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Abstract.In this work, an Electronic Stability Control (ESC) is proposed for the correction of undesired movements, which
deviate the vehicle from the driver-controlled trajectory and threatens the driver to lose control of the steering. A Linear
Quadratic Regulator is employed to compute the correction torques transferred to wheels. The LQR is defined based
on a linear model that includes side-slipping, yawing and rolling motions, such that, besides keeping the vehicle in the
desired trajectory by correcting of yaw-rate and side-slip, the LQR is able to take into account the actuation effect on
rolling motion. Model-in-the-loop simulations are performed, where the proposed algorithm is tested on control of the
vehicle presented by a nonlinear model that includes the body’s longitudinal, lateral, yawing and rolling movements and
the rotation of four wheels. Those simulations also include a driver model to generate the steering wheel angle. Results
from simulation for double lane change maneuver show that the proposed system is effective to keep the steering stable
during maneuvers that can not be performed without ESC assistance.
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1. INTRODUCTION

Vehicle Stability Controllers (VCS) are active assistance systems that help the driver to keep the vehicle on the driven
path and avoid conditions in which driving is too difficult. Lateral stability of the vehicle can be improved by controlling
the yaw rate, which keeps the vehicle with correct orientation to perform the desired maneuver and correcting the side-slip,
which prevents the vehicle from slipping sideways off the desired path.

A successful strategy of actuation is the Direct Yaw-moment Control (DYC), in which the rotational torque of wheels
is controlled to manipulate the forces generated by tires to achieve the required yaw moment. One benefit of DYC is
the fact that at high side slipping the movement remains responsive to the rotation speed of wheels (LIAN et al., 2015;
Mousavinejad et al., 2015; Guo et al., 2017).

In respect with the control technique, researches have been performed in the past years to explore in ESC design the
benefits of advanced control techniques, made possible by the increased computational power available for embedded
systems, such as Model-based Predictive Control (MPC) (Guo et al., 2017; Jalali et al., 2017; Nahidi et al., 2017),Sliding
Mode Control (SMC) (Rajamani and Piyabongkarn, 2013; Le and Chen, 2015; Liu et al., 2017),backstepping technique
(Zhou and Liu, 2010) and robust gain schedule (Jin et al., 2015, 2017). But applications of classical control such that
Linear Quadratic Regulator (LQR), which is an optimal controller that does not require much computational power, has
not been considered in the same way.

As important as the definition of control architecture is the choosing of the quality assurance methodologies used in
ESC design. Model-in-the-loop (MIL) is a useful methodology that contributes to reducing the number of test runs and
damage risk at the during the final validation stages of experimental tests. Experimental tests of ESC embedded in a real
car require a controlled environment, which makes each test run expensive, and at this stage a fault detection impacts on
engineering cost with redesign and production.

In MIL, computational simulations are performed to test the ESC algorithm on control of a vehicle represented by
a simulation model. These simulations can be performed before the implementation of hardware and firmware of the
embedded control system. In addition to early fault detection, MIL enables the observation of variables that are difficult
to be physically measured, and simulation of maneuvers that are hard to be reproduced in experimental tests (Plummer,
2006; Ciceo et al., 2015).

Designs of LQR-based ESC has been presented in the literature. In (Zheng et al., 2006), an LQR-based ESC is
designed to compute the additional yaw moment required to improve lateral stability. The model used In (Zheng et al.,
2006) for LQR design includes side-slip and yaw motion, without consideration of rolling effects. In (Mashadi et al.,
2011), another LQR-based ESC is present, where the control signals are the difference between left and right clutch
torques and the correcting yaw moment from breaking. The LQR is defined in (Mashadi et al., 2011) based on a linear
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model that includes rolling motions. An LQR-based ESC design also is presented in (Yogurtcu et al., 2015) to control
the traction/breaking generated by electric motors on the rear axis. In (Yogurtcu et al., 2015), a linear model with roll
degree-of-freedom is used for the definition of the gain matrix. Within the simulation models presented in those works to
evaluated proposed LQR-based ESC, only in (Mashadi et al., 2011) a model is included to simulate the driver behavior
on steering wheel command.

