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Abstract—In this paper, a vehicle dynamic control (VDC) system
for tracking the desired vehicle behavior is developed. A 2-DOF
control structure is proposed to prevent vehicle skidding during
critical maneuvers through the application of differential braking
between the right and left wheels in order to control yaw motion.
The feedforward filter is a reference generator which computes the
desired yaw rate on the basis of the steering angle, while the feed-
back controller is designed to track the reference as close as pos-
sible and to satisfy suitable loop robustness requirements. Mixed-
sensitivity minimization techniques are exploited in order to design
the loop controller. The performance of the control system is eval-
uated through the hardware-in-the-loop simulation system under
both emergency maneuvers and noncritical driving conditions, i.e.,
when the VDC system is not supposed to intervene.

Index Terms—Hardware-in-the-loop (HIL) simulation, robust
control, vehicle dynamic control (VDC), vehicle lateral stability,
yaw moment control.

I. INTRODUCTION

R OAD vehicles are generally equipped with passive and/or
active safety systems. The main purpose of passive safety

systems (e.g., seat belts and air bags) is to mitigate the severity
of an accident. Active safety systems instead help prevent acci-
dents by temporarily taking control away from the driver until
the undesired vehicle dynamic behavior is corrected.

One of the most studied active safety systems which aims at
enhancing the vehicle yaw stability is the vehicle dynamic con-
trol (VDC) system. Indeed, loss of vehicle yaw stability may
result either from inappropriate driver’s action or from unex-
pected yaw disturbances like side-wind force, tire pressure loss,
or -split braking due to unilaterally different road such as icy
or wet pavement. Safe driving requires the driver to react rapidly
and properly. Unfortunately, average drivers may exhibit panic
reaction and may not be able to work out adequate steering
and/or braking/throttle commands. The main goal of vehicle
yaw stability control systems is to compensate for the driver’s
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inadequacy and generate a control yaw moment through either
steering or braking control inputs or both.

Yaw stability control systems have been established in the
automotive industry as a safety/performance/comfort feature.
They generally provide a control action which prevents the ve-
hicle from under- or oversteering in a handling maneuver (e.g.,
lane change, slalom, etc.), particularly on a low-friction-coeffi-
cient surface. VDC systems directly control the yaw moment by
generating differential longitudinal forces on the left and right
tires, which, in turn, effectively affect the vehicle lateral motion.
The two primary corrective yaw-moment-generating methods
of actuation for VDC systems are compensation using steering
commands or using differential wheel braking.

Pioneering results on VDC can be found in [1]–[3]. Most of
the commercially available VDC systems use differential wheel
braking as it is more easily accomplished through already ex-
isting ABS hardware (see, e.g., [4]). In [5], a four-wheel steering
system with the use of yaw rate feedback and steering-angle
feedforward control is investigated. When the vehicle becomes
unstable because of sudden side wind, road surface disturbance,
or abrupt braking, steering is automatically corrected through
the rear wheel to improve stability.

In [6], a chassis control strategy for improving the limit
performance of vehicle motion is proposed. The effects of
braking force distribution on vehicle lateral and longitudinal
directions are studied. A method to improve the handling and
stability of vehicles by controlling the yaw moment generated
by driving/braking forces is presented in [7]. Yaw moment
is controlled by the feedforward compensation of steering
angle and velocity to minimize the sideslip angle at the vehicle
center of gravity. In [8], an integrated control system of active
rear-wheel steering and yaw moment control using braking
forces is presented. The control system is designed using
model-matching control theory to make the vehicle perfor-
mance follow a desired dynamic model. An yaw moment
control using brake torque for improving vehicle performance
and stability in high-speed driving is described in [9].

In [10], a 2-DOF steering controller architecture based on
a disturbance observer method is adapted to the vehicle yaw
dynamic problem and shown to robustly improve vehicle yaw
dynamic performance. An auxiliary-steering actuation system,
a steering controller that only intervenes when necessary,
and a velocity–gain-scheduled implementation that is tested
throughout the range of operation are considered. In [11], the
predictive characteristics of the generalized predictive control
are exploited in order to derive a yaw stability control algorithm.
The control algorithm is based on a linearized vehicle model.

A VDC system for improving dynamic stability under crit-
ical lateral motions is developed in [12]. The use of yaw mo-
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ment control is investigated by adjusting the wheel slip ratio for
improving the handling and stability of vehicle. The purpose of
the proposed control system is to make the yaw rate and sideslip
angle of the vehicle track their corresponding desired values.

