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A Comparison of Control Techniques for Robust Docking Maneuvers of an AGV
Jorge Villagra and David Herrero-Pérez
Abstract—This work addresses the path tracking problem of
industrial guidance systems used by automated guided vehicles
(AGVs) in load transfer operations. We focus on the control law
that permits to AGVs to operate tracking a predefined route with
industrial grade of accuracy, repeatability and reliability. One of
the main issues of this problem is related to the important weight
variation of AGVs when transporting a load, which induces
slipping and skidding effects. Besides, localization error of the
guidance system should be taken into account because position
estimation is typically performed at a low sample rate. Other
key point is that control law oscillations can knock down the
load, which gives rise to safety and performance problems. Three
control techniques—fuzzy, vector pursuit and flatness-based control—are compared in order to evaluate how they can deal with
these problems and satisfy the robustness requirements of such an
industrial application.
Index Terms—Automated guided vehicles (AGVs), flatness control, fuzzy control, nonlinear robust control, vector pursuit.

I. INTRODUCTION

N

OWADAYS, the last generation of automated guided
vehicles (AGVs) systems [1], [2] incorporates wireless
guidance systems, using laser or inertial sensors, that permit
to locate these vehicles with the precision needed for performing accurate maneuvers. However, popular commercial
industrial navigation systems, namely laser navigation ones,
induce problems related to the low pose estimation rate. This
problem is usually solved by fusing those position estimations
with odometry information, whether from wheel encoders or
from inertial sensors. Nevertheless, the position estimation rate
is still relatively low, which represents a key point that the
tracking technique should take into account.
The typical load transfer operations of AGV systems consist of pick-up and delivery services between pick-up/delivery
stations. In order to do so, the AGV should navigate between
stations performing precise docking maneuvers to pick-up or
deliver the transport load. Navigation between stations is referred as point-to-point navigation whereas precise maneuvers
are referred as docking operations. The docking maneuvers need
higher accuracy than navigation tasks because the vehicle can
collide against the station/load or knock down the load due to
an inaccurate maneuver. Hence, slight errors in docking maneuvers can damage the load, the station, and the vehicle.
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This work is focused on docking operations, which should
satisfy robustness constraints, given the industrial nature of this
application, to avoid the problems mentioned above. Moreover,
the docking operations should be performed as fast as possible
avoiding vibrations induced by eventual high jerk variations in
control actions. These vibrations result critical for both the accuracy of the docking operation and for the stability of the load.
A comparison of path tracking techniques focused on reducing
jerk variations is performed in order to minimize the vibration
effects. Besides, the complexity and time consuming for on-site
startup is also considered.
A. Non-Model-Based Control Approaches
The application of linear control methods in wheeled mobile
robots (WMR) is well reported in the literature [3]. However,
AGVs are characterized by nonlinear dynamics and affected by
an important number of disturbances, such as turning and static
friction or variations in the amount of cargo.
The complexity of AGV dynamics, the difficulty of obtaining
the actual vehicle parameters, the variability of certain model
parameters and the human-knowledge available on speed and
steering control have traditionally motivated the use of soft
computing paradigms, such as fuzzy logic [4], [5], neural
networks [6] or even adaptive techniques inspired on biological
immune systems [7]. Fuzzy logic emulates the human reasoning process with its capacity to deal with imprecision and
uncertainty. However, it aims to minimize both the position and
heading errors, normally by some kind of weighting function,
with no corresponding geometrical meaning.
Vector pursuit controllers [8] not only provide a way to move
the AGV to a certain position, but also with a given heading
and curvature. However, a look-ahead distance should be defined, which is of paramount importance due to the precision
needed in docking operations. In this respect, even if vector pursuit control for AGVs can provide remarkable tracking results
when compared to other non-model-based control techniques,
the following two main issues are likely to be improved.
• Determinism is much harder to obtain than with any
model-based technique. Consequently, some tracking
quality indicators, as jerk variations or time to docking
point, are difficult to be imposed a priori.
• Since the choice of look-ahead distance significantly influences the closed-loop behavior, flexibility and ease of
reconfiguration cannot be guaranteed.
B. Model-Based Control Approaches
Even though WMR model based control problems have been
intensively studied in recent years (cf. [9] and the references
therein), most existing works assume, on the one hand, that
they satisfy non-slipping and non-skidding conditions, and on
the other hand, that high sample rate measurements are available. However, these assumptions are hardly ever fulfilled, and
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therefore stability domains and control performance can be significantly altered.
Several solutions have been proposed in order to compensate
the effects induced by uncertainty and/or neglected dynamics,
such as model-based adaptive control [10]–[12], singular perturbations [13], sliding mode control [14], or Lyapunov-based
control [15]. Most of these approaches need a good knowledge
of the unmodeled dynamics or suffer from robustness to demanding disturbances (which are arbitrarily constrained to unrealistic bounds).
Besides, an important issue in AGV control is that not only
a good path tracking should be assured, but it is also desirable
a good behavior in terms of jerk. The latter is concerned with
the ability to safely dock, undock and carry the pallets, and consequently, with the amount of material that can be handled in a
single trip.
Flatness-based control [16] turns out to be a very interesting
tool because it allows to take advantage of WMRs flat structure
to simply generate open-loop control to follow the path. Moreover, a feedback control can be naturally introduced so that time
dependence is decoupled from the geometric task. To the best
of our knowledge, only [17] has coupled flatness-based control
with robust control techniques (sliding modes, to be specific).
However, these methods can be constrained by mechanical issues due to highly switching control actions. Recently, [18] proposed a dynamic extension of classical flatness results by introducing a velocity-scheduling. Unfortunately, neither the beforehand mentioned disturbances nor unmodeled low-level dynamics are taken into account. For all these reasons, a novel
control approach, called intelligent PID (i-PID), will be used to
improve the dynamic behavior under a high degree of uncertainty.
As aforementioned, we assume that AGV position estimation
rate is relatively low (resulting of fusing laser navigation sensor
and odometry). Few model-based control techniques take into
account such kind of limitations, and when they are explicitly
treated [19], supplementary sensors are considered.
All these challenging conditions will be used in simulations
to compare the performance of this control approach.
To sum up, the main contributions of our work are as follows:
• to compare control philosophies (intelligent control, geometric vector pursuit or nonlinear model-based control)
that are rarely confronted for a real application;
• to consider a realistic WMR model, where not only slipping and skipping are taken into account, but also traction
and steering dynamics;
• to enlarge robustness properties of the approach introduced
by [20] with a control strategy that guarantees low jerk
variations.
C. Outline
Section II is devoted to how traction and steering dynamics
and slipping and skidding effects can naturally be added to the
classical kinematic model. Fuzzy and vector pursuit control
are briefly recalled in Section III. Flatness-based control is
introduced in Section IV. Since flatness-based control presents
poor robustness properties to neglected dynamics or disturbances an intelligent feedback control is added in Section IV-A.
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Fig. 1. (a) Purely kinematic WMR and (b) skidding and slipping WMR.