In this work, an LQR-based ESC is designed and MIL simulations are performed to evaluate its effectiveness.
The contributions of this work are:

• Development of an LQR-based ESC that gives the traction/braking torque transferred to each wheel taking into
account the influences of roll motion on lateral stability and the influences of actuation on roll motion.

• Presentation of MIL simulation environment for evaluation of ESC systems which control inputs are the torque
transferred to the wheels, which includes, in addition to simulation of vehicle movement, a model for simulation of
driver behavior on steering wheel command

• Evaluation of proposed ESC with proposed MIL testing in the following scenarios:

– ESC assistance is not required
– ESC assistance is required and vehicle response is close to the predicted by the linear model used for control

design
– ESC assistance is required and the vehicle speed is higher than the constant assumed in the linear model used

for control design
– ESC assistance is required, and vehicle response is different from the predicted by the linear model used for

control design, due to disturbances in parameters of the vehicle model.

In proposed ESC design, the LQR gain is defined based on a vehicle linear model more representative then the 2DOF
bicycle model, by including the rolling motion, assuming longitudinal speed constant and enabling additional rolling
control. The roll motion has a strong influence on vehicle movement because it directly affects lateral and yaw motions
and changes the forces generated by tires, by changing steer and camber angle and provoking the vertical load transfer
between tires.

2. Vehicle Dynamic

A vehicle model is needed for the implementation of the MIL environment and obtaining the linear model used for
control design. The reference model adopted in this work considers lateral, yaw and roll motions The Fig. 1 shows this
model represented by the following equations of motions (Li et al., 2017; Dahmani et al., 2016; Mashadi et al., 2010;
Zheng et al., 2006):
Longitudinal motion

m
(
u̇− ψ̇v

)
−mshsψ̇φ̇ =− sin(δf )(Fyfl + Fyfr) + cos(δf )(Fxfl + Fxfr)

− sin(δr)(Fyrl + Fyrr) + cos(δr)(Fxrl + Fxrr)
(1)

Lateral motion

m
(
v̇ − ψ̇u

)
−mshsφ̈ =cos(δf )(Fyfl + Fyfr) + sin(δf )(Fxfl + Fxfr)

+ cos(δr)(Fyrl + Fyrr) + sin(δr)(Fxrl + Fxrr)
(2)

Yaw motion

Izzψ̈ − Ixzφ̈ =a(cos(δf )(Fyfl + Fyfr) + sin(δf )(Fxfl + Fxfr))

− b(cos(δr)(Fyrl + Fyrr) + sin(δr)(Fxrl + Fxrr))

+
tf
2
(cos(δf )(Fxfr − Fxfl)− sin(δf )(Fyfr − Fyfl))

+
tr
2
(cos(δr)(Fxrr − Fxrl)− sin(δr)(Fyrr − Fyrl))

(3)

Roll motion

Ixxφ̈− Ixzψ̈ =mshs

(
v̇ + ψ̇u

)
+mshsg sin(φ)− (kφf + kφr)φ− (cφf + cφr) φ̇ (4)



25th ABCM International Congress of Mechanical Engineering (COBEM 2019)
October 20-25, 2019, Uberlândia, MG, Brazil

Figure 1. Vehicle dynamic model

where v denotes the lateral speed, u the longitudinal speed, φ the roll angle, ψ the yaw angle, δf and δr front and rear
steering angle, m the vehicle total mass, ms the suspense mass above rolling axes, hs the height of rolling axes, Ixx and
Izz the yawing and rolling inertial moments, respectively, Ixz the inertial product related to yawing and rolling, kφi the
rolling stiffness coefficient, cφ the rolling damping coefficient, Mu a external yaw moment, and Fyfl,Fyfr,Fyrl,Fyrr are
lateral tire forces.