In this paper, a VDC system for tracking the desired vehicle
behavior is developed. A 2-DOF control structure is proposed
to prevent vehicle skidding during critical maneuvers through
the application of differential braking between the right and left
wheels in order to control yaw motion. The feedforward filter is
a reference generator which computes the desired yaw rate on
the basis of the steering angle, while the feedback controller is
designed to track the reference as close as possible and to satisfy
suitable loop robustness requirements. The design of the loop
controller and the identification of an approximate mathemat-
ical model of the plant that is used to design the controller are
treated as a joint problem formulated as the minimization of a
suitable mixed-sensitivity functional which depends on both the
controller and the plant model. A suboptimal solution to such a
problem is computed by exploiting a proper iterative algorithm
whose initialization only requires a controller which stabilizes
the closed-loop system even if it provides unacceptable perfor-
mances. The main advantage of the proposed approach with re-
spect to the available literature on the subject is that no accurate
mathematical modeling of the vehicle is required to initialize
the controller design procedure, since model identification and
controller design are jointly solved.

II. PLANT DESCRIPTION

The plant to be controlled is a hardware-in-the-loop (HIL)
test bench built by the Vehicle Dynamics Research Team,
Mechanical Engineering Department, Politecnico di Torino,
Torino, Italy [13], [14]. Such a test bench, as shown in Fig. 1,
consists of the whole braking system of a FIAT passenger
car properly interfaced, through a personal computer and a
suitable dSPACE board, with a real-time vehicle dynamic
simulator. More precisely, the components of the system are
the vacuum booster, the tandem master cylinder, the wheel
calipers with their mechanical support, and a hydraulic VDC
unit with 12 PWM-controlled solenoid valves used to regulate
the oil pressure in the brake chambers. The hydraulic circuit
of the test bench consists of an electric motor, a gear pump,
an accumulator, some pressure limiter/reducer valves, and a
proportional valve. Four pressure sensors are used to measure
the four wheel caliper pressures which are the inputs of the ve-
hicle model. From such measurements, wheel braking torques
are easily computed by exploiting standard physical equations
(see, e.g., [15]).

The real-time nonlinear model used on the test bench to simu-
late the vehicle dynamics has 8 DOF. Four degrees (lateral, lon-
gitudinal, yaw, and roll motions) account for the vehicle body
dynamics, while four degrees are used to describe the wheel ro-
tational motions. Tires were modeled using the Pacejka magic
formula [16].

The test bench also includes a low-level open-loop controller
of the hydraulic actuator. Such a controller suitably regulates
both the PWM voltage of the solenoid valves and the hydraulic
pump on/off signal in order to actuate the desired pressure signal
provided by the high-level VDC controller to be designed.

Fig. 1. HIL test bench.

A set of different maneuvers can be performed by means of a
suitable driver simulator included in the model. In [14], a vali-
dation of the overall vehicle model is performed. Simulated and
experimental results are compared on a suitable range of ma-
neuvers, including steering-angle steps, ramps, and frequency
sweep. A detailed description of the test bench can be found in
the papers by Sorniotti [13] and Sorniotti and Velardocchia [14].

III. CONTROL OBJECTIVE AND PERFORMANCE REQUIREMENTS

The problem that we are dealing with in this paper is the de-
sign of a closed-loop control system that is able to prevent ve-
hicle skidding during critical maneuvers through the application
of differential braking between the right and left wheels in order
to control yaw motion. More specifically, the control problem is
defined with reference to the following two specific tests:

1) Step steer test: The test starts with a vehicle traveling
at the constant speed of 100 km/h. The driver turns the
steering wheel at the speed of 250 until a specified
target angle is reached. Then, the target angle is held.
Different steering target angles have to be considered
from 50 to 110 . This maneuver is considered in order
to define the desired behavior of the controlled vehicle
in critical driving conditions.

2) Slow ramp steer test: The test is performed at the con-
stant speed of 100 km/h. The driver slowly increases the
steering wheel angle (15 ) from 0 to 130 . This ma-
neuver is used to define the desired behavior of the con-
trolled vehicle in noncritical driving conditions.