Section V shows, through simulation results, the advantages
of this new technique with respect to fuzzy, vector pursuit
and more standard flatness-based controllers. Finally, some
concluding remarks are discussed in Section VI.
II. WHEELED MOBILE ROBOT MODEL: FROM KINEMATICS
TOWARDS SKIDDING AND SLIPPING
A. Pure Kinematic Model
The WMR considered in this paper, shown in Fig. 1(a), has a
body frame
attached to the reference point with coordinates
in global coordinate frame
. The
value denotes the orientation of the basis
with respect to the global frame, so that the generalized coordinates
of the WMR are
. The robot is equipped with a
front-centered steerable wheel (whose angle is represented by
) and fixed parallel rear wheels. The resulting state-space kinematic model can be written as follows:
(1)

B. Skidding and Slipping Model
1) Slipping: Under pure rolling assumption, where there is
no tire deformation, the wheel’s linear velocity is
with
and the wheel radius and angular speed, respectively. However, this is not the case when an important acceleration is applied to the vehicle. The wheel slipping can be characterized by
slip ratio
if
if
Equivalently, a longitudinal slip velocity can be defined as
, that can be explicitly expressed in terms of load and
friction conditions [21].
2) Skidding: When a turning maneuver begins, a cornering
force acts laterally on the wheel’s contact patch, causing the
wheel to transverse along a direction away from the wheel’s
plane. This behavior is referred as skidding. The angle between
the wheel’s direction of travel and the wheel’s plane is known
as the slip angle .
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Consider that the fixed parallel wheels can be simplified by
a fictitious wheel at the center of those parallel wheels (see
Fig. 1). Denote
as the velocity of the reference point ;
denotes the projection of velocity
on axis , and represents the beforehand mentioned linear wheel’s velocity, which is
the velocity
projected on
. These two velocities
are related to the slip angle by the geometrical relationship
.
Fig. 1(b) shows the motion of the AGV using a WMR model
in the presence of skidding and slipping, where denotes the
robot front steering angle,
represents the generalized slip
angle of the rear fictitious wheel and
the slip angle of the
front wheel. Lateral velocity
is modeled as the output of a
second order linear system whose input is steering angle (see
[22] for further details)
(2)
where
, , and
are the lateral velocity (skidding) static
gain, damping ratio and undamped natural frequency, respectively.
We extend the equation formulation used in the ideal cases
(1) in order to derive the WMR model under these assumptions
to the situations with skidding and slipping (see [23] for more
details)
(3)
with control variables