The Magic Formula (MF) of Pacejka is an empirical formulation derived from experimental tests that can be used to
compute forces acting on tires, as shown in (Pacejka, 2006). In the general formulation of MF , the forces acting on an
tire is obtained as follows:

F (x) = D sin(SviC arctan(B(1− E)(x+ Shi) + E arctan(B(x+ Shi)))) (5)

in which, for computation of the lateral force Fyi of ith, the argument x is the tire side-slip angle αi and B, C, D, E, Shi,
Svi are defined by MF coefficients an, n = 0, 1 . . . 14 and the camber angle γi as follows:

C = a0 D = Fzi(a1Fzi + a2)

B =
a3 sin(2 arctan

Fzi

a4
)

CD
(1− a5 |γi|) E = a6Fzi + a7

Shi = a8γi + a9Fzi + a10 Svi =
(
a11F

2
zi + a12Fzi

)
γi + a13Fzi + a14

i = fl, fr, rl, rr

(6)

for computation of longitudinal force Fxi of ith wheel, the argument x is the tire slip ratio λi and B, C, D, E, Shi, Svi
are defined by MF coefficients bn, n = 0, 1 . . . 14 as follows:

C = a0 D = Fzi(b1Fzi + b2)

B =
b3 sin(2 arctan

Fzi

b4
) exp(b5Fzi)

CD
E = b6F

2
zi + b7Fzi + b8

Shi = b9Fzi + b10 Svi = 0

i = fl, fr, rl, rr

(7)

Fzi denotes the vertical load in ith wheel given by (Li et al., 2017; Zheng et al., 2006):

Fzfl =
mgb

2l
− maxh

2l
− mayah

ltf
− kφfφ

tf
− cφf φ̇

tf
Fzfr =

mgb

2l
− maxh

2l
+
mayah

ltf
+
kφfφ

tf
+
cφf φ̇

tf

Fzrl =
mga

2l
+
maxh

2l
− mayah

ltr
− kφrφ

tr
− cφrφ̇

tr
Fzrr =

mga

2l
+
maxh

2l
+
mayah

ltr
+
kφrφ

tr
+
cφrφ̇

tr

(8)

where a and b are the distances from the center of gravity to the front and rear axis, h the height of the center of gravity,
tf and tr the front and rear track width, l the wheelbase, cφf and cφr the front and rear roll damping coefficient, kφf and
kφr the front and rear roll stiffness.
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The side-slip angle of each wheel is given by:

αfl = δf − arctan

(
v + aψ̇

u− tf
2 ψ̇

)
αfr = δf − arctan

(
v + aψ̇

u+
tf
2 ψ̇

)

αrl = − arctan

(
v − bψ̇
u− tr

2 ψ̇

)
αrr = − arctan

(
v − bψ̇
u+ tr

2 ψ̇

) (9)

In order to consider the effects of roll motion on tire dynamic, the camber angle of four wheels are considered in this
work ideally the same, simplified as follows:

γ = Kγφ (10)

Kγ denotes the camber-by-roll gradient, which represents variation of camber due to rolling given byKγ = ∂γ
∂φ (D. Gille-

spie, 2000).
The slip ratio λi of is the ratio between the vehicle longitudinal speed and the ideal speed given by total conversion of

wheel rotation in longitudinal speed, defined as:

λi =
Reffωi − u

max(Reffωi, u)
(11)

where Reff is the effective radius of the tire and ωi is the angular speed, obtained from the equation of rotational motion
of each transmission shaft is:

ω̇i =
Ti −ReffFxi

Jw
(12)

where Ti is the torque transferred to the ith wheel and Jw is the moment of inertia of the transmission shaft.
And the steering angle of wheels is considered as composed by a part relating to the driver’s command and a part

generated by rolling motion, which, for a passenger car that only front wheels are controlled by the steering wheel, the
passenger car of each wheel is given by:

δfl =
δD
Is

+
∂δfl
∂φ

φ δrl =
∂δrl
∂φ

φ δfr =
δD
Is

+
∂δfr
∂φ

φ δrr =
∂δrr
∂φ

φ (13)

where δD is the steering wheel angle, Is is the steering ratio coefficient, and ∂δi/∂φ is the steer-by-roll coefficient of ith
wheel.

