd International Conference on Mechanical Engineering Research ICMER 2013) IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 50 (2013) 012038  doi:10.1088/1757-899X/50/1/012038

Where P

m
equation motion of MR brake with a test rig is derived and stated in equation (7) as follow:

= power of electric motor and W, = angular speed of electric motor pulley. Then, the

T

input

_Tb _Tc = ‘Jallas (7)
Where T = viscous damping of bearing and o= angular acceleration of MR brake shaft. Then, the

total inertia of MR brake (J
and the load can be written in equation (8).

a1 ) consists of rotor, shaft, four bearing inner parts, a sprocket, a pulley

Jan = Jgise 9 +J +4J +JLoad T Jshatt (8)

sprocket pulley bearing

The total inertia is approximately about 0.25 Nm” for 50 N, 0.45 Nm” for 100 N and 0.65 Nm” for 150
N respectively. By substituting equation (6) into equation (7), the equation (9) can be written as
follow:

((Pm/Wm)+mgrL)_(T,u+TH)_4CWz‘]aIIas (9)

3. Model Validation

The MR braking response was tested by using a constant load of 150 N in order to energized
MR brake when applied current to the brake coils. The response of the MR brake was
investigated at four constant applied currents that are 1 A, 2 A, 3 A, and 4 A. These three
responses will be obtained from the experiments which are shaft angular velocity response,
torque response and load displacement response. The measured of three responses in time
domain are shown in Figure 2. Based on the Figure 2(a), shaft angular velocity decreased very
fast when applied current is increase. This is due to the maximum braking torque generated by
MR brake that is shown in Figure 2(b). The MR brake torque increase proportionally when
the current is increased. Furthermore, the load displacement takes longer displacement when
lower current is applied in this system which is shown in Figure 2(c). Basically, the load
displacement responses are determined by integrating the MR brake shaft angular velocity.
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Figure 2. Measured responses at four constant currents; a) Shaft angular velocity response, b)
Torque response and ¢) Load displacement response

In this model validation, a constant load of 150 N is considered at various current. The
current are varies from 1 A to 4 A with increment of 1 A. The triggering time for the electric
current in modelling is 1.5 s which is same as experimental. Figure 3, Figure 4 and Figure 5
show the model validation result at various current. The simulation model was developed
using MATLAB based on the equations of MR brake with test rig in the previous section and
the parameters given in table 1.

Table 1. MR Brake Parameter

Parameter Value
Outer radius of disc, 0.04 m
Inner radius of disc, ; 0.01m
Number of surfaces, N 2
MR fluid gap, h 0.0025 m
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Figure 3. Comparison between model and experimental at several applied current for shaft
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o

The model and experimental results are compared and it shows a close relationship
between both results. This response indicates that the model of MR brake actuator with a test
rig is valid. However, the response time of MR brake torque to reach constant steady-state has
a delay time which is shown in Figure 4. This is due to the delay response of material and
sensory system. However, the trend of experimental follow the model is similar.

4. Conclusion

The model validation of MR braking response in term of shaft angular velocity responses,
torque responses and load displacement responses was obtained and discussed in this paper.
The MR brake with a test rig was developed which is contains some instrumentation sensors
such as ABS speed sensor and load sensor. The MR brake model that been simulated by using
MATLAB software to obtained the model result are validated with the experimental result.
The results validation shows good agreement between both graphs in this study. When
increased the load, it will caused the MR brake takes longer settling time and the load
displacement response becomes longer to constant steady-state displacement. Furthermore,
the heavier load will reduce the effectiveness of MR brake to halt all inertia to stationary
condition.
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