and .

C. Electrical Traction and Steering Dynamics
A first order model has been considered in order to model the
powered steering and the mechanical transmission to the front
wheel. Concerning the electrical traction system, a dead-time
has to be added to a second order model to take into account
special H-Bridge protection systems. Following [24] traction
and steering dynamics can be modeled as follows:

A. Fuzzy Control
Fuzzy control systems use a kind of approximate reasoning
that resembles the decision-making process of humans. Because
the solution to the problem addressed can be formulated in terms
that human operators can understand, their experience can be
used in the design of the controller. However, the process to
obtain fuzzy knowledge base from an expert is often based on
a tedious and unreliable trial and error approach, and therefore,
different techniques have been used for the automated design
and optimization of fuzzy logic controllers [25].
The proposed solution is based on a Mamdani-type [26] fuzzy
controller, which consists of a collection of fuzzy rules where
each one is composed of a set of fuzzy numbers (antecedent)
and real parameters (consequent). The antecedents are trapezoidal fuzzy sets that can be characterized using four parameters
and the output fuzzy singletons using only one number for each
one. The rules of the fuzzy controller are as follows:
IF

where the input fuzzy set represents the heading to the current look-ahead point in the trajectory (antecedent) and the two
output crisp values, and , represent the angular and linear
control variables, respectively (consequents). The angular velocity is related to the steering angle by
.
The membership functions are fixed and known in advance, besides, their sum is one. The fuzzy knowledge-base is composed
of seven trapezoidal membership functions for the input fuzzy
variable, which are labeled as
(negative large),
(negative medium),
(negative small),
(zero),
(positive
small),
(positive medium), and
(positive large). There
are seven values for the angular velocity that are denoted by the
same labels. Finally, there are four values for the linear velocity
that are labeled by (zero), (small),
(medium), and
(full). The fuzzy controller is composed of seven rules obtained
heuristically
IF
IF
IF

(4)
and
are the velocity and steering angle static
where
gains,
and
are the velocity and steering angle natural frequencies,
is the velocity damping factor,
is the traction
system delay, and
,
,
, and
are the actual
and desired velocities, and the real and desired steering angle
(in Laplace domain), respectively.
III. NON-MODEL-BASED CONTROL APPROACHES
The complexity of AGV dynamics and the difficulty of
obtaining the actual vehicle dynamic parameters have motivated the use of two non-model-based control approaches.
Both methods make use of a point, belonging to the path to
follow, in front of the AGV, which is calculated by the so-called
look-ahead distance, to calculate the wheel speed and steering
angle.

THEN

IF
IF
IF
IF

THEN
THEN
THEN
THEN
THEN
THEN
THEN

We have to remark that the heading to look-ahead point is
the input of the fuzzy controller, which depends on look-ahead
distance and trajectory to follow.
B. Vector Pursuit
The vector pursuit approach [8] is a geometric path tracking
(pure pursuit) method that employs both distance and heading
to some goal position (look-ahead) to calculate the curvature to
move a vehicle from its current position to such a goal.
The Screw Theory is used in vehicle control problem as follows. First, two instantaneous screws are calculated: that accounts for the translation from vehicle’s location to look-ahead
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respectively. The angle that vehicle should rotate to reach the
look-ahead point can be calculated using the expression

Fig. 2. Instantaneous screw : (a) translation from the current AGV location
to the look-ahead position and (b) the rotation defined by this screw.

