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Abstract. This work is part of Brazil’s "Rota 2030" program, which aims to encourage R&D in the production of auto-
motive technologies to improve vehicle quality and environmental care. The program also establishes mandatory safety
requirements for vehicles produced or imported in Brazil. In line with these goals, the study proposes an electronic con-
trol system (ESC) that ensures vehicle stability and passenger safety during maneuvers. The proposed ESC uses a 3DOF
vehicle model that reflects the behavior of the side-slip angle, yaw rate, and roll angle and uses control strategies based
on nonlinear PID and fuzzy controllers. The combination of these control techniques results in strategies for the actuation
of brakes and active dampers to maintain vehicle stability during maneuvers. The study concludes with the design of an
ESC that can control the stability of a car in abrupt maneuvers, maintaining critical parameters within a safe range. This
work represents a step forward in the production and implementation of a Brazilian-made commercial ESC for vehicle
safety, in line with the "Rota 2030" program objectives. It provides an effective and economical solution for improving
vehicle stability and safety.
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1. INTRODUCTION

Automobile accidents are a problem that affects millions of people annually. According to UN reports (UN, 2022),
such accidents cause the death of 1.3 million people per year and leave about 50 million seriously injured in the same
period of time. For this reason, in September 2020, this organization adopted resolution A/RES/74/299 "Improving global
road safety", which proclaims a decade of joint action between the UN and WHO with the aim of reducing by at least
50% the number of deaths and injuries caused by road accidents (WHO, 2021). Parallel to this program, Brazil is
developing the "Rota 2030" program which is an instrument implemented by the Federal Government through law no.
13,755 of December 10, 2018, by which tax incentives are granted to companies that invest in research, development,
and technological innovation activities. One of the objectives of this program is the implementation of safety measures
through assisted driving technologies. As part of the systems to be deployed for the achievement of this objective is the
design and implementation of electronic stability controls (ESC) (Ministério da Indústria, 2017).

An ESC system is an active vehicle driving stability assistance and control system that modifies the vehicle’s momen-
tum by matching the direction of travel desired by the driver and the vehicle’s direction of movement (Chung and Lee,
2015). This system is one of the most important and widely used technologies in vehicle safety and its implementation
may include the monitoring and control of the vehicle’s lateral and vertical stability (Huang and Chen, 2020).

Many authors and researchers have adopted the theme of active vehicle control through countless strategies. In the case
of Cho et al. (2008), a Unified Chassis Control (UCC) is implemented by integrating an ESC system that ensures lateral
stability through differential braking of each wheel individually, an Active Front Steering (AFS) system, and a Continuous
Damping Control (CDC) system in charge of maintaining automotive vertical stability. In the above-mentioned paper, the
integration of the ESC system with the AFS ensures that the vehicle achieves the desired yaw in the proposed maneuvers
by means of sliding control strategies. On the other hand, the CDC system minimizes the vertical oscillations of the car
in case of road disturbances. For the development of this work a bicycle model is chosen and the cornering stiffness of
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the car is taken into account. In that paper, the design of the UCC controller was done in Matlab/Simulink and the final
simulations were done using CarSim.

In the case of Li et al. (2019), was developed an ESC system characterized by individual differential braking on each
wheel and the control of an active damper. This combination of elements allows lateral and vertical control of the vehicle
while maintaining the yaw and roll parameters in acceptable ranges. In this work, eight degrees of freedom (8-DOF)
model is used to simulate the behavior of the vehicle dynamics during maneuvers. A characteristic of this model is that it
was built for ME-Wheel type tires (without air), so the model of lateral and longitudinal forces of the vehicle has a great
variation with respect to the same models with conventional tires. In that work, the control strategy adopted was the fuzzy
PID which was designed using Matlab and validated and tested using CarSim.

Another work that approaches this field is that of Cao et al. (2013). In there, two coordinated controllers have the
function of maintaining yaw and roll stability based on a prediction model of these variables. The model used is nonlinear
and has 3-DOF. Moreover, the tire model used is piece-wise linearized. In that work, coordinated control was tested in
CarSim using two maneuvers (slalom and double lane change), in both cases it was managed to keep the parameters in
range.

