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Abstract—In recent times, the increase in traffic volume has led
to concerns regarding traffic congestion and safety issues. Various
approaches utilizing roadway infrastructure and vehicle systems
have been proposed to address these challenges. In this context,
we focused on human-machine interfaces that can provide direct
signals to humans. Haptic alerts have been extensively studied
using feedback mechanisms such as steering wheels or seats,
and previous research on pedal haptics has primarily aimed at
improving safety. However, to the best of the authors’ knowledge,
there is a lack of research specifically investigating driver
responses when pedal haptic feedback is provided. We propose a
novel approach utilizing a motor in the integrated brake system
as a feedback method. Our study aims to investigate the promise
of haptic alerts on the brake pedal method. Haptic alerts are
generated using a motor that activates the integrated brake
system, producing waves with specific frequency and amplitude.
Using this approach, an simulation on haptic alerts on the
brake pedal was conducted, evaluating the position command
followability of haptic alerts. The records were obtained by
simulating the position control of a three-phase motor for haptic
command waveforms with combinations of preset frequencies and
amplitudes. The results indicate that haptic alert requires the
appropriate frequencies and amplitudes under the performance
limits of the system. As part of our future work, we plan to
conduct experiments on external environment perception among
drivers and evaluate the impact of haptic alerts. Furthermore, we
intend to present haptic alert waves with various frequencies and
amplitudes to measure the resulting changes in driver response.

Index Terms—Haptic, Integrated Brake System, Traffic

I. INTRODUCTION

Recent studies are focused on haptic systems for enhance-

ment of stability and mobility of the vehicle [1]. As for

the nominal case of the enhancement of the human driver’s

perception, the haptic system is included for the steering wheel

or a driver’s seat [2], [3]. However, costs arise for the design

of the structure or system in order to additionally induce
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vibration. In the real case scenario, it is unnecessary to provide

sensitive/powerful haptic systems. Therefore, in the case of

using it just for reminding the driver, the basically-mounted

haptic function can be utilized. Among the pedal system, espe-

cially the brake system for instance, EHB (Electro-hydraulic

Brake) and EMB (Electro-mechanical Brake), the brake-by-

wire system can control the brake pedal without the human

driver’s action [4]. In this study, implementing a haptic alert

system to the brake pedal was discussed.

There are various types of applying haptic systems to the

gas pedals [5], [6]. Upper mentioned articles focus on the

car-following and applied with gas pedals, not the basically

mounted brake systems. On the other hand, neuro-muscle anal-

ysis was taken out to estimate the driver’s physical condition

not only the pedal haptic control [7]. However, this research

focuses on the enhancement of environmental cognition not

the actual state of the driver. Also, several researches were

conducted to investigate the effect of the haptic system applied

to the regenerative brake system [8]. In addition, the economic

driving cognition function was investigated [9]. However, by

far of the author’s knowledge, the brake haptic system focusing

on the alert system of the environmental situation was not

reported.

In this study, the following effect is anticipated by the use

of the proposed system. Firstly, it can aid the enhancement

of the driver’s mobility by recognizing the environmental

situations. Secondly, reducing the design cost of the haptic

feedback system since it does not require any additional motor

or structure modifications.

II. METHODOLOGY

In this section, the methodology of electro-mechanical brake

control is shown.
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Fig. 1. An example structure of Electro-mechanical brake. Without a vacuum
brake booster, PMSM (Permanent Magnet Synchronous Motor) assists the
power of the driver’s pedal load, or it is a structure that can automatically
operate the brake under the control of PMSM.

A. Electro-mechanical brake structure

The structure of the electro-mechanical brake is shown in

Fig. 1. The brake pedal is connected to the input rod, and

the travel sensor measures the linear position of the input rod.

The input rod compresses the inside of the master cylinder

and transmits hydraulic pressure to each wheel. In addition,

the input rod meshes with the gearbox composed of special

worm/worm gear and reduction gear and is connected to

the PMSM, and translates linearly according to the rotation

of the PMSM. In fact, the linear translation of the input

rod is proportional to the rotational position of the PMSM.

Therefore, in the brake system with the structure of Fig. 1,

the brake pedal can be moved through the control of PMSM.

Using this characteristic, a haptic system can be implemented

on the brake pedal.

B. Motor control

The PMSM is operated by supplying 3-phase current, and

time varying differential equation analyzes are required for

individual control of each phase. In order to solve the complex-

ity, Clarke and Park transformation is introduced to convert

three phases into two axes, d-axis and q-axis [10]. For exam-

ple, when the three-phase currents supplied to the motor are

obtained for feedback, the measured value is converted into dq-

axes-based variables by Clarke and Park transformation during

the control operation. Conversely, the demand voltages that

were calculated based on the dq-axes are supplied to the motor

in three phases by inverse Clarke and Park transformation.

Field-oriented control is a method of controlling a 3-phase

PMSM. A simplified control loop is introduced in Fig. 2.

In the inner loop, the outputs of current PI controller for the

d-axis and q-axis are applied with the inverse Clarke and Park

transformation. After the transformation, the 3-phase outputs

are converted to demand voltage through SVPWM (Space

Vector Pulse Width Modulation) technique. The 3-phase de-

mand voltages are finally generated by PWM (Pulse Width

Modulation) in devices such as FET (Field Effect Transistor).

In the intermediate loop and the outer loop, each PI controller

receives the demand position and the demand velocity and

outputs the demand target for the loop inside. The present

rotational incremental counter and sector of the motor are

obtained by hall sensors and encoders mounted on PMSM. The

angle and the angular velocity of the motor are calculated with

sensor data and used in position or velocity feedbacks and the

Clarke and Park transformation. In the motor controller circuit,

the current for each three phases are measured and fed back

in the current controller.

In this study, because control methods using the d-axis such

as MTPA (Maximum Torque Per Ampere) or flux weakening

control are not used, the demand voltage for d-axis Vd is

always set to zero. The torque and voltage equations of an

surface mounted PMSM for q-axis is shown in (2):

T =
3

2

p

2
λf iq (1)

Vq = R iq + ωeLid + L
diq

dt
+ ωeλf (2)

where T is the torque, p is the number of poles, L is the

inductance, id and iq are the current for each axis, λf is the

field flux caused by the permanent magnet, Vq is the voltage

for q-axis, R is the resistance of the stator, and ωe is the

electrical angular velocity [10].

III. SIMULATION

A. Haptic brake system settings

The Haptic Brake System (HBS) for the experiment is

configured with the EMB, EMB controller, and EMB jig as

described in Fig. 3.

The model iBooster of Bosch which is built in electric

vehicles of Chevrolet and Tesla is used for EMB. The EMB

is fixed at the EMB jig, and offers signals from internal travel

sensor to the controller. The controller acquires 3-phased hall

signals and two encoder signals from magnetic rotary position

sensor named AS5147P. Haptic signals are transmitted to the

brake pedal from the EMB controller.

B. Simulation

The haptic performance of the EMB was first verified by

MATLAB simulations prior to conducting the experiment with

subjects. Specifications of a virtual motor in the simulation

were set to measured and estimated values of the 3-phase

motor in the HBS. Parameters, symbols, and values used in

the simulation are introduced in Table I.

The haptic signal was the form of square waves with

various frequencies and amplitudes. In the real environment, a

square wave is preferred instead of a sinusoidal wave because

the controller has limited computing power. Therefore, the

square wave was used in the simulation. The haptic command

waveform design conditions for amplitudes and frequencies

are (0.5, 1.0, 1.5, 2.0, 2.5, 3.0) millimeters and (10, 7.5, 5, 2.5)
hertz each.
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Fig. 2. The cascade controller for PMSM. Inner loop for the current control and voltage control, an intermediate loop for the velocity control, and an outer
loop for the position control.

Fig. 3. The experimental hardware for pedal haptic function.

TABLE I
SELECTED MOTOR SPECIFICATION FOR SIMULATION.

Parameter Symbol Value

Rated Voltage Vr 12 V
Rated Velocity ωr 1920 RPM
Rated Torque Tr 1.58 N·m
Power P 316 W
Poles p 14
Resistance R 0.448 Ω

Inductance L 0.165 mH

Moment of Inertia J 0.0047 N·m2

Motor to Linear Ratio ρ 0.4 mm/rad
Voltage Constant Ke 0.12 V·s/rad
Torque Constant Kt 0.1 N·m/A

The structure of the simulation is three-staged cascade PID

controllers as shown in Fig. 2. PID gains were empirically

chosen for each controller (Table II).

In order to ensure the control performance, control periods

of each loop are different: 4000 hertz for the current controller,

1000 hertz for the velocity controller, and 250 hertz for the

TABLE II
PID GAINS FOR PI AND PID CONTROLLERS.

Controller Gain Value

Current P 0.485
Current I 0.5
Velocity P 1.2
Velocity I 0.12
Position P 20
Position I 0.01
Position D 200

position controller. The simulation was conducted for 1 second

while giving a haptic command.

IV. RESULTS AND DISCUSSION

In this section, the simulation results according to various

amplitudes and frequencies are presented. Firstly, the com-

parison of waveforms are offered. Next, the position control

results for square waves are also presented.

A. Comparison of waveforms

Demand positions from haptic command waveform and

position control outputs for sinusoidal and non-sinusoidal

waves are presented in Fig. 4 and Fig. 5.

Fig. 5 suggests the fact that the periodic haptic command

waveform causes the position control output to oscillate re-

gardless of its shape. The phase, amplitude, and shape are

slightly different for each output waveform, which is thought

to be due to different followability. Unlike a sinusoidal wave,

a triangular wave has a non-differentiable point. Also, the

square wave consists of step inputs rather than ramp inputs of

the triangle wave. From the morphological characteristics of

the haptic command waveform, the influence on the vibration

characteristics can be confirmed.
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Fig. 4. Demand position of each waveform (1 mm amplitude and 5 Hz
frequency for all).

Fig. 5. Simulated outputs by the position control command in each wave-
form (1 mm amplitude and 5 Hz frequency for all).

B. Comparison of wave parameters

The simulation results of position control for demand wave-

forms are presented in Fig. 6, Fig. 7, Fig. 8, Fig. 9, Fig. 10,

Fig. 11.

For a demand position of the same amplitude, as the

frequency increases, the amplitude of the position control

output gradually decreases. For example, in the case of 10

hertz, the amplitude of the position control output was de-

creased to 10-20% of the demand position. The decrease in

position control output seems to arise due to the transition in

demand position occurs as often as the speed of the frequency.

However, even if the followability of the demand position is

low, there is a possibility that the subject’s senses can detect

the vibration in the experiment. It is requisite to obtain a range

of frequencies in which the subject feels the haptic through

future experiments.

In the large amplitude region, a bias from the center point of

the vibration that varies with time is identified in the position

control output. Also, as the frequency increases, the bias also

Fig. 6. Simulated outputs by the position control command in each frequen-
cies (0.5 mm amplitude for all).

Fig. 7. Simulated outputs by the position control command in each frequen-
cies (1 mm amplitude for all).

Fig. 8. Simulated outputs by the position control command in each frequen-
cies (1.5 mm amplitude for all).
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Fig. 9. Simulated outputs by the position control command in each frequen-
cies (2 mm amplitude for all).

Fig. 10. Simulated outputs by the position control command in each
frequencies (2.5 mm amplitude for all).

Fig. 11. Simulated outputs by the position control command in each
frequencies (3 mm amplitude for all).

tends to increase. It is required to consider the amplitude for

the experiment, and it is also necessary to experiment whether

the subject feels a sense of heterogeneity for the changing

center point of the vibration.

In conclusion, the range of frequency and amplitude is

restricted due to the performance limitations of the motor

set in the simulation. Moreover, not only motors but also

EMB controllers have limitations in current input and output.

Therefore, increasing controller performance is the main point

of improvement. For a fast reaction rate, flux weakening

control is required for extending the maximum velocity. MTPA

technique also expected to overcome the maximum current

limit. In addition, methods to increase the position followa-

bility to predictable haptic commands can be adopted. If only

the embedded haptic waveform is provided without changing

the waveform, using a predefined map for the waveform will

provide good performance.

V. CONCLUSION

Our research introduced a novel approach employing a

motor integrated into the EMB to provide haptic feedback.

The main objective was to investigate the prospect of motor-

driven haptic alerts. By generating haptic alerts with prede-

fined frequencies and amplitudes, we conducted simulations

to evaluate the performance of motor control for periodic po-

sition command. The results revealed the importance of using

appropriate frequencies and amplitudes within the system’s

performance limits to achieve optimal haptic alert outcomes.

The future work aims to conduct experiments with drivers

and developed HBS. First of all, the driver’s perception of

the external environment and the effect of the haptic alarm

will be evaluated. Later, we will proceed with analysis of

various frequencies and amplitudes to specify the optimal

haptic alarm.
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