The Equations from 1 to 14 represents the reference model of vehicle dynamic adopted in this study. Ideally, a vehicle
should move without side slipping, with total speed vector parallel to vehicle longitudinal axis. Therefore, the metric used
to analyze the lateral0 performance is the angle between the actual speed vector and the vehicle longitudinal axis, known
as side-slip angle β given by:

β = arctan v/u (14)

2.1 Linear model

A linear model of vehicle movement is needed for definition of LQR gain matrix. This model is obtained from
linearization of the model presented in previous section, for small roll and side-slip angles, such that sin(φ) ≈ φ and
β ≈ v/u. The resultant model is expressed by the following equations:
Lateral motion:

mu
(
β̇ + ψ̇

)
−mshsφ̈ =

∑
Fy (15)

Yaw motion:

Izzψ̈ − Ixzφ̈ = a(Fyfl + Fyfr)− b(Fyrl + Fyrr) +
tf
2
(Fxfr − Fxfl) +

tr
2
(Fxrr − Fxrl) (16)

Roll motion:

Ixxφ̈− Ixzψ̈ =mshsu(β̇ + ψ̇) +mshsgφ− (kφf + kφr)φ− (cφf + cφr)φ̇ (17)



25th ABCM International Congress of Mechanical Engineering (COBEM 2019)
October 20-25, 2019, Uberlândia, MG, Brazil

Figure 2. Illustration of driver modelling.

For smalls tire slip and camber angles, the lateral force generated by tires is approximated by:

Fyi = Cαiαi + Cγiγ (18)

Cαi and Cγi denote cornering stiffness and camber stiffness coefficients, which can be obtained from Equations 5 and 18
(Pacejka, 2006) as follows:

Cαi =
∂Fyi
∂αi

∣∣∣∣
ax,ay,γ,α,φ,φ̇=0

Cγi =
∂Fyi
∂γi

∣∣∣∣
ax,ay,γ,α,φ,φ̇=0

(19)

The front and rear wheels slip angle are approximated by linear functions of vehicle slip angle β, yaw rate ψ̇ and front
wheels steer angle δf (Zheng and Shyrokau, 2019; Zheng et al., 2006):

αf = −β − aψ̇

u
+ δf αr = −β +

bψ̇

u
(20)

Neglecting the variation of angular speed of wheels, e.g. as in Shoutao Li, Di Zhao, Luyu Zhang and College (2017),
the longitudinal force acting on the tire can be approximated by:

Fxi = Ti/Reff (21)

The torque that can be transferred for each wheel is constrained by limitations of the actuation system. In this study,
the absolute value of the torques transferred to wheels is assumed as constrained at value denoted by Tth.

From Equations 15-21 is possible to obtain the linear model in the continuous time state space representation:

ẋ = A · x+B · u+Bd · ud

x =
[
β ψ̇ φ̇ φ ωfl ωfr ωrl ωrr

]T
u =

[
Tfl Tfr Trl Trr

]T
ud = δf

(22)

in which x denotes the state vector, u the control input, ud is the known disturbance vector (input of the plant that is
not controlled by ESC) δf the disturbance and A ∈ R8×8 and B ∈ R8×4 are the state and input matrices of state-space
representation, respectively, and Bd is the disturbance input matrix.

3. Intelligent Driver Model

In addition to the vehicle model, the MIL environment developed in this work also considers an intelligent driver
model. The model presented in (Reński, 2001) is used to generate the steering wheel angle δD, by simulating the driver
reaction to vehicle movement with respect to the desired path. The Fig. 3 illustrates this model, which considers that the
simulated driver acts to fix the movement direction, aiming to achieve the speed direction for moving towards a target
point A at a distance La, based on observation of current position yos, desired position yd and yaw angle ψ. Fig. 2 shows
the block diagram of this control law. The parameters of this model are the distance La from the vehicle position to target
point, actuation delay Tk and a steering gain coefficient W that represents driver expertise.
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Figure 3. Block diagram of driver model.

4. Control System

The proposed control algorithm gives as control input the traction/braking torque transferred to each wheel for correc-
tion of errors in yaw rate, side-slip angle, and roll motions.

A maneuver performed with a minimum roll angle is desired for the reduction of rollover risk and increasing passenger
comfort. And a maneuver with a minimum lateral slip angle is desired for avoiding the driver from losing vehicle control
and the vehicle from sliding sideways off the safe path. As the equations of motion suggest, some maneuvers can not be
performed without rolling or null side slipping. However, to spare the computational time for dynamically computing the
minimum values, the desired values are assumed equal to zero. The safe-desired yaw rate depends on the driver intention,
represented by the front wheels steering angle, and vehicle speed, its value can be computed as follows (Zheng et al.,
2006):

ψ̇d =

{
uδf

l+lKuu2 , if|ψ̇d| ≤
∣∣µg
u

∣∣
sign(δf )

∣∣µg
u

∣∣ , otherwise
Ku =

m

l2

(
b

Cαr
− a

Cαf

)
(23)

where Cαr and Cαf are rear and front cornering stiffness due to tire slip angle, respectively.
Figure 4 presents the system block diagram. The next control sample u[k + 1] is update once every sampling time

with the control law u[k + 1] = Kx̃[k], in which x̃[k] is the current sample of states error.
Therefore, the discrete LQR for the continuous plant is used to define the gain matrix K that minimizes the cost

function J =
∫∞
0
x̃TQx̃ + uTRudt, where Q and R are diagonal matrices that weights states errors and command

energy, respectively. The Matlab function lqrd is useful for finding the K matrix of the discrete LQR for the continuous
plant, whose arguments are the sampling time and the linear continuous-time state-space model.

A non-null actuation is performed by LQR when the states are different from their desired values, even when these
errors do not mean a risk of lateral instability. In order to avoid this unnecessary actuation, the ESC remains inactive while
side-slip angle and yaw error is not greater than thresholds. And to avoid constant switching of ESC activation, the ESC
is activated when the condition βth ≤ β or ψeth ≤ ψe is fulfilled for a minimum period Ton, and it is deactivated when
none of those conditions is fulfilled for a minimum period Toff .

Figure 4. Control system
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Table 1. Parameters of simulation models of vehicle and driver

Param. Value Param. Value Param. Value Param. Value

a 1.1 m b 1.3 m tf 1.4 m tr 1.41 m
hs 0.55 m h 0.6 m m 1070 Kg ms 900 Kg
Izz 2100 Kgm2 Ixx 500 Kgm2 Ixz 47.0 Kgm2 Is 20
cφf 1050 Nms/rad cφr 1050 Nms/rad kφf 32795 Nm/rad kφr 32795 Nm/rad
∂δf/∂φ 0.1 ∂δr/∂φ -0.1 La 1.2 · u W 0.2
µ 0.75 Tk 0.2
a0 1.3 a1 -49 a2 1216 a3 1632
a4 11 a5 0.006 a6 -0.04 a7 -0.4
a8 0.003 a9 -0.002 a10 0

Table 2. Parameters of control design

Param. Value Param. Value Param. Value Param. Value

a 1.1 m b 1.3 m hs 0.55 m ms 900 Kg
Izz 2100 Kgm2 Ixx 500 Kgm2 Ixz 47.0 Kgm2 cφf 1050 Nms/rad
cφr 1050 Nms/rad u 100km/h kφf 32795 Nm/rad kφr 32795 Nm/rad
∂δf/∂φ 0.1 ∂δr/∂φ -0.1 Cαfl 45292µ N/rad Cγfl -86340 µ N/rad
Cαfr 45292µ N/rad Cγfr -86340µ N/rad Cαrl 39018µ N/rad Cγrl -61455µ N/rad
Cαrr 39018µ N/rad Cγrr -61455µ N/rad
Tth 200 Nm µ 0.75 βth 0.1 rad Ton 0.08 s
ψeth 0.1 rad/s Toff 0.8s diag(Q) (66.0, 248.9, 374.2) R 10−5I4×4

5. Results

5.1 Tuning of LQR parameters

The proposed ESC control is designed based on the 3DOF linear model presented in section 4.. The parameters Q and
R of LQR design were defined with the values that minimize a function that weights the states errors, trajectory error, and
control energy, all accumulated from results of simulations for DLC maneuver at 80km/h, 100km/h, and 120km/h. The
following equation express the cost function defined:

JC =

∫ 10

0

(|ye(t)|+ |ψe(t)|+ 10 |β(t)| +10 |φ(t)|+ 0.01uT (t)u(t)
)
dt (24)

where t denotes the simulation time, ye the error between desired and vehicle path and ψe the yaw rate error.
This optimization problem was solved with the function particleswarm provided by Matlab, with fmincon method

enabled, such that a swarm stochastic search is performed to find the optimum values of Q and R. The Table 2 shows the
parameters used for control design.

5.2 Results from MIL simulation

Model-in-the-loop simulations were performed for double lane change (DLC) testing of standard No. ISO 3888:1975
as presented in Reński (2001), in which, boundaries of lateral displacement from the desired path are imposed for approval
of the lateral performance. The MIL environment is implemented in this work by combining the vehicle and driver models
presented in Section 2.and Section 3.Table 1 shows the parameters used in these simulations.

5.2.1 Tire dynamic

Figure 5 shows the relationship between lateral force generated by tires and the tire slip angle obtained from Equation
5 and its linear approximation shown in Equation 18. From this result is possible to observe that Equation 18 is a good
approximation for tire slip angle less than 5 degrees. Also is possible to see that, in the considered vehicle, the camber
angle considered does not have a significant influence on forces generated by tires.
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Figure 5. Relationship between tire forces and side slip angle obtained from Pacejka’s Magic Formula (Eq. 5) and from
linear approximation (Eq. 18) for camber angle equal to zero and 15 degrees, when vertical load is 2841 N

S

Figure 6. Vehicle trajectory from simulation of DLC at 80km/h for vehicle without ESC

5.2.2 Results for DLC at 80km/h

Simulations were performed for DLC at 80km/h, aiming to observer the ESC benefits when the vehicle speed is smaller
than the constant speed assumed in the linear model used for LQR definition. Results of simulation for DLC maneuver
at 80km/h are shown in Figures 7 e 6. Figure 6 shows that, without ESC assistance, the drivers perform the maneuver
without losing the vehicle control, but the trajectory briefly exceeds the thresholds at the second lane changing. Whereas
the trajectory of the vehicle with proposed ESC remains close to the desired path, without exceeding the boundaries of
lateral displacement. From Fig. 7, one can see that the torque transferred to wheels remains null at most of the simulation
time. One also can see that with this soft actuation, the proposed ESC reduces the rolling motion and the steering wheel
actuation required from the driver, while remains the yaw rate close to its desired value.

5.2.3 Results for DLC at 100km/h

The second simulated scenario is the DLC maneuver at 100km/h. The purpose of this test is to observe the ESC
effectiveness in a more aggressive maneuver, but with vehicle speed equal to the constant speed assumed in the linear
model used in control designs, i.e with vehicle response in the trust region of LQR tuning. Figures 8 and 9 show the result
obtained from this simulation.

In Fig. 9, one can observe that, without ESC assistance, the simulated driver is not able to perform this maneuver
without losing the vehicle control, whereas, with the help of the proposed ESC, the maneuver is performed without the
vehicle exceeding the limits of lateral displacement from the desired path.

In Fig. 9, one can observe the effectiveness of ESC activation control in avoiding unnecessary actuation, because the
torque transferred to wheels remains null at most of the simulation time. And with this soft actuation, the proposed ESC
is able to reduce the side-slip angle, the roll rate, the driver effort at steering wheel command and the yaw-rate error.
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Figure 7. Results from simulation of DLC at 80km/h for vehicle without ESC

Figure 8. Vehicle trajectory from simulation of DLC at 100km/h for vehicle without ESC

Figure 9. Results from simulation of DLC at 100km/h for vehicle without ESC
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Figure 10. Vehicle trajectory from simulation of DLC at 120km/h for vehicle without ESC

Figure 11. Results from simulation of DLC at 120km/h for vehicle without ESC

5.2.4 Results for DLC at 120km/h

The third scenario of MIL simulations is the DLC at 120 km/h. This test aims for observation of the effectiveness of
the controller in a hazardous maneuver at a high speed, greater than the constant speed assumed in the linear model used
for control design. Figures 10 and 11 show the results from this simulation.

From Fig. 10, one can see that, with driver ESC assistance, the drivers lose control of the vehicle, whereas with ESC
assistance the maneuver is performed, over again, without crossing the boundaries of lateral displacement from the desired
path.

In Fig. 11, one can see that with increasing speed, the controller needs more actuation to keep the vehicle stable, and
more effort also is required from the driver. Even at 120km/h, the proposed ESC is able to reduce the side-slip angle, the
roll rate, the driver effort at steering wheel command and the yaw-rate error. Another interesting result is the fact that
the side-slip angles of the vehicle body and tires remain smaller than 5 degrees, this means that vehicle response remains
closer to the trust region of the linear model, obtained from linearizations for small angles.

5.2.5 Results for DLC at 120km/h in presence of disturbances in model parameters

In order to observe the ESC robustness to perturbations in vehicle response in respect with the linear model used for
control design, simulations also were performed to test ESC on control of a vehicle whose parameters are different from
the parameters considered in the linear model. Vehicle parameters that differs from linear model is presented in Table 3,
parameters not shown in Table 3 are equal to the values in Table 1.

Figures 12 and 13 show results of these simulations. By comparing results obtained for a vehicle with parameters
equal and different of values assumed for control design, one can see small differences in the vehicle response, but none
of them represents a loss of lateral stabilization performance. This indicates that proposed ESC has some robustness to
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Figure 12. Vehicle trajectory from simulation of DLC at 120km/h for vehicle without ESC

Figure 13. Results from simulation of DLC at 120km/h for vehicle without ESC

Table 3. Parameters with different values from the constants assumed in the control design. Values used in simulation of
DLC at 110 km/h for vehicle simulation model and linear model with different parameters.

Param. Value Param. Value Param. Value Param. Value

a 1.096 m m 1177 Kg b 1.306 m µ 0.675
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disturbances in vehicle response in respect with the predicted by the linear model used for definition of LQR gain because,
in addition to differences in parameters, this scenario considers a hazardous maneuver, in which vehicle speed higher than
the speed of the trim point of the control algorithm.

6. Conclusion

This paper presented the design of ESC based on discreet LQR for a continuous plant that computes the required
torque transferred to wheels for correction of side-slip, yaw, and roll motions, to prevent the driver from losing control
of the vehicle in dangerous corners. The control design was based on a 3DOF linear model that considers lateral, yaw
and roll motions, linearized for constant longitudinal velocity equal to 100km/h, and small roll and side-slip angles. A
computation simulation environment was implemented for MIL testing, combining simulations of the proposed controller,
vehicle movement and driver behavior on steering command.

The DLC maneuver was simulated in the MIL environment for observation of ESC effectiveness to improve lateral
stability. From the results of MIL simulations, it was observed that proposed ESC can avoid the lateral destabilization,
reduce the vehicle side slipping from the desired safe trajectory. The MIL results also show that the ESC activation method
contributes to avoiding unnecessary actuation, and it has the robustness to perturbation in vehicle response with respect to
the predicted by the linear model used for control design.

With the increasing of vehicle speed, more actuation on traction/braking torque transferred to wheels is needed to keep
the steering stable. Another effect of speed increase is the increased amplitude of the oscillation in the vehicle path after
exiting the DLC maneuver, which means that ESC can keep vehicle stable, but is not able to recover the steering condition
where the driver can reestablish a straight line motion. The simulated driver model does not act on vehicle acceleration to
recover this steering condition. Therefore, for further investigation of the need for ESC actuation to recover the condition
of easy driving, a more sophisticated driver model must be used in MIL simulations.

The next steps of this works includes the implementation of proposed ESC as electronic control unit and its evaluation
with Hardware-in-the-loop simulations, the improvement of MIL environment by including a driver model that generates
all the commands available for the driver in a real car, and the exploration of the benefits of advanced control techniques
able to handle with constraints of actuation system, such that the proposed ESC could be applied to a vehicle without
differential torque distribution system, using just a differential braking system.
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