In the case of Yoon et al. (2009), a Unified Chassis Control (UCC) is developed to improve vehicle lateral stability
and rollover. This system combines the action of an ESC acting on the brakes and thus generating lateral stability, a Roll
Over Mitigation Control (ROM) which reduces the possibility of a rollover accident, and a Continuous Damping Control
(CDC) in charge of reducing the impact of road disturbances on the vehicle’s vertical stability. In that case, a 2-DOF
bicycle model is used to simulate the lateral dynamics, and another one of equal degrees of freedom is used to model
the vehicle roll. Some works adopt active sway bars to enforce roll control, as in Paes and Colón (2018) and others like
Falleiros and Colón (2016) balance human comfort and safety.

Several authors,(Zhao and Zhu, 2018) (Onyeka et al., 2018) (Sang and Chen, 2019) (Wu et al., 2022), have proposed
the use of a PID controller in an ESC system. However, not in all cases the yaw rate and side-slip angle are controlled
simultaneously.

In the case of the present work, an ESC system is designed based on two PID controllers in charge of maintaining
the vehicle’s lateral stability and a fuzzy controller responsible for damping the vertical dynamics. For the design of the
controllers, a linearized 3-DOF bicycle model is used to reflect the behavior of the lateral velocity (Vy), the yaw rate (ψ̇),
the roll rate (ϕ̇) and the roll angle (ϕ) in a maneuver. The control inputs of the system are defined as two moment restoring
torques, Mlat and Mroll, acting on the vehicle rotation around the z-axis and x-axis, respectively. These torques represent
the actuation of the car’s ABS differential braking system (Mlat) and an active anti-roll bar (Mroll). On the other hand,
the lateral forces resulting from the maneuver itself are considered as disturbances to the system, and their effect is reduced
by using a feedforward stage in the controller design. The obtained controls are tested using two different maneuvers:
the fishhook maneuver, and sine with dwell. The objective of the designed ESC is to keep the system variables under
control in each maneuver, that is, to minimize the lateral and vertical dynamics of the car and to maintain the traced route.
The accomplishment of these objectives protects the car from yaw and roll accidents. The obtained controllers showed
a good performance in these maneuvers since they manage to minimize the difference between the trajectory planned by
the driver and the real one, the side-slip angle, and the roll angle of the system.

2. MODEL

The model selected for the controller design is based on the 3-DOF linear bicycle model obtained in Zulkarnain et al.
(2012). This model is commonly used for the design of controllers due to its simplicity. The model obtained reflects the
behavior of the state variables described above with respect to the rotation of the steering wheel. A yaw restoring torque
(Mlat) and a torque applied by an active sway bar (Mroll) are considered as controlled inputs of the model. On the other
hand, the system’s lateral forces (F_yf and F_yr) are considered estimated disturbances. These estimations are performed
in the present work by means of Pacejka’s Magic Formula. Figure 1 shows the physical representation of this model. The
equations of the model are shown in the following subheadings.

2.1 State space model of the system

The system of differential equations describing the dynamics of the system are shown in Eq. (1).
mV̇y = −mRhϕ̈−mVxψ̇ + Fyf + Fyr,

Izψ̈ = −Ixzϕ̈+ lfFyf − lrFyr +Mlat,

Ixϕ̈ = −V̇ymRh− ψ̈Ixz − ψ̇mRhVx + Cpϕ̇+Kpϕ+ 1
Ix
Mroll,

(1)

where m is the total vehicle mass in kg, mR is the rolling mass of the vehicle in kg, h is the distance from the rolling
mass to the roll axis in m, Iz defines the moment of inertia of the yaw axis in kgm2, Ixz represents the moment of inertia
in xz-axis in kgm2, Ix is the moment of inertia of the roll axis expressed in kgm2, Lp is the negative coefficient of roll
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Figure 1: Bicycle model of a vehicle.Taken of Kahraman et al. (2020)

damping in Nm/(rad·s) and Lf is the coefficient of roll stiffness in Nm/rad. With these equations, the state space matrices
of the system can be formed as in Eq. (2).Eẋ+ Fx = G

[
Mlat

Mroll

]
+H

[
Fyf

Fyr

]
y = Cx+Du

(2)

where:

E =


m 0 mR · h 0
0 Iz Ixz 0

mR · h Ixz Ix 0
0 0 0 1

 F =


0 m · u0 0 0
0 0 0 0
0 mR · h · u0 −Lp −Lf
0 0 −1 0

 (3)

G =

[
0 1 0 0
0 0 −1/Ix 0

]T
H =


1 1
lf −lr
0 0
0 0

 (4)

The dynamics of the vehicle’s lateral forces in relation to the steering angle are obtained by means of Pacejka’s Magic
Formula (PMF) (Pacejka, 2012). The lateral force’s dynamic is split into two pieces for better comprehension. Equations
(5), (6), (7), and (8) show the expressions for the calculation of these forces.

• Front lateral force (Fyf ) estimation:

ϕyf = (1− Ey)(αf + Shy) + (Ey/By) tan
−1(By(αf + Shy)) (5)

Fyf = Dyf · sin(Cy · tan−1(By · ϕyf )) + Svy (6)

• Rear lateral force (Fyf ) estimation:

ϕyr = (1− Ey)(αr + Shy) + (Ey/By) tan
−1(By(αr + Shy)) (7)

Fyr = Dyr · sin(Cy · tan−1(By · ϕyr)) + Svy; (8)

where αf and αr are the front and rear steer of wheels respectively in degrees, ϕyf and ϕyr are the maneuver slip ratio
concerning the front and rear axle respectively in deg/s, By are the tire stiffness factor, Cy are the shape factor of the
curve, Dyf and Dyr are the peak factor concerning the front and rear axle respectively, Ey is the wheel curvature factor,
Shy is the car horizontal shift in m, Svy are the car vertical shift in m. Finally, the vector of lateral forces in Newtons can
be expressed like in Eq. (9):

Fy =
[
Fyf Fyr

]
(9)
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The calculation of the front and rear wheel steer as function of the steering wheel steer can be calculated by Eq. (10)
and Eq. (11), respectively:

αf = (δf −
v + lf · ψ̇

u0
) · 180/π, (10)

αr = (−v − lr · ψ̇
u0

) · 180/π (11)

where δf is the steering angle in degrees of the front wheels due to the maneuver, v is the lateral velocity in m/s of the
vehicle in the turn, lf and lr are the distances from the center of gravity (CG) to the front and rear axle respectively in
meters, and u0 is the longitudinal velocity in m/s of the vehicle and is considered as a constant.

3. CONTROL DESIGN

The designed ESC system consists of two independent controllers: one dedicated to minimizing the effect of the car’s
lateral dynamics and the other one to avoid vehicle rollover due to abrupt maneuvers. These controllers individually
calculate the control action on the corresponding parameters and act in unison on the system. These controllers are
described in detail in the following sub-sections.

3.1 Lateral dynamic control

This controller is based on the action of two independent PID controllers that keep the side-slip angle (β) and yaw
rate (ψ̇) caused by the steering wheel turns at reasonable levels. This type of classical controller has the structure U(s) =
(Kp+Ki

1
s +Kd · s)e(s). The resulting total control action is a restoring torque Mlat. This controller will be active only

when the controlled parameters are out of the defined range, the rest of the time it will be deactivated which contributes
to the decrease of the total control effort. Figure 2 shows the implementation of this controller in Matlab.

Figure 2: Lateral control implementation in Matlab/Simulink.

3.1.1 Side-slip angle (β) control design

In vehicle dynamics, the side-slip angle is the angle between the direction in which a wheel is pointing and the direction
in which it is actually traveling. The relationship between these velocities is expressed in Eq. (12). This slip angle results
in a force, the cornering force, which is in the plane of the contact patch and perpendicular to the intersection of the contact
patch and the mid-plane of the wheel. This cornering force increases approximately linearly for the first few degrees of
slip angle, then increases non-linearly to a maximum before beginning to decrease (Grip et al., 2009). The PID control
designed at this stage has the objective of minimizing the side-slip angle since a high value of this parameter indicates a
high lateral speed and, therefore, a bigger risk of vehicle flip over. Equation (13) can then be considered as the first control
target:

β = tan−1(
Vy
Vx

) (12)

A hysteresis stage is used to satisfy this criterion with ±βlim as the upper and lower bands.

β ≤ βlim (13)
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3.1.2 Yaw rate (ψ̇) control design

The yaw rate is the rate of change of the vehicle’s heading angle, measured in degrees/second of rotation about a
vertical axis through the vehicle’s center of gravity. A high yaw rate implies abrupt changes in the lateral speed of the
vehicle which may result in the vehicle leaving the road, colliding with other road users, or rolling off. In this work, it
is intended that the yaw rate performs the tracking of a desired reference (ψ̇D). The objective of the control is then the
minimization of the difference between ψ̇D and ψ̇. Equation (14) gives away the second control objective:

|ψ̇ − ψ̇D| ≤ ˙ψlim, (14)

To find the limits of ψ̇ it is necessary to define its relation to the steering angle as shown in Eq. (15) (see MLA (2022)):

ψ̇

δf
=

u0/R

L/R+Kusay
(15)

where L is the distance between car axles in m, R represents the sub steering coefficient, ay is the lateral acceleration in
m/s2 and Kus is the car under-steer coefficient. After defining Eq. (16) and substituting it in Eq. (15), the first control
limit for the yaw rate is presented in Eq. (17):

ay =
u20
R

(16)

ψ̇ =
u0

L+Kusu20
δf = Gψ̇δf (17)

On the other hand, the Gψ̇ equation has a natural saturation as shown in Eq. (18):

may < µmg → ay < µg → ψ̇ <
µg

u0
(18)

The variable µ is the road’s friction coefficient and g is the gravity acceleration. The desired yaw rate error limits are
then defined as in Eq. (19):

ψ̇D = min

(∣∣∣∣µgu0
∣∣∣∣ , ∣∣∣Gψ̇δf ∣∣∣) · sign(δf ) (19)

3.2 Control of vertical dynamics (ϕ and ϕ̇)

In this case, a fuzzy controller is designed and implemented to drive the vehicle’s roll angle during the maneuver. This
controller has three stages: fuzzification, rule evaluation, and defuzzification. In the first stage, the values of roll angle and
roll rate are taken and converted into fuzzy values, then the value and fuzzy variables of the output Mroll are calculated
according to the values adopted for roll and roll rate in the previous stage. Finally, the fuzzy value of Mroll is converted to
a torque signal and passed to the plant. Figure 3a shows the implementation of this controller in Matlab and Fig. 3 shows
the configuration screens of the fuzzy controller by the Mandami method in Matlab/Simulink. It should be noted that in
the design of this controller, the vector of lateral forces [Fyf ,Fyr] is considered a predominant deterministic perturbation
in the system. To correct the action of these disturbances, a feedforward stage to the controller is designed for each lateral
force.

4. SIMULATIONS

The system simulations are performed using Matlab/Simulink. The following maneuvers are used for this purpose.

4.1 Test maneuvers

For the testing of the controllers, two maneuvers are selected to be performed both in Simulink: the Fishhook and the
Sine With Dwell maneuvers. The purpose of these maneuvers is to show the behavior of the car parameters in situations
that compromise vehicle safety. These maneuvers are briefly described below. Figures 4a and 4b shows the steering angle
plots for both maneuvers.

4.1.1 Fishhook maneuver

The Fishhook maneuver uses steering inputs that approximate those of a panicked driver in an effort to regain lane
position after veering off the roadway and onto the curb. NHTSA has often described it as a road edge recovery maneuver.
As pointed out by some commenters, it is performed on a smooth pavement rather than at a road edge drop-off, but its
rapid steering input followed by an over-correction is representative of a general loss of control situation. The original
version of this test was developed by Toyota, and Nissan and Honda subsequently proposed variations (Boyd, 2005).
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(a) Vertical control implementation in
Matlab/Simulink (b) General configuration of 2-input, 1-

output fuzzy controller

(c) Roll membership functions (d) Roll rate membership functions (e) Mroll output membership functions
Figure 3: Configuration of the fuzzy controller by the Mandami method in Matlab/Simulink

4.1.2 Sine With Dwell maneuver

The sine with dwell test is based on the test method specified in regulations USA FMVSS 126 and UN/ECE Regulation
No. 13-H. This is a method for comparing computer simulation results from a vehicle mathematical model to test data
measured for an existing vehicle undergoing sine with dwell tests that are typically used to evaluate the performance of
an electronic stability control (ESC) system. The comparison is made for the purpose of validating the simulation tool for
this type of test when applied to variants of the tested vehicle (ISO 19365:2016, en).

5. RESULTS

5.1 The Fishhook maneuver’s results

Figures 5a and 5b show the behavior of the side-slip angle when performing the Fishhook maneuver with and without
control, respectively. Here it can be seen a significant reduction of this parameter, which denotes an effective control of
this one. On the other hand, Fig. 6a and Fig. 6b show how the car manages to follow a desired yaw trajectory once this
parameter is controlled. It can also be seen in Fig. 7a and Fig. 7b how the fuzzy control reduces the vertical dynamics

(a) Fishhook maneuver. Taken from Marzbanrad et al. (2015).
(b) Sine With Dwell Maneuver. Taken fom Ren et al. (2014).

Figure 4: Performed test maneuvers
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of the car in the maneuver. Finally, Fig. 8 shows the controller efforts exerted during the maneuver. In general, it can be
stated that a car with the characteristics of the selected one, would not have passed this test without the proposed control.

(a) Behavior of the side-slip angle in the Fishhook maneuver in an
uncontrolled car.

(b) Behavior of the side-slip angle in the Fishhook maneuver in a
controlled car.

Figure 5: Behavior of the side-slip angle in the Fishhook maneuver

(a) Behavior of the yaw rate in the Fishhook maneuver in an un-
controlled car.

(b) Behavior of the yaw rate in the Fishhook maneuver in a con-
trolled car.

Figure 6: Behavior of the yaw rate in the Fishhook maneuver

5.2 The Sine with Dwell maneuver’s results

In this maneuver, similar results to those shown in the previous subsection are observed. On the one hand, Fig. 9a and
Fig. 9b show the behavior of the side-slip angle with and without control respectively, demonstrating a strong influence
of the controller on the decrease of this parameter. On the other hand, Fig. 10a and Fig. 10b show that the vehicle with
the proposed control is able to reduce the difference between the desired path and the actual path traveled. Figures 11a
and 11b show the decrease in roll angle and roll rate along the maneuver caused by the proposed fuzzy control. Finally,
Fig. 12 shows the effort of the proposed controllers for the horizontal and vertical dynamics.

6. CONCLUSIONS

In the present work, an ESC system is designed with the objective of maintaining in range the main parameters of the
horizontal (side-slip angle and yaw rate) and vertical (roll angle and roll rate) vehicle dynamics. This work demonstrates
that this controller can keep the car stable in two certified maneuvers that demonstrate a driver’s behavior in real situations.
The obtained system constitutes an easy-to-implement and low-cost solution for improving vehicle safety as part of the
"Rota 2030" program.
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(a) Behavior of the roll and roll rate in the Fishhook maneuver in
an uncontrolled car.

(b) Behavior of the roll and roll rate in the Fishhook maneuver in
an uncontrolled car.

Figure 7: Behavior of the roll and roll rate in the Fishhook maneuver

Figure 8: Controller efforts

(a) Behavior of the side-slip angle in the Sine width Dwell maneu-
ver in an uncontrolled car.

(b) Behavior of the side-slip angle in the Sine width Dwell maneu-
ver in a controlled car.

Figure 9: Behavior of the side-slip angle in the Sine with Dwell maneuver.
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(a) Behavior of the yaw rate in the Sine width Dwell maneuver in
an uncontrolled car.

(b) Behavior of the yaw rate in the Sine width Dwell maneuver in
a controlled car.

Figure 10: Behavior of the yaw rate in the Sine width Dwell maneuver.

(a) Behavior of the roll and roll rate in the Sine width Dwell ma-
neuver in an uncontrolled car.

(b) Behavior of the roll and roll rate in the Sine width Dwell ma-
neuver in a controlled car.

Figure 11: Behavior of the roll and roll rate in the Sine width Dwell maneuver.

Figure 12: Controller efforts
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