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ABSTRACT - This paper presents testing of the magnetorheological brake (MRB) in the braking QE;:E:;& ?;%Tﬁ;\gozo
system of a vehicle. Two techniques are used to determine the capability of the brake system, Revised: 9" Mar 2021
which are simulation via Matlab Simulink Software and experimental study by using a quarter Accepted: 171 Mar 2021
vehicle test rig. A Proportional-Integral-Derivative (PID) is employed as a wheel speed control and

enforces the MRB to produce the required braking torque need by a vehicle. A dynamic test, KEYWORDS

namely sudden braking test, is performed in three rotational speed conditions, which are from 127.5 Magnetorheological brake;

rad/s (1200 rpm) to 31.42 rad/s (300 rpm), 52.37 Rad/s (500 rpm) and 73.31 rad/s (700 rpm) in two Magnetorheological fluid;
different wheel load which are 10 kg and 15 kg, respectively. The behaviours to be assessed are Sudden braking test
wheel speed response and brake torque produced by the MRB. From the observation, the MRB'’s Wheel speed control
capability in providing the required brake torque is promising and harmony between simulation and

experimental response.

INTRODUCTION

Strong technology development gradually increased the presence of electronics in the engineering industry, especially
in motor vehicle. The use of electrical and electronic components in vehicles had improved motor vehicle performance
with a significant reduction in production cost and an increase in both active and passive safety. Furthermore, electronic
technology facilitates introducing a new function that would be costly or not even workable by using a mechanical or
hydraulic system alone. This new technological development formerly confines to features such as motor control, wiper,
light, or door control, which now has affected all car domains even for the critical function. This trend generally begins
with the x-by-wire concept, whereby mechanical or hydraulic systems embedded in the automotive application will be
replaced by fully electric or electronic. One of the best examples of using x-by-wire in a vehicle is the brake-by-wire
(BBW) system.

The concept of the BBW is motivated by the enforcement of stringent active safety standard of the automotive society
that needs an active braking system in a vehicle. The active braking system, known as the Advanced Emergency Braking
System, has used a vehicle sensor and has required a fast response actuate to react effectively during a critical situation
[1]. However, fulfilling this requirement with conventional hydraulic braking (CHB) system has been difficult due to its
limitations, such as delay response time up to 300 ms and the hysteresis characteristic of the hydraulic fluid [1].
Furthermore, the two-step control of a hydraulic valve in the CHB system is the major drawback of the brake system,
thus preventing the active control technology from being implemented.

As a solution to the drawback of the CHB, many new braking systems have been invented, such as electro-hydraulic
brake (EHB) [2—4], electro-pneumatic brake (EPB) [5—7] and an electromechanical brake (EMB) [8—10]. However, the
most accurate description of BBW is the EMB because the brake fluid and hydraulic lines are eliminated. Since it had
been introduced in 1989, many patents have been claimed in different design of EMB [11-16]. In those inventions, four
common features have been identified in all designs. Most of the EMBs consists of an electric motor drive, some reduction
gear, a floating disc brake calliper type and used 24/42-volt power supply [11-16]. However, the power requirement
cannot be fulfilled by using the internal battery of a normal vehicle due to the existing vehicles use a 12V power supply
only [12][17]. Concurrently, with the extensive investigation of the EMB, automotive engineers try to search for other
techniques to take advantage of EMB. Therefore, the EMB based magnetorheological fluid (MRF) known as a
magnetorheological brake (MRB) has appeared to be one of the most interesting models to be investigated. MRB employs
MREF that has been immersed between the gaps of a disk enclosure in a static casing to produce a brake torque. MRF is a
class of intelligent material that forms a chain-like structure when exposed to an external magnetic field, thus produce a
shear force that turns into braking torque to the vehicle.

To date, many types of research on MRB have been conducted. Nam and Ahn have proposed a higher resistance of a
rotary disk with waveform boundary and has provided more resistance torque when compared to conventional MRB [18].
Meanwhile, Nguyen and Choi have carried out an optimal design of MRB for a middle-sized motorcycle by considering
temperature effects while the braking process concerning the mass and brake size [19]. On the other hand, Sohn et al.
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have performed a study of MRB torque characteristic between conventional and has modified magnetic core shape via
evaluation experiment [20]. Moreover, George et al. have explored the potential of MRB for all-terrain vehicles by
optimising the braking parameter via finite element analysis [21]. Meanwhile, Shiao et al. have proposed a new design of
MRB by proposing multiple electromagnetic poles to improve brake torque [22], and Qin et al. have carried out a small-
scale multi-drum design of MRB as a haptic device and have evaluated the performance through experiment [23].
Although studies on this matter have shown several improvements, a thorough study of the system is still lacking and
have some limitations. The studies by previous researchers mainly focused on the model characterisation, but little
attention is paid to the control and testing of the MRB. Some successful control and implementation have been recorded
using quarter cars test rig such as [12, 17, 24-26] and an actual vehicle [26][27]. However, the experiment results have
shown some delay in response signal and not concur with relating theories due to the malfunction of the system and the
safety issues [24, 26, 27].

In this study, as an effort to contribute to the progression in the BBW, testing of MRB in halting a wheel is investigated.
To access the compatibility between theory or simulation, the evaluation has been made by comparing the wheel speed
and brake torque response between simulation and experiment. Noted that the MRB design, the test rig, as well as the
characterisation of the brake design that has been used in this study, can be found in [28] and [29]. The outline of this
paper has been arranged as follows; the first section introduces MR fluid in the vehicle brake system. Then, Section 2
presents the explanation of the model and hardware for MRB testing followed, by section 3, which presents the testing
equipment. Next, section 4 presents the control strategy of MRB. After that, section 5 presents the testing procedure of
MRB with the discussion of the results obtains. Finally, the conclusion of the works is presented in Section 6.

MODELS AND HARDWARE FOR MAGNETORHEOLOGICAL BRAKE TESTING

To determine the capability of the MRB in a wheel decelerating, a validate wheel dynamic model with MR fluid type
132-AD [30] that have been used is shown in Figure 1. As illustrated, it consists of a drive shaft that connects to the
three-phase motor through belting that provides a throttle torque, an MRB that provides the brake torque and a steel load
that represents a dynamic wheel. The MRB consists of three parts that are a moving rotor, a static body and a winding
coil. Moving rotor and a static body are made from mild steel and a winding coil that has been used in this design are
made from bronze wire [31]. Meanwhile, a connection between MRB and a drive shaft that consists of the moving
rotor is linked to the drive shaft via jaw coupling.
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Figure 1. Dynamic motion of MR brake.

Referring to Figure 1, the equation of motion of the system is described as:
Ts — Torake — Tc = Jauat (1)
where, Ty qxe 1S the brake torque, T, is the bearing viscous damping, T is the drive torque while the shaft is rotating

and J,;; is the total inertia. Since the rotation of the drive shaft is initiated by the motor torque, T, and amplified by the
load torque, T; that has a weight m rotating within the effective radius 7, the T; can be rewritten as:

T,= T+ T, (2)
where,
Pn
T = (% 3
m (wm) 3)
and
T, = mgn 4
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Noted that P,,, w,,, and g is the power of the electric motor, electric motor angular velocity and gravitational velocity,
respectively. On the other hand, T},4x. is the brake torque that is generated by shear friction between the static and moving
parts of MRB. Two main components that are contributed to the generation of braking torques are the torque due to the
effect of the magnetic field (Ty) and the torque due to the viscosity of fluid (T,). Mathematically, it can be expressed as:

Torake = Tu + Tp. (5)
Where
21
Ty = ?NkHﬁai(rf -3 (6)
and
T, = o Npty (1, — 1
u= ﬁ ﬂp(ro - 1w @)

where N is the rotor surface numbers, r; and 7, are the inner and outer radius, ws is the rotor angular velocity and the
brake rotor outer radius. Meanwhile, H? is the magnetic field intensity, i is the current that is applied to the magnetic coil,
while a;, k and B are the MR fluid constant parameters, respectively.

Otherwise, since the total moment of inertia (J,;) consists of a rotor, a shaft, a four pillow bearing, a sprocket wheel,
a V-type pulley and a steel load; the equation is written as J,ya = (/W) + mgr,) — (Ty + T,,) — 4cw. Upon calculation,
the J,;; values are 0.35 kg.m? and 0.454 kg.m?> when 10 kg and 15 kg steel loads are added to the system, respectively.
The technical specification details of the system are listed in Table 1.

Table 1. MR brake model parameters.

No. Symbol Description Value
1. Up Fluid viscosity 0.1-1 Pa.s
2. N Number of surfaces 2

3. h Fluid gap 0.0025 m
4. a; Proportional gain 12500 m™!
5. Ty The outer rotor radius 0.04 m
6. T The inner rotor radius 0.0l m
7. 1 The outer radius of load 0.09 m
8. c Constant viscous damping 0.08

HARDWARE AND TESTING APPARATUS

In this experiment, the capability of the MRB is determined by using the same test rig that has been used in [31] as
shown in Figure 2. It consists of an electric motor to actuate a drive shaft via an A-type V-belt, load cells that have been
coupled with a 238 mm arm to sense a brake torque that is produced by MRB and a wheel speed sensor to sense an angular
velocity of a drive shaft. An Integrated Measurement and Control (IMC) are used as the input/output devices for signal
processing.

._____" r——
Electric Motor " -

IMC Device

3
DC Power Supply
Personal Computer

N

Inverter Controller

Figure 2. Mechanical assembly of the MR brake test rig.
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THE CONTROL STRATEGY OF MR BRAKE

Figure 3 shows the MRB control strategy. It consists of one main controller loop known as wheel speed control that
governs the overall output of the wheel dynamic by using a proportional-integral— derivative (PID) controller. The
braking ability of the MRB is influenced by a wheel velocity (ws), and an actual wheel angular velocity (w,) is fed back
to the MRB actuator. In this experiment, the controller parameters are tuned by the method of trial and error, which later
is verified through sensitivity analysis. Analysis results show that the optimum parameter for proportional gain, K, (t),
integral gain, K;(t) and derivative gain, K4(t) are 44, 0.001 and 0.03, respectively.

[OF] i T,b Wg
— — c.a — Cur.ver — —_ I‘c -
Sp.scrr A e

The MRB model needs to be verified with the experiment in order to study the wheel angular velocity and braking
torque responses. Based on the numerical model that has been developed by [28], the responses of wheel angular velocity
and braking torque are similar to this experiment. In addition, the MRB torque proportionally increases when the current
increases and independent of the rotational speed. The MRB model is developed by following the behaviour trend of
MRB that is gathered through experiment. The MR brake actuator model is developed based on the characteristics of the
MR brake, where the brake torque increases proportionally with apply current and independent speed [30],[31],[32]. In
this model, the actuator is designed based on rotational wheel speed, and it is assumed that the torque remains the same
at all speed.

The simulation and experimental techniques that have been used in this study are based on the techniques that have
been used in [28], whereby a quarter vehicle model is able to produce speed 200 rpm to 1200 rpm. The shifting idea is
stated below:

v

Figure 3. MRB control strategy.

If  w, <wg, T, = brake off (8)
Else w, > wy, T, = brake on 9

The shifting equation stated above is used in the simulation of the MRB model in MATLAB based on an actual MRB
characteristic, as shown in Figure 4. It is known that the torque responses generated by a brake are depended on wheel
angular velocity. This model is used to verify the controllable wheel speed results obtained in this experiment with the
brake torque simultaneously. The brake torque is supplied continuously to maintain the desired speed (w,) thus providing
enough braking to keep the wheel speed at a certain speed. As stated in Eq. (8) and (9), when the wheel speed is less than
or equal to desired wheel speed, brake torque is not produced by the MRB. If an actual speed is greater than the desired
speed, an error occurred. The error that occurred is corrected by a controller by continuously supplying the current to
MRB until the desired speed is reached. Based on the proposed technique, the braking torque at a constant steady-state
can be achieved. By referring to Figure 4, the MRB actuator model consists of 6 blocks, which represents the brake model
based on an actual characteristic of MRB obtained from the experiment in Zainordin et al. [30]. Each block is connected
to the shifting block as a function torque selector depending on the wheel angular velocity by referring to Eq. (8) and (9).
The block is designed from 200 rpm to 1200 rpm with a step increment of 200 rpm for each block. A current is applied
to the current driver to activate the MRB until the wheel speed reached the desired speed. The times took to reach the
steady-state depending on the load that is attached to the system. Previous researchers have used the same model to study
the angular speed, torque and stopping distance via a comparison between simulation and experiment [28].
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Figure 4. MRB actuator model with shifting block.

RESULTS AND DISCUSSION

The main purpose of this assessment is to inspect the capability and the potential benefit of the proposed MRB actuator
in providing a braking response to slow down a wheel. This method is to make the braking severe enough to cause the
steel wheel load to slow down according to the desired speed need by a driver. Furthermore, it is an attempt to represent
a critical braking situation where the highest performance of the braking system is adequately challenged. This test
intended to show braking ability which may play a major role in preventing an accident. By using the stated brake test
rig, handling test procedure, namely sudden braking test, is carried out. In this stage, the assessments were performed in
three rotational speed conditions, which are from 127.5 rad/s (1200 rpm) to 31.42 rad/s (300 rpm), 52.37 rad/s (500 rpm)
and 73.31 rad/s (700 rpm), which used two different loads of 10 kg and 15 kg, respectively. The simulations and
experiment results of the braking test at all loads and speed conditions are shown in Figure 5 and Figure 6.
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Figure 5. Responses of wheel braking using MRB at 10 kg load and rotational speed of (a), (d) 127.5 to 31.42 rad/s,

(b), (e) 127.5 to 52.37 rad/s, and (c), (d) 127.5 to 73.31 rad/s.

8581

journal.ump.edu.my/ijame <



A.Z. Zainordin et al. | International Journal of Automotive and Mechanical Engineering | Vol. 18, Issue 1 (2021)

In this study, the observation is made by examining two main behaviours of the wheel dynamic, namely wheel speed
and brake torque responses, that are provided by the MRB system. The investigation of the wheel speed responses aimed
to see the data compatibility between the model and the hardware, thus validating the simulation model. From the
investigation, the behaviour of the simulation model, together with the appropriate brake controller, is almost similar to
the behaviour of the hardware. However, there is a small difference occurring in the transient responses, especially when
the system reaches and saturate at the desired speed. The difference in the results is due to the fact that it is difficult for
the hardware to maintain the constant ideal speed during braking due to the inertia of the wheel. The mismatched data
between simulations and experiment are recorded in Table 2. The data shows that the error between these responses is
almost less than 5 % error. According to Hudha [33], the essential characteristics in the control-oriented model is the
trend of the model responses. As long as the trend of the model responses is closely similar to the measure responses with
an acceptable level of deviations and errors, the results are acceptable. Aside from that, Rykiel [34] mentioned that the
satisfaction level of deviation between measure and simulate responses are below than 5 % of error. Therefore, based on
the statement, the model is realistic and can be used as the basis for assessing the effectiveness of the proposed MRB.
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Figure 6. Responses of wheel braking using MRB at 15 kg load and rotational speed of (a), (d) 127.5 to 31.42 rad/s,
(b), (e) 127.5 to 52.37 rad/s, and (c), (f) 127.5 to 73.31 rad/s.

In addition, the differences between the results are contributed by the slow braking torque delivered by the MRB
hardware system. It is clearly shown in the torque responses figure that even though the wheel speed responses are almost
similar, the ability of the MRB hardware to reach the necessary braking torque is 0.25 second slower than the simulations.
This difference is due to the internal friction within the hardware system, especially between two unsmooth contact
surfaces and the inertia of the internal components of the MRB that has caused the slow responses in the experimental
system. Moreover, the mismatch in the torque responses between the simulations and the experiment is also contributed
by the performance of the force sensor, where the sensitivity of the sensor is unable to capture the smallest torque produce
by the MRB. This is due to the existence of clearance at the connection between the load cell sensor and the arm that has
degraded the response of the MRB hardware. The difference between simulations and experiment are recorded in Table
2 and 3, whereby the percentage of deviation between simulations and experiment is almost less than 6 %.
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Table 2. RMS values and deviation percentage of the shaft angular velocity.

RMS shaft angular velocity response (rad/s)

Angular

10 kg 15 kg
speed Deviation Deviation
(rad/s) Simulation Experiment error (%) Simulation Experiment error (%)
31.42 31.57 31.93 1.14 30.56 29.67 291
52.37 52.52 52.31 0.4 52.54 53.68 2.17
73.31 73.48 70.05 4.67 73.46 72.92 0.74

Table 3. RMS values and deviation percentage of torque response

Angular RMS torque response (N)

10 kg 15 kg
speed Deviation Deviation
(rad/s) Simulation Experiment error (%) Simulation Experiment error (%)
31.42 3.386 3.184 5.97 3.738 3.896 4.22
52.37 2.903 3.071 5.79 3.452 3.567 3.33
73.31 2.668 2.829 6.03 3.070 2.955 3.75

The results show that the efficacy of PID control is undeniable. It acts well to produce the required braking torque
either in simulation or experiment. The efficacy is due to the effectiveness of the controller nature that is able to provide
excellent control performance despite variation in the dynamic characteristics of a process plant beside easy to be tuned
and implement.

CONCLUSION

In this study, the potential application of the magnetorheological brake system in an automotive vehicle is observed
through simulation and experiment. By using the simulated quarter vehicle dynamic model, the capability of the brake
system is verified through the sudden braking test in three-speed conditions with two different wheel loads. It is concluded
that the PID control used as the brake controller maximised the MRB application in the braking system. The simulation
results in this experiment shown that the usage of MRB in the braking system is able to produce the necessary braking
torque that is needed to slow down the vehicle to the required speed. In addition, the used of MRB in an actual vehicle
braking system is then explore experimentally through a quarter vehicle test rig. By using the same dynamic test in the
simulations, the performance characteristics of the MRB hardware are assessed. The results indicated that the MRB
actuator produces an overall good response by producing a good similarity in the trend with a less 1-second delay in the
time response as compared with the simulations. The delay in time response between experiment and simulations is due
to the frictions in the mechanical system. However, if the trend of the model responses is closely similar to the
experimental responses with an acceptable level of deviations and errors in magnitude [33], it is considered that the results
are acceptable. Therefore, based on the results obtained in this experiment, it is concluded that the usability of MRB in
automotive vehicle system is reliable, but an in-depth study should be done before it can be realised.
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