The following symbols are introduced in order to formulate a
set of performance requirements:

starting time of the maneuver;

controlled-vehicle yaw rate;

uncontrolled-vehicle yaw rate;

controlled-vehicle lateral acceleration;

uncontrolled-vehicle lateral acceleration;
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Fig. 2. Block diagram of the considered control system.

vehicle sideslip angle;

amplitude of the first local yaw rate extremum
(maximum/minimum);

amplitude of the second local yaw rate extremum
(minimum/maximum);

time instant at which the first local yaw rate
extremum occurs

;

time instant at which the second
local yaw rate extremum occurs

;

longitudinal velocity of the uncontrolled vehicle;

longitudinal velocity of the controlled vehicle.

FIAT S.p.A. provided a list of specific requirements reported
here as a set of five performance specifications which have to be
satisfied by the controlled vehicle when a step steer test is run:

1) time between the first and second peaks of yaw rate of
less than 1 s: ;

2) amplitude difference between the first and second peaks
of yaw rate of less than 10 : ;

3) sideslip-angle peak amplitude of less than 7 :
;

4) difference between controlled- and passive-vehicle yaw
rates of less than 1 when :

;
5) difference between controlled- and passive-vehicle

steady-state lateral accelerations of less than 0.2 :
;

6) difference between controlled- and passive-vehicle lon-
gitudinal velocities of less than 5 km/h:

.
All specifications [1)–6)] have to be satisfied for each value

of the step amplitude between 50 and 110 .
As far as the ramp steer test is considered, the controller is re-

quired to not act on the braking system during such a maneuver
in order to avoid perturbation of the behavior of the car during
noncritical driving conditions.

IV. CONTROL STRUCTURE AND STRATEGY

A. Control Structure

In order to meet the performance requirements specified in
Section III, the 2-DOF control structure of Fig. 2 is proposed,
where controller is a reference generator which computes
the desired yaw rate on the basis of the steering angle, and

is the feedback controller that is designed to track the refer-
ence as well as possible while satisfying suitable loop robust-
ness requirements.

The output signal of controller is the plant command input
. The absolute value is the actual reference oil pressure

to be actuated in the brake chamber while the sign of is
used, together with the sign of the steering angle , to select
the wheel brake that has to be activated. More specifically, a
brake caliper selector acts on the hydraulic circuit to apply the
pressure to either the right- or left-wheel brakes according
to the following rule: Left-wheel brakes are activated if either

, or , ; right-wheel brakes are activated
otherwise.

The vehicle is modeled by , i.e., the transfer function
between the steering angle and the yaw rate , and by
which is a linear model of the relation between the desired pres-
sure and the yaw rate, including the controlled actuator
and the caliper selector. The transfer function has been
obtained from the standard bicycle model (see, e.g., [15]) as-
suming the steering-wheel angle as input, the vehicle sideslip
angle and the yaw rate as state variables, and the yaw rate as
output. The transfer function written in terms of the ve-
hicle physical parameters is given by

(1)

where

(2)

The symbol denotes the vehicle mass; is the moment of
inertia around the vertical axis; and are the distances be-
tween the vehicle center of gravity and the front and rear axles,
respectively; is the vehicle speed; and is the ratio between
the steering-wheel angle and the front-wheel angle. The param-
eters and are the so-called front and rear cornering stiff-
ness coefficients, respectively, which are used to describe the
tire behavior.

A linear model of the tire has been assumed, where the lat-
eral tire force is described as the product of the cornering stiff-
ness and the wheel sideslip angle (see, e.g., [15]). The values
of the cornering stiffness coefficients and have been prop-
erly tuned in order to get the best matching between the simu-
lated response of model and the experimental yaw rate re-
sponse of the passive vehicle in critical driving conditions. The
values of all the physical vehicle parameters are summarized in
Table I. The transfer function (1) has been obtained by setting

. How to obtain model will be discussed
in Section IV-E.

B. Design of the Reference Generator

In order to properly design the reference generator , it
is first required to define the main properties of the desired
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TABLE I
VALUES OF MODEL PARAMETERS

Fig. 3. Vehicle steering diagram considered in this paper corresponding to
� � ��� ����.

yaw rate to be generated. Analysis of performance specifica-
tions leads to the choice of a yaw rate reference signal which
has to preserve the steady-state behavior [specification 5)] and
the speed of response [specification 4)] of the uncontrolled ve-
hicle while significantly reducing the oscillation during tran-
sients [specifications 1)–3)]. In addition, the yaw rate reference
signal generated when the driver performs a slow ramp steer test
should be as close as possible to the yaw rate of the uncontrolled
vehicle in order to guarantee that the control system will not act
on the braking system.

The idea exploited in this paper to meet all such requirements
is to compute the reference yaw rate through the following
convolution integral:

(3)

where is the impulse response of a low-pass filter with
transfer function and the function

is the so-called steering diagram of the uncon-
trolled vehicle which, for any fixed velocity , relates the
lateral acceleration and the steering angle at steady
state.

The steering diagram of the vehicle
considered in this paper is shown in Fig. 3 for the case of

. Since it is easy to show that, at constant longitudinal
velocity , the lateral acceleration and the yaw rate at
steady state satisfy equation (see, e.g., [15eq.
(8.26)]), it turns out that function is, for any approximately

constant velocity , a good approximation of the static map-
ping which relates the steering angle and the yaw rate
of the passive vehicle at steady state. Thus, the proposed refer-
ence yaw rate, which, at steady state, equals , preserves the
steady-state behavior of the vehicle [specification 5)].

The filter was introduced to properly set the rise time
of the controlled vehicle in order to obtain the same speed of
response of the uncontrolled one [specification 4)]. Moreover,
since is the output of a static function filtered through a linear
system with a real pole, the reference yaw rate will not show any
oscillation when a step steer test is performed [specifications
1)–3)].

Finally, one must consider that the steering diagram
is usually obtained by experimentally per-

forming a slow ramp steer test. Thus, at least in principle, the
proposed yaw rate reference will equal the actual yaw rate of the
uncontrolled vehicle when a slow ramp steer test is performed,
intrinsically avoiding the actuation of the braking system.

C. Design of Controller : Problem Formulation

Feedback controller must be designed to track, as close
as possible, the desired yaw rate provided by controller
while guaranteeing satisfactory loop robustness margins. From
the block diagram of Fig. 2, it is easily seen that the transfer
function between the steering angle and the tracking error

is given by

(4)

where and are the Laplace transforms of the sig-
nals and , respectively,
is the sensitivity function, and is a linear transfer function
which approximates the nonlinear reference generator .

Equation (4) shows that the tracking error can be atten-
uated by properly shaping the frequency response of the sensi-
tivity function . More precisely, our objective is to design
a controller such that the transfer function between the
steering angle and the tracking error satisfies the following in-
equality:

(5)

where is a rational function which properly embeds
tracking performance requirements.

From (4) and (5), and the definition of norm of a single-
input–single-output system, the control problem can be formu-
lated as the following sensitivity minimization problem:

(6)

where is the class of controllers which stabilizes the plant
and . As is well
known, a specification of the kind
provides a constraint on the steady-state behavior of the con-
trolled system and can also force a lower bound on its band-
width, while it does not constraint the bandwidth from above

Authorized licensed use limited to: Politecnico di Torino. Downloaded on November 24, 2009 at 09:12 from IEEE Xplore.  Restrictions apply. 



1100 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 17, NO. 5, SEPTEMBER 2009

(see, e.g., [17Ch. 2]). Thus, the solution of a pure weighted-sen-
sitivity minimization problem could lead to the design of a con-
trol system with possible undesired large bandwidth which, in
turn, could cause instability problems when the controller is ap-
plied to the real plant due to the presence of significant high-fre-
quency model uncertainty [17]. In order to limit the control
system bandwidth, controller is actually computed by
solving the following mixed-sensitivity problem:

(7)

where is the complemen-
tary sensitivity function and where is a rational function
which properly embeds bandwidth requirements.

D. Design of Controller : Selection of Weighting
Functions and

The following structure has been assumed for the weighting
function :

(8)

where the pole at the origin has been included to guarantee ro-
bust tracking of constant signal, and parameters , , and
must be selected in order to provide a lower bound on the con-
trol system bandwidth and to satisfy the inequality

. The values
and have been selected.

The weighting function
has been chosen in order to force a proper upper bound
on the control system bandwidth. The transfer function

has
been obtained from the linear bicycle model presented in
Section IV-A. The linear model of
the reference generator has been obtained by approximating the
steering diagram at velocity with a constant gain.

E. Design of Controller : Iterative Approach

The computation of the controller as a solution of problem (7)
is based on a model which is an approximate description
of the true unknown plant, including also the dynamics of the
hydraulic actuator. Thus, the performance of the actual control
system will depend on such a model, and the problem on how
to properly select the transfer function arises.

As pointed out in [18] and [19], approximate model identi-
fication and model-based controller design have to be treated
as a joint problem in order to guarantee a reasonable degree of
robustness. To be more precise, let us use the symbol to in-
dicate the unknown true plant. The actual problem to be solved
can be formulated as

(9)

where is the mixed-sensitivity functional of the
actual control system. Since the true plant is not known,
problem (9) cannot be exactly solved. However, according to
[18] and [19], we can consider the following triangle inequality:

(10)

Exploiting (10), the control problem can be reformulated as the
following minimization problem:

(11)

In order to solve problem (11), an iterative approach has
been proposed in [18] and [19]. At the th iteration, the plant
model and the feedback controller are computed
according to

(12)

(13)

Problem (12) is equivalent to an closed-loop identifica-
tion problem and can be solved by exploiting the approach pro-
posed in [20] which is based on the dual Youla parameterization
of all plants that are stabilized by a given controller.

The identification is performed by exploiting the experi-
mental closed-loop data obtained through the implementation
of controller on the test bench. More specifically, the
model is identified using the variables and (see Fig. 2)
which are the input and the output of , respectively. The
command input is physically measured on the test bench,
while the output is computed as , where is the
vehicle yaw rate measurement and can be easily computed
as the output of model , i.e., ( is the
impulse response of , while is the convolution operator).
The algorithm proposed in [20] provides both the model
and the bound on the modeling error between
the model and the true plant.

Problem (13) can be solved by means of standard control
techniques (see, e.g., [17]) seeking for among the classes
of controllers which robustly stabilize the system in the
presence of additive unstructured uncertainty bounded by .
Thus, the obtained controller is a strictly proper transfer function
whose order equals the sum of the orders of the plant and the
weighting functions and .

Remark: In the closed-loop identification stage [problem
(12)], a model of the plant is identified by minimizing the
error between the value of the closed-loop performance index
obtained with the true plant and the value of the closed-loop
performance index computed using the model (the inter-
ested reader can find details on the identification algorithm in
[20]). The iterative procedure stops when the controlled system
obtained by implementing controller on the test bench
satisfies the prescribed closed-loop performance requirements
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Fig. 4. Lateral acceleration: (Thick) Controlled vehicle and (thin) uncontrolled
vehicle.

(note that the controller is implemented on the test bench at each
iteration in order to collect data for closed-loop identification of

). Thus, in this procedure, a model is considered a good
model for the true plant if the control system designed on the
basis of such a model satisfies the performance requirements
(even if the model is not quite close to the true plant).

Finally, we point out that no accurate model of the
dynamics of the vehicle equipped with a hydraulic actuator is
needed to initialize the iterative design procedure, since the
model identification problem and the controller design problem
are jointly solved. This is the main advantage of the proposed
approach with respect to the available literature on the subject.

V. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, we report the experimental results obtained by
testing the controlled system on the HIL test bench. A step steer
test of 110 on a dry road was performed first. The behavior of
the vehicle during such a maneuver is highly nonlinear since, as
shown in Fig. 4, the lateral acceleration approaches its saturation
limit (see the steering diagram of Fig. 3). After three iterations,
the following results have been obtained:

(14)

(15)

Controller largely satisfies performance specifications 1)–6),
as shown by the experimental results presented in this section.

The yaw rate, the sideslip angle, and the vehicle velocity
of the controlled and uncontrolled vehicles are compared in
Figs. 5–7, respectively. Such figures show the effectiveness of
the proposed control system which improves the performance
of the uncontrolled vehicle and satisfies all specifications 1)–6).
More specifically, the yaw rate of the controlled vehicle actually
shows only one peak, implicitly satisfying both specifications 1)
and 2). Furthermore, as clearly shown in Fig. 8, specification 4)
is also satisfied since the maximum value of the difference be-
tween controlled- and passive-vehicle yaw rates is about 0.5

Fig. 5. Yaw rate response to a step steer test of 110 : (Thick) Controlled ve-
hicle, (thin) uncontrolled vehicle, and (dashed) reference.

Fig. 6. Sideslip-angle response to a step steer test of 110 : (Thick) Controlled
vehicle and (thin) uncontrolled vehicle.

Fig. 7. Vehicle velocity: (Thick) Controlled vehicle and (thin) uncontrolled ve-
hicle.

for . Looking at Fig. 9, it can be seen that the difference
between controlled- and passive-vehicle steady-state lateral ac-
celerations is less than 0.2 for , showing the
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Fig. 8. Difference between controlled- and uncontrolled-vehicle yaw rates
� �� �

�� �.

Fig. 9. Difference between controlled- and uncontrolled-vehicle lateral accel-
erations �� � � �.

fulfillment of specification 5). As far as specification 3) is con-
sidered, the absolute value of the sideslip-angle peak amplitude
of the controlled vehicle is 4.2 , which is about 30% less than
the maximum allowed one. Finally, as can be seen from Fig. 7,
the maximum difference between controlled- and passive-ve-
hicle velocities is about 4.5 km/h; thus, specification 6) is also
satisfied.

As discussed in Section IV-B, in principle, the yaw rate ref-
erence signal should be equal to the actual yaw rate of the un-
controlled vehicle when a slow ramp steer test is performed, in-
trinsically avoiding the actuation of the braking system. Since,
in practice, the difference between the two signals is not exactly
zero, it was necessary to introduce a threshold on the error signal

. The control system is activated when the absolute value of
the error is greater than 2 .

In order to test the robustness of the designed control system,
some additional maneuvers have been performed on the HIL test
bench. Fig. 10 shows the comparison between the yaw rate of
the controlled vehicle and the yaw rate of the uncontrolled one

Fig. 10. Yaw rate response to a steer reversal test of 90 : (Thick) Controlled
vehicle, (thin) uncontrolled vehicle, and (dashed) reference.

Fig. 11. Yaw rate response to a step steer test of 110 that is performed on a
wet road: (Thick) Controlled vehicle, (thin) uncontrolled vehicle, and (dashed)
reference.

for a steer reversal test. The test starts with a vehicle traveling
at the constant speed of 100 km/h. At time , the driver
turns the steering wheel at the speed of 250 until the angle
of is reached. Then, the target angle is held for 4 s. At
time , the driver turns the steering wheel at the speed of
250 until the angle of 90 is reached. Finally, after 4 s, the
steering-wheel angle is brought back to 0 .

Fig. 11 shows the comparison between the yaw rate of the
controlled vehicle and the yaw rate of the uncontrolled one for a
step steer test of 110 that is performed on a wet road (adhesion
coefficient ).

Finally, in order to test the disturbance rejection properties of
the designed controlled systems, the effect of a side-wind gust
acting on a vehicle that is driven along a straight road at the
velocity of 100 km/h has been considered. According to [21], a
side wind impacting the car at the velocity exerts a force
and a moment , respectively, given by

(16)
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Fig. 12. Yaw rate response to a side-wind gust disturbance: (Thick) Controlled
vehicle and (thin) uncontrolled vehicle.

(17)

The comparison between the response of the yaw rate of the
controlled vehicle and the yaw rate of the uncontrolled one in
the presence of a side-wind gust is shown in Fig. 12. The wind
velocity equals zero until and value
from time on. All the presented maneuvers show that the
proposed control system strongly improved the lateral behavior
of the vehicle.

VI. CONCLUDING REMARKS

In this paper, a 2-DOF control structure has been proposed for
yaw stability control of a passenger car. The feedforward filter
is a reference generator which computes the desired yaw rate on
the basis of the steering angle, while the feedback controller is
designed to track the reference as close as possible and to satisfy
suitable loop robustness requirements.

The design of the loop controller and the identification of an
approximate mathematical model of the plant that is used to de-
sign the controller have been treated as a joint problem formu-
lated as the minimization of a suitable mixed-sensitivity func-
tional which depends on both the controller and the plant model.
A suboptimal solution to such a problem has been computed by
exploiting a proper iterative algorithm whose initialization only
requires a controller which stabilizes the closed-loop system
even if it provides unacceptable performances. The main ad-
vantage of the proposed approach with respect to the available
literature on the subject is that no accurate mathematical mod-
eling of the vehicle is required to initialize the controller design
procedure, since model identification and controller design are
jointly solved.

HIL simulations have been performed to test the perfor-
mances of the controlled vehicle in a number of different
driving conditions: step steer maneuvers on both dry and
wet roads, steer reversal test, and side-wind gust disturbance
rejection. All the presented maneuvers show that the proposed
control system is effective in improving the lateral behavior of
the car.

A possible direction for further research is the investigation
of the advantages of using virtual sensors inside the loop of a
vehicle yaw stability control system. The development of such
a technological approach is motivated by recent market require-
ments aimed at offering low-cost active safety systems. Indeed,
a viable solution to reduce costs consists in avoiding the use of
physical sensors needed in such control systems. In this context,
virtual sensors can be employed to replace hardware ones either
to feedback the controlled variables or to obtain redundancy in
the achievement of fault tolerance properties.
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