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Abstract 

Recent developments have demonstrated that the brake pedal simulator (BPS) is becoming an indispensable appara-
tus for the break-by-wire systems in future electric vehicles. Its main function is to provide the driver with a comfort-
able pedal feel to improve braking safety and comfort. This paper presents the development and control of an adjust-
able BPS, using a disk-type magnetorheological (MR) damper as the passive braking reaction generator to simulate 
the traditional pedal feel. A detailed description of the mechanical design of the MR damper-based BSP (MRDBBPS) is 
presented in this paper. Several basic performance experiments on the MRDBBPS prototype are conducted. A return-
to-zero (RTZ) algorithm is proposed to avoid hysteresis and improve the repeatability of the pedal force. In addition, 
an RTZ algorithm-based real-time current-tracking controller (RTZRC) is designed in consideration of the response lag 
of the coil circuit. Finally, an experimental system is established by integrating the MRDBBPS prototype into a self-
developed automotive MR braking test bench (AMRBTB), and several control and braking experiments are performed. 
This research proposes a RTZRC control algorithm which can significantly increase the tracking accuracy of the brake 
pedal characteristic curve, particularly at a high pedal velocity. Additionally, the designed MRDBBPS prototype can 
achieve an effective and favorable control of the AMRBTB with a good repeatability.

Keywords: Brake pedal simulator, Magnetorheological damper, Return-to-zero algorithm, Real-time current-tracking 
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1 Introduction
As vehicles develop towards electrification, intellectu-
alization, lightweightness, and integration [1], the dis-
advantages such as complex structure, low efficiency, 
and response lag of the conventional hydraulic braking 
(CHB) system are becoming increasingly prominent. The 
brake-by-wire (BBW) system, characterized by high effi-
ciency, energy-saving, fast response, and flexible layout, 
is becoming the development trend of the future electric 

vehicle braking systems [2, 3]. It uses an electronically 
controlled brake actuator to achieve vehicle braking with-
out a direct mechanical or hydraulic connection between 
the brake actuator on each wheel and the brake pedal [4–
6]. Here, the driver cannot directly perceive the braking 
reaction fed back to the brake pedal during vehicle brak-
ing, which means the traditional brake pedal feel (BPF) is 
lost. Therefore, a new type of brake pedal simulator (BPS) 
suitable for the BBW system should be developed. By 
accurately simulating the traditional pedal characteristics 
between the pedal force and pedal displacement, a com-
fortable BPF can be supplied for the driver to improve 
braking safety and comfort [7].
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There are generally two types of BPS: non-adjustable 
and adjustable. The non-adjustable BPS can only simulate 
a fixed relation curve between the pedal force and pedal 
displacement. Aoki et al. [8] designed a BPS consisting of 
rubbers, cylinders, and springs. The BPF is generated via 
the compression of the rubbers. Zehnder et al. [9] devel-
oped a BPS based on rubber and coil springs. The rub-
ber spring is used to simulate the BPF and the coil spring 
is used for the automatic return of the brake pedal. The 
pedal force of the BPS is limited to be less than 200 N. Liu 
et al. [10] proposed a BPS consisting of two inline springs 
and a parallel spring for application in the electrohydrau-
lic hybrid braking system. Yu et  al. [11] designed a BPS 
using two torsion springs to simulate the BPF and pushed 
the pedal back in situ when released. The adjustable BPS 
is superior to the non-adjustable one in terms of better 
adjustability and adaptability. It can simulate the alterable 
pedal characteristics to produce the desired BPF for the 
driver. Flad et al. [12] designed an adjustable BPS that was 
primarily composed of a stepper motor, planetary gear, 
and brake pedal. It could simulate the required pedal 
characteristics online by regulating the resistance torque 
of the step motor. Farshizadeh et  al. [13] presented the 
design of a BPS using a motor and rack-pinion mecha-
nism to produce the braking reaction. Hildebrandt et al. 
[14] developed a BPS by combining an electric pump, a 
servo valve, and a differential cylinder.

In summary, although the non-adjustable BPS is simple 
in structure, it cannot satisfy the differentiated require-
ments of the desired BPF among various types of vehicles 
and drivers of different genders, ages, and driving experi-
ences. For the adjustable type, electric motors and pumps 
are generally used to provide the braking reaction. How-
ever, this may generate discomfort to drivers because of 
their rigidity property in nature. Additionally, they are 
frequently bulky and heavy, which is not conducive to 
the lightweightness and integration of the vehicle braking 
system. Consequently, a soft, compact yet powerful, and 
passive damping device is required to produce a comfort-
able BPF for the BPS.

Over the past decades, the emergence of smart materi-
als has significantly accelerated the development of engi-
neering equipment. Magnetorheological fluids (MRFs) 
belong to the family of smart materials, typically contain-
ing micro-sized ferromagnetic particles suspended in 
carrier fluids [15–18]. They have been widely applied in 
the vehicle industry [19], such as in suspensions [20–22], 
shock absorbers [23, 24], clutches [25], and brakes [26, 
27], owing to their outstanding rheological properties. 
The magnetorheological (MR) damper employs MRFs as 
the operating media to produce a controllable damping 
force accurately, efficiently, and conveniently solely by 
adjusting the coil current. Compared with conventional 

active power components, it has the advantages of a 
large torque/weight ratio, low power consumption, rapid 
response, and better controllability [28]. In many appli-
cations involving rehabilitation robots [28, 29], haptic 
gloves [30], teleoperation [31], medical [32], and virtual 
reality [33], the MR damper has proved to be a suitable 
option for passive-force-generation devices.

In addition, the accurate simulation of BPS has impor-
tant reference value for driver braking judgment. Day 
et  al. [34] simulated the parameters that affected BPS 
in AMESim simulation software, and got a good brake 
pedal feel. A new hybrid genetic neural network opti-
mization model has been proposed and applied to the 
dynamic control and optimization of braking perfor-
mance and brake pedal stroke in the braking process [35]. 
Yan et al. [36] studied the application of model predictive 
control schemes and robust H∞ state feedback control in 
trajectory tracking, and tested the performance of con-
trol algorithms under different conditions. The BPS is 
established in Matlab/Simulink software, and a detailed 
mathematical description of the vacuum booster system 
is carried out [37]. All these provide the basis for the best 
BPS control.

This study aims to develop an adjustable BPS to simu-
late the traditional BPF for the vehicle BBW system. For 
this, a disk-type MR damper is designed as the genera-
tor of the passive braking reaction under the excitation of 
a low-voltage direct current. Since the BPF is described 
by the relationship curve between pedal displacement 
and pedal force, known as the brake pedal characteris-
tic curve (BPCC), a precise real-time tracking control 
of the BPCC is still necessary for the BPS to provide the 
driver with an accurate and comfortable BPF. Therefore, 
a return-to-zero (RTZ) algorithm is proposed to avoid 
the inherent magnetic hysteresis associated with the MR 
damper. In addition, a real-time current-tracking con-
troller integrated with the RTZ algorithm is designed in 
consideration of the response lag of the coil circuit. The 
control effect of the proposed current-tracking algorithm 
and the practical application performance of the MR 
damper-based BPS (MRDBBPS) prototype are evaluated 
through experiments.

The highlight of this paper is that a controllable mag-
netorheological damper with compact structure and con-
tinuous damping force is designed to simulate the pedal 
force, and a current tracking controller based on RTZ 
algorithm is proposed, which effectively improves the 
simulation effect of the pedal force. Finally, a MRDBBPS 
prototype is built and braking experiments are carried 
out with AMRBTB to verify that the designed MRDBBPS 
prototype can effectively control AMRBTB. Compared 
with other adjustable BPS based on motor and pump, the 
MRDBBPS designed in this study can adjust the pedal 
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feeling according to personal habit vehicle performance, 
and can simply and quickly meet people’s individual 
needs. In addition, its mechanical structure is relatively 
simple, which is more conducive to the integrated design 
of electric vehicles in the future [38].

The remainder of this paper is structured as follows: the 
mechanical design and basic performance experiments 
of the MRDBBPS are described in Section  2. Section  3 
presents the design and implementation of a real-time 
current-tracking control algorithm for the accurate simu-
lation of the BPCC. Section 4 describes the development 
of an automotive MR braking system integrating with the 
MRDBBPS prototype, and the experimental evaluation of 
the control effect of the current-tracking algorithm and 
the practical application performance of the MRDBBPS 
prototype. Finally, the paper is concluded in Section 5.

2  Development of the MRDBBPS
Figure  1 shows the configuration of the proposed 
MRDBBPS. An encoder is connected to the pedal shaft 
through an elastic coupling, and a pedal force sensor is 
fixed on the brake pedal. Two ends of a torsion spring are 
connected with the brake pedal and support, respectively. 
An overrunning clutch is used to achieve the power 
engagement/disengagement between the pedal shaft 
and driving gear. The driven gear is connected to the MR 
damper. During the process of vehicle braking, the pedal 
force sensor detects the pedal force, and the encoder 
obtains both the pedal displacement and pedal velocity 
when the driver steps on the pedal. The collected signals 
are transmitted to a data acquisition and control unit that 
is also used as the current supply for the MR damper to 
generate the required damping force. During this period, 
the driver perceives the braking reaction, known as BPF.

In contrast, the overrunning clutch separates the pedal 
shaft from the driving gear when the driver releases the 
pedal, and the brake pedal automatically resets under the 
action of the torsion spring.

2.1  Performance Index Requirements
Performance indexes of the designed MRDBBPS are 
listed as follows: the maximum pedal displacement was 
120 mm, the maximum pedal force was 500 N, and the 
maximum pedal velocity is 500 mm/s. Figure 2 shows the 
force diagram of the brake pedal. In the figure, P1 repre-
sents the initial position of the pedal, and P2 is the posi-
tion after the pedal rotates at an angle of α . F  is the pedal 
force, and r is the vertical distance from the action center 
of the pedal force to the rotational centerline of the pedal 
shaft. In the design, r = 150 mm.

In the preliminary design, without considering the 
spring force and friction resistance, the relationship 

between the pedal force F  and the damping torque of 
the MR damper TM , and that between the pedal veloc-
ity v and the rotational speed of the driven gear n are 
described by

Figure 1 Configuration of the proposed MRDBBPS

Figure 2 Force diagram of the brake pedal
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where i is the transmission ratio of the driving gear and 
driven gear; i = 4 . By substituting the values of the per-
formance indexes and i into Eqs. (1), (2), the required 
maximum damping torque of the MR damper is calcu-
lated as TMmax

= 18.75 N ·m , the maximum rotational 
speed of the driven gear is nmax = 127 r/min , and the 
maximum rotation angle of the pedal is 45.84°.

2.2  Design of the Disk‑Type MR Damper
As described above, a disk-type MR damper shown in 
Figure  3 is designed to provide the braking reaction for 
the BPS. Without current supplied to the coil, the MRFs, 
filled in the working gap between the disk and the hous-
ing, exhibits Newtonian fluid characteristics, resulting in 
a very small damping torque. When the coil is energized, 
a magnetic field is generated in the working gap. The fer-
romagnetic particles in the MRFs attract to form a solid-
like structure perpendicular to the disk instantly, and a 
large damping torque is produced. In this design, a sin-
gle-disk form is utilized for the MR damper. According to 
Ref. [28], the total damping torque TM can be expressed 
as

where τy is the field-induced shear stress of the MRFs, η 
is the apparent viscosity of the MRFs, R2 and R1 are the 
effective outer and inner radii of the working gap, respec-
tively, h is the working gap thickness, and ω is the angular 
velocity of the shaft; ω=nπ/30.

The material properties of the MRFs significantly affect 
the operating performance of the MR damper. In this 
study, a type of MRFs (model SG-MRF2035), provided 
by Ningbo Shangong Monitoring and Control Engi-
neering Co., Ltd., is selected. Its apparent viscosity is 
η= 240 MPa · s . Referring to the relationship between the 
field-induced shear stress τy and the magnetic flux den-
sity B measured in our previous study [39], the following 
equation is derived using the polynomial fitting method

Eq. (4) indicates that τy is fully determined by B. For a 
coil current of 1.1 A, a two-dimensional electromagnetic 
simulation of the MR damper is conducted. The distri-
bution of magnetic flux density is shown in Figure  4, 

(1)TM =
r

i
· F ,

(2)n =
30i

πr
· v,

(3)TM =
4

3
πτy(R

3
2 − R3

1)+
πηω

h
(R4

2 − R4
1),

(4)
τy = −0.84034 + 57.88768B+ 126.059485B2

−216.76608B3
+ 85.27012B4

.

which shows that the maximum flux density appears at 
the housing near the coil and its value is approximately 
1.57 T, which is lower than the saturation flux density of 
the selected material (ISO C20e). Moreover, the flux den-
sity distributes approximately uniformly along the radial 
direction of the working gap with an average value of 0.44 
T. Combining Eqs. (1) to (4), the total damping torque is 
calculated as TM = 22.9 N ·m > TMmax

= 18.75 N ·m , 
which means the torque output of the MR damper satis-
fies the design requirements.

2.3  Selection of the Torsion Spring
As mentioned earlier, the main function of the torsion 
spring is to provide a reaction force to the pedal when 

Figure 3 Structural diagram of the disk-type MR damper: (a) 
Three-dimensional model, (b) two-dimensional sectional view
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released. However, while the pedal is pressed, the tor-
sion spring also produces a resistance expressed as

(5)Ts =
Ed4s αs

3670nDs

,

where Ts is torsional resistance torque of the torsion 
spring; E is the elastic modulus of the material for the 
torsion spring, E=206 GPa ; ds is the wire diameter, 
ds=3 mm ; Ds is the mean diameter of the torsion spring, 
Ds=29 mm ; n is the effective number of the wire turns, 
n=4 ; and αs the torsional angle of the spring.

By substituting the above parameter values into Eq. (5), 
Ts can be rewritten as

According to Figure  2, the relationship between the 
pedal displacement s and the torsional angle of the spring 
αs is expressed as

Thus, the relationship between Ts and s can be written 
as

The maximum torsional resistance torque provided by 
the torque spring is calculated as 1.8 N·m by substituting 
the value of maximum pedal displacement into Eq. (8). 
It accounts for approximately 7.8% of the total damping 
force of the MR damper; thus it is ignored in this study.

2.4  Basic Performance Experiments
Without coil current applied to the MR damper, the 
pedal force is the sum of the Coulomb friction resist-
ance generated by bearings and rotary rings and the vis-
cous resistance of the MRFs. It is measured at different 
pedal velocities and the results are plotted in Figure 5(a). 
As observed, the value of the pedal force is considerably 
small, basically fluctuating at approximately around 16 
N. Figure  5(b) presents the variation in the pedal force 
with time for a coil current of 0.4 A. The pedal force is 
observed to increase slightly with the pedal velocity, 

(6)Ts = 0.0392αs.

(7)s =
αs

180
rπ.

(8)Ts = 0.015s.

Figure 4 Flux density distribution of the (a) MR damper and (b) disk

Figure 5 Experimental results of basic performances for the MRDBBPS prototype: (a) Pedal force versus pedal velocity (I = 0 A), (b) pedal forces at 
different pedal velocities, (c) pedal force versus coil current for the current increasing and decreasing stages
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which means that the pedal velocity has only a slight 
effect on the pedal force. As the coil current changes 
from 0→1.1→0 A, the relationship curves between the 
pedal force and the coil current are gained in Figure 5(c). 
The two curves do not coincide with each other in the 
current increasing and decreasing stages. Specifically, the 
pedal force at the current decreasing stage is higher than 
that at the current increasing stage. We can infer that the 
pedal force generated by the MRDBBPS has an apparent 
hysteresis effect. The main reason is that MR fluids are 
composed of soft magnetic particles and other materials. 
In the process of repeated magnetization, the change of 
magnetic induction intensity of magnetic material always 
lags behind its magnetic field intensity, which will lead 
to the obvious hysteresis effect of pedal force. Moreo-
ver, the measured pedal force at a coil current of 1.1 A 
is 552 N, higher than the required value of 500 N, which 
means that the MRDBBPS prototype satisfies the force 
requirement.

3  Return‑to‑Zero Based Real‑Time 
Current‑Tracking Control Algorithm

3.1  Brake Pedal Characteristic Curve (BPCC)
Figure 6 depicts the relationship between the pedal force 
and pedal displacement, known as BPCC, for a CHB sys-
tem in an A0-class car, which is obtained by testing the 
pedal characteristics of the hydraulic braking system of a 
passenger car [40]. In the figure, stage OA is for the elim-
ination of the pedal clearance, during which the pedal 
force increases inconspicuously with the pedal displace-
ment. However, the pedal force increases faster with the 
pedal displacement at stage AB because it acts on the 
vacuum booster. In stage BC, the pedal force acts directly 

on the brake cylinder and its value increases rapidly. In 
general, the pedal force increases non-linearly with the 
pedal displacement, and the increasing trend accelerates 
as the pedal displacement increases.

3.2  Return‑to‑Zero (RTZ) Algorithm
As Figure 5(c) shows, the pedal force exhibits an apparent 
hysteresis when the coil current is not 0. In other words, 
two pedal force values map to the same current value, 
which negatively affects the control accuracy. Figure  7 
shows the change in the pedal force with the coil current 
in the range of 0→0.4→0→0.8→0→1.1→0 A. Gener-
ally, the pedal forces are equal without hysteresis when 
the current reduces to 0 from different values. Based on 
this feature, an RTZ algorithm is proposed to avoid the 
hysteresis of the pedal force.

The basic concept of the proposed RTZ algorithm is 
described as follows: when the driver steps on or main-
tains the pedal in an applied position, the pedal velocity 
v ≥ 0 , and a coil current is applied to the MR damper 
in accordance with the real-time pedal displacement. In 
contrast, if the driver releases the pedal, the pedal veloc-
ity v < 0 , and an RTZ operation should be performed to 
the coil current. The algorithm can ensure that the coil 
current is applied from 0 every time the pedal is pressed 
to effectively avoid the hysteresis effect and improve the 
control accuracy and repeatability.

3.3  Real‑Time Current‑Tracking Algorithm
The RTZ algorithm requires the coil current to be 
capable of changing to the desired value in real-time. 
However, in practice, the response lag of the coil circuit 
also affects the real-time performance of the current 

Figure 6 Relationship between the pedal force and pedal 
displacement for a CHB system

Figure 7 Changes in the pedal force once the coil current reduces to 
0 from different values
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output. Normally, the rheological time of MRFs is neg-
ligible, within a few milliseconds [41, 42]. While using 
a constant voltage source U as the power supply of the 
coil, the coil circuit can be equivalent to a series circuit 
composed of an inductor L and a resistor R. The follow-
ing equation can be obtained

Subsequently

where τ is the response time of the coil current, τ =
L
R . 

For the first-order inertial link, the response time refers 
to the time required for the current to attain 63.2% of its 
stable value. In this design, the response time is calcu-
lated as τ=90 ms according to the coil parameters. Since 
the brake pedal operates in a rapid movement state, a 
relatively large time delay negatively affects the accurate 
control of the coil current.

Therefore, a real-time current-tracking algorithm is 
proposed with its principle presented in Figure  8. At 
the initial moment, the current is I0 . When I1 is applied, 
5τ is required for the current to attain a stable value. 
However, the required time for the current to attain I1 
abruptly reduces to τ1 when I2 is applied. Since τ1 ≪ 5τ , 
a rapid response of the current is achieved, and the fol-
lowing equation can be obtained

Then

(9)L ·
dI

dt
+ R · I = U .

(10)I(t) =
U

R
(1− e−

t
τ ),

(11)(I2 − I0) · (1− e−
τ1
τ ) = I1 − I0.

Since the cycle of the pulse-width modulation (PWM) 
signal provided by the selected control card is 20 ms, the 
required time for the current to increase from I0 to I1 
should be less than 20 ms. To avoid overshoot, the value 
of τ1 is set as 20 ms.

Substituting the values of τ and τ1 into Eq. (12) yields

where �I = I1 − I0.

3.4  Controller Design
As shown in Figure 9, the controller is designed by con-
sidering the pedal displacement as the input and the duty 
ratio of the PWM signal as output. First, the equation of 
the relationship between the pedal force F and the pedal 
displacement s is fitted based on the BPCC in Figure 6. 
Subsequently, the relationship between the coil current I 
and the pedal force F is fitted by polynomial curve based 
on the least square method referring to the experimental 
data in Figure 5(c). During this step, the RTZ algorithm 
is integrated to determine whether the coil current must 
be reset to zero. Finally, because I is regulated by chang-
ing the duty ratio of the PWM signal d, the relationship 
between d and I is fitted accordingly.

Considering the hysteresis effect, the equation of the 
relationship between I and F can be adjusted by introduc-
ing the RTZ algorithm as follows:

where ξ is the coefficient of the RTZ algorithm. A pedal 
velocity of v ≥ 0 means that the driver steps on or holds 
the pedal in the applied position, then ξ=1 . If the pedal 
speed v < 0 , it means the driver releases the pedal, then 
ξ=0.

Figure  10 exhibits the block diagram of the RTZ 
algorithm-based real-time current-tracking control-
ler (RTZRC). When the pedal is pressed, the encoder 
collects the values of s and v. If v < 0 , the coil current 
returns to zero. Otherwise, the theoretical current I1 is 
calculated with reference to Eq. (14), and it is transferred 
to the real-time current-tracking algorithm. Combining 
it with the initial current I0 detected by the current sen-
sor, the actual current I2 and the duty ratio of the PWM 
signal d are calculated in turn. Finally, the corresponding 

(12)I2 =
I1 − I0

1− e−
τ1
τ

+ I0.

(13)I2 = 5�I + I0,

(14)
I = ξ · (−0.0469+ 0.00343F − 5.13951

×10
−6

F
2
+ 4.89031× 10

−9
F
3

)

,

(15)ξ =

{

1, v ≥ 0,

0, v < 0.

Figure 8 Principle of the real-time current-tracking algorithm
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coil current is supplied to the MR damper by the PWM 
signal, and the actual pedal force is measured by the 
pedal force sensor.

4  Experimental Evaluation
The following experiments are performed on the 
MRDBBPS prototype in combination with a self-devel-
oped automotive MR braking test bench (AMRBTB): 1) 
Tracking control experiments on the MRDBBPS pro-
totype to evaluate the accuracy and effectiveness of the 
proposed control algorithm; 2) Braking experiments on 
the AMRBTB integrated with the MRDBBPS prototype 
to verify its actual control effect on the vehicle braking 
process.

4.1  Experimental System
The experimental system, shown physically in Fig-
ure 11, is established by integrating the MRDBBPS pro-
totype into the self-developed AMRBTB. As shown in 

Figure 11(a), the entire system is primarily composed of 
three subsystems including the AMRBTB, a data acqui-
sition and control system, and the MRDBBPS prototype. 
In more detail, the AMRBTB orienting to an A0-class 
quarter-car is developed using the single-ended inertial 
flywheel simulation mode. It primarily includes a motor, 
a flywheel set, a torque/speed sensor, an MR brake, as 
well as several couplings and supports. The main design 
parameters of the AMRBTB are listed in Table  1. For 
the data acquisition and control system shown in Fig-
ure 11(b), a main control card (model 74HC244) is used, 
which has a total of 16 input and output interfaces: 8 for 
analog-to-digital (AD) signal acquisition, 4 for counting, 
and 4 for the PWM signal output.

4.2  Control Experiments on the MRDBBPS Prototype
As mentioned above, to realize an accurate simulation 
of the BPCC is the key index to measure the perfor-
mance of the MRDBBPS prototype and the proposed 

Figure 9 Design process of the controller

Figure 10 Block diagram of the RTZ algorithm-based real-time current-tracking controller (RTZRC)
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control algorithm. Figure  12 exhibits a comparison of 
the BPCC tracking effect without and with the pro-
posed control algorithm. To comprehensively assess 
the control performance under various conditions, the 
experiments are carried out at three levels of pedal 
velocity: low, medium, and high. The results indicate 
that the actual pedal force is apparently lower than the 
ideal pedal force, primarily because of the response 
lag of the coil induction circuit without the proposed 
control algorithm. The mean absolute error is used to 
evaluate the force tracking effect. The mean absolute 
error of force tracking at low, medium and high pedal 
velocity is 17.19 N, 19.90 N, 30.49 N without con-
trol algorithm respectively. As shown in Figure  12(b), 
with the help of the proposed control algorithm, the 
tracking effect turns much better, even at a high pedal 
velocity, and the mean absolute error of force tracking 
with control algorithm is 8.19 N, 8.90 N, 10.49 N. The 

Figure 11 Experimental system: (a) Physical map, (b) data acquisition and control system

Table 1 Main design parameters of the AMRBTB

Design parameter Value

Target vehicle Full-load mass (kg) 1150

Wheelbase (m) 2.34

Distance between the gravity 
center and the front axle (m)

1.15

Height of the gravity center when 
full-loaded (m)

0.55

Rolling radius of the tire (m) 0.24

Flywheel Diameter (m) 0.34

Thickness (m) 0.02

Mass (m) 55

Maximum braking torque of the MR brake (N·m) 240.3

Moment of inertia for the flywheel set (kg·m2) 12.77

Motor model Y132 M-4

Figure 12 Comparison of the BPCC tracking effect
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phenomenon in return verifies the effectiveness of the 
proposed control algorithm in Section III.

In order to further verify the effectiveness of the 
designed control algorithm, we have chosen the conven-
tional PID algorithm for the pedal force tracking com-
parison experiment, and PID parameters are tuned based 
on the designer’s experiences. As shown in Figure 13(a), 
comparing the experimental results of the three algo-
rithms, both the PID algorithm and the proposed RTZRC 
algorithm have good tracking effects compared with the 
uncontrolled algorithm. However, an apparent hysteresis 
occurs without the control algorithm and the current dif-
ference becomes very large. As shown in Figure  13(b), 
When using RTZRC algorithm, the current is observed 
to approach the desired value, the current difference is 
maintained within 0.04 A and the mean absolute error of 
current difference is less than 0.016 A. The mean absolute 

error of current difference is slightly larger by PID algo-
rithm, about 0.049 A. As a consequence, the RTZRC 
algorithm designed in this study has a good tracking 
effect on pedal force and coil current.

Figure  14 shows the variations in the pedal displace-
ment, pedal force, and pedal velocity during the intermit-
tent braking process. In the three experiments, labeled 
A, B and C, the pedal is initially pressed for different dis-
placements, and then released, followed by a re-pressed 
again. The variation in the pedal force is observed to still 
satisfy a good tracking effect of the BPCC, and the results 
verifies the effectiveness of the RTZRC algorithm.

4.3  Braking Experiments on the AMRBTB
In this study, three groups of braking experiments with 
different intensities are conducted, including two emer-
gency braking experiments (I and II), and a normal brak-
ing experiment (III). Figure  15 presents the changes 
in pedal displacement, velocity, and force under dif-
ferent braking intensities. The variation curves of the 
pedal parameters are observed to be basically consist-
ent between experiments I and II, which indicates good 
repeatability for the MRDBBPS prototype. In addi-
tion, the maximum values of three pedal parameters in 
an emergency braking are greater than these in normal 
braking.

Figure  16 shows changes in the braking torque of the 
MR brake and vehicle speed during braking. Similarly, 
the changing curves under emergency braking I are 

Figure 13 Effect of the proposed control algorithm on (a) current 
and (b) current difference

Figure 14 Variations in the pedal parameters during the intermittent 
braking process
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coincident with those under emergency braking II. The 
results indicate that the MRDBBPS prototype has a sta-
ble control effect on the AMRBTB under the same condi-
tions. Moreover, the vehicle speed is observed to decline 
gradually under the action of the braking torque provided 
by the MR brake. For normal braking III, because of a 
small maximum pedal displacement, the braking torque 
is small, and the vehicle speed decreases gradually. The 
braking times are approximately 5.5 s and 6.8 s for the 
emergency and normal braking, respectively.

Figure  17 depicts the braking parameter variations 
of the AMRBTB while the brake pedal is pressed. As 
observed, the coil current, braking torque, and vehicle 
speed all change in accordance with the pedal displace-
ment. For the first step on the brake pedal with a small 

Figure 15 Variations in pedal parameters under different braking intensities: (a) Pedal displacement, (b) pedal velocity, (c) pedal force

Figure 16 Changes in (a) the braking torque of the MR brake and (b) 
the vehicle speed during braking

Figure 17 Braking parameter variations in the AMRBTB while 
stepping on the brake pedal
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displacement, the vehicle speed declines gradually. After 
the brake pedal is released and re-pressed with a larger 
displacement, the declining trend of the vehicle speed 
becomes faster. The results verify that the MRDBBPS 
prototype achieves an effective and favorable control of 
the AMRBTB.

5  Conclusions

(1) In order to simulate the required BPF, a MRDBBPS 
based on the performance index is designed, which 
uses a compact disk-type MR damper to passively 
produce a controllable damping force under the 
excitation of a low-voltage direct current.

(2) The theoretical analysis and electromagnetic simu-
lation of the designed MR damper are carried out, 
and several experiments on the pedal force charac-
teristics of the MRDBBPS prototype are conducted. 
The results show that the maximum pedal force sat-
isfies the design requirement.

(3) A real-time current tracking controller (RTZRC) 
based on RTZ algorithm is designed. By comparing 
the characteristic relationship between pedal dis-
placement and pedal force, current and current dif-
ference under various algorithms, it is proved that 
RTZRC algorithm has good control performance 
and ensures the stability and accuracy of the rela-
tionship between pedal force and pedal displace-
ment.

(4) The MRDBBPS prototype is integrated into the 
AMRBTB, and several control and braking experi-
ments are conducted. Two groups of emergency 
braking experiments and one group of normal brak-
ing experiments are carried out to verify the stable 
control effect of the brake pedal sensation simulator 
on the brake test platform.

(5) Future studies are going to be executed regarding 
the structural optimization of the MRDBBPS and a 
more efficient control algorithm will be designed to 
achieve accurate real-time control of the relation-
ship between pedal displacement and pedal force 
characteristics.
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