position and
that accounts for the rotation from vehicle’s location to the desired orientation. Then, the screw
that accounts for the instantaneous vehicle’s motion is calculated. This
instantaneous screw depends on
and
screws, and it is
easily obtained making use of the additive property of screws.
Finally, the wheel speed and wheel angle generating the motion
along the resulting screw are used to reach the look-ahead point
in such an instant.
The proper selection of
and
screws is a key point
because they should be located taking into account some
constraints, such as maximum curvature of nonholonomic platforms. Consider the robot has the body frame
with
coordinates
in the global coordinate system
specified in Section II. Let be the vector from robot’s location
to the local target (look-ahead point) that the AGV should
follow, and
the projection of vector on the axes
of robot coordinate system
. This look-ahead vector
is obtained by the intersection of the route to follow and
a circle of radius
centered in the robot’s frame
.
Fig. 2(a) shows two way-points,
and
, of the route
to follow and the instantaneous look-ahead vector calculated
to track such a route. The aim is moving the vehicle from its
current location to the coordinates
depicted in
Fig. 2(a), which axis
is parallel to the line-segment linking
two way-points, and hence, tangent to the trajectory to follow.
The screw
is located at the center of a circumference that
passes through both poses and that is tangent to the vehicle
heading. The radius of circumference determines the curvature
that vehicle should follow, which results so useful in order to
satisfy the nonholonomic constraints of tricycle drive. Thus,
screw is defined to satisfy

The time to translate the vehicle to the look-ahead point is calculated as
, and the time to rotate the vehicle to the
look-ahead bearing is calculated as
. Besides, a factor is used to state the relationship between and
as
, where is some positive constant greater than zero.
Thus, the weighting factors can be determined as
and
, where can be derived to
.
Besides, the weighting factor satisfies
.
The coordinates
of resulting screw in the global
coordinate system
are determined by

(5)
Finally, the coordinates
of resulting screw in the
vehicle’s coordinate system
are used to calculate the
movement of the vehicle to reach the look-ahead position

(6)
should be zero in order to satisfy the nonholonomic
where
constraint of platform and
should be greater than minimum
turning radius of the tricycle drive.
The selection of look-ahead distance
results of paramount
importance because large look-ahead distances reduce the oscillations at the cost of increasing the position errors when high
curvatures, while short look-ahead distances permit more accurate path tracking increasing the oscillations. Therefore, the
choice of
should be decided as a tradeoff between accuracy
and robustness depending on the specific application.
IV. FLATNESS-BASED CONTROL
As shown in [16], the kinematic model of the WMR given
in (1) is flat with flat outputs
. The three conditions
above formulated to establish the flatness of a system can be
verified in our case with the following expressions, which are
easily obtained from (1):
(7)

The screw
represents the displacement from the vehicle’s
pose to the target position, shown in Fig. 2(b), rotating
around the screw . The screw
is located at the robot’s
frame
in order to represent a pure rotation, which
. Thus,
is defined as
is used to reach the target heading
. These screws,
and , are weighted with
factors
and
in order to control their influence on the
resulting screw
. These factors,
and , represent the
angular velocities
and
applied to
and
screws,

(8)
(9)
In order to avoid singularities of (7) and (9), [27] introduced
a time-scaling tool, which may be interpreted as controlling the
clock. To that end, a parameter change
is applied,
with an increasing function that represents the vehicle displacement profile.
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As a result, a controller based on dynamic feedback linearization proposed by [27] is used to control the AGV. The compensator reads

(10)
where the dynamical extension variable and inputs , are
such that the closed-loop system obtained from (1) and (10) is
equivalent to a linear system, and more precisely to two chains
of two integrators
(11)
A linear feedback controller can be then designed to control this
equivalent system

(12)
where estimated position values , and their time derivatives
have to be obtained from available measurements.
To achieve such stabilization, not only admissible reference
trajectories have to be offline computed, but a speed profile
should also be provided.

Fig. 3. Geometric path and its curvature in terms of the arc length.

•

is an integer value (usually 1 or 2), which may represent the system degree, but not necessarily;
•
are chosen in such a way that
and
are of the
same magnitude.
Finally,
,
are determined thanks to the
knowledge of ,
, and the estimates of
(14)

A. Intelligent PID (i-PID) Control
The proposed time-scaling dynamic feedback guarantees a
robust stabilization when initial conditions are not well known
or soft disturbances are applied to the robot [27]. However, the
convergence speed and the stability regions are significantly
affected when important unmodeled dynamics or disturbances
perturb the nominal behavior of the system.
To overcome this problem, an i-PID controller is used. The
main advantage of this approach is that it uses a standard PID
controller structure, but it is able to take into account, without
any modeling procedure, the unknown parts of the system (see
[28] and [29] for more details).
Consider a finite-dimensional multiple-input, multiple-output
(MIMO) system, with
inputs
and outputs

If the assumption
,
is verified, the
implicit function theorem and a straightforward simplification
(cf. [28]) locally yields

(13)
where
,
,
and ,
are non-physical constant parameters, which are chosen by the
engineer with the following guidelines:

terms carry the whole information on the process
In fact, the
to be controlled (which might include hardly identifiable parameters or complex time-varying phenomena, like frictions).
Feedback controller (11) permits to decouple the nonlinear
model (1). This fact leads to a specially easy tuning of the
MIMO i-PID, because the general model (13) yields for this
specific case

(15)
where
and
can be naturally replaced by 2; ,
can be
,
set to 1, and
. Finally, (15) is inverted and merged with (12) in the
final i-PD feedback controller

(16)
with the following:
•
and the reference docking path;
•
and
the longitudinal and lateral
tracking errors;
•
,
,
, and
, suitable PD controller gains.
Note that this approach needs derivatives estimates of noisy
signals. A fast and robust technique, independent of noises’
statistic properties has been used in this work (see [30] for more
details).
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Fig. 4. Comparison between fuzzy, vector pursuit, and flatness-based controllers: (a) tracking error, (b) longitudinal velocity, and (c) steering angle.

V. SIMULATION RESULTS AND ROBUSTNESS ANALYSIS
The two non-model-based techniques previously described
will be compared to the i-PD flatness based controller. In a first
step, tracking quality and softness of movement will be analyzed for fuzzy, vector pursuit, and flatness-based controller (see
Section V-A). Since the latter is based on a kinematic model of
the AGV, not only good tracking performance will be sought,
but also robustness to parameter uncertainty of model (3), (4).
As a result, robustness of the intelligent flatness based controller
will be afterwards evaluated using exhaustive Monte Carlo simulations (see Section V-B).
A continuous curvature path respecting a maximum allowable steering angle
(see Fig. 3) will be used to simulate the AGV behavior in a docking maneuver. Besides, a velocity profile (see [21] for more details) will be used to cover
the whole path at a maximum speed
ms and with
a maximum acceleration
ms . These constraints
may seem too conservative, but current AGVs [31] operate at
similar speeds in docking maneuvers due to industry regulation.
Note that the combination of such geometric path and velocity profile leads to steering angle evolution where constraints
on steering angle and velocity
s are fulfilled.
Position estimations of the navigation system are only available once per second and odometry sampling rate is constrained
by control cycle duration
s . Both values are
merged in an extended Kalman filter (EKF), where measurement noises have to be characterized. In all the below simulations, wheel angular velocities are supposed to be corrupted
with an additive white Gaussian noise
whose standard
deviation is
.
We assume that docking operation imposes a maximum error
of 2 cm in the docking point positioning because it is where
the load is located. We also assume that tracking error cannot
exceed 10 cm during the docking maneuver because higher position errors may induce collisions. The third condition will be
imposed to limit the effects of vibrations in the control of AGV
and the load: the median of the steering angle fast Fourier transform (FFT) should not be higher than 0.02 Hz.
A. Non-Model Versus Model-Based Controllers
Fuzzy and vector pursuit control methods are not based on a
vector profile, but rather on a maximum velocity. Thus, acceler-

ation and deceleration phases have been configured to obtain a
similar docking time than that obtained with flatness based control.
Since the two non-model based controllers are extremely sensitive to look-ahead distance, several choices (3, 5, and 10 cm)
have been tested in order to obtain the best solution of each
technique. In Table II all these configurations are compared to
flatness based control in terms of tracking error (mean, maximum and final values) and softness of control actions (median
value of the steering angle FFT). Note that these first results
have been obtained with noisy measurements from a pure kinematic model.
We have noticed that, even though final and maximum values
of tracking error are pretty similar for all techniques, the configurations that most reduce the effect of vibrations are those using
a look-ahead distance of 10 cm. Consequently, only the latter
configuration has been plotted in Fig. 4. Some conclusions can
be highlighted from these results and confirmed with Table II:
• fuzzy controllers are significantly less precise and exhibit
a more abrupt behavior than the other control approaches;
• tracking error obtained with vector pursuit control largely
fulfills the aforementioned constraints and it acts in a softer
way than fuzzy control. However, velocity profile is far
from having a predictable shape;
• flatness-based controller provides a steering angle FFT median three times lower than the best fuzzy and vector pursuit implementations.
B. Flatness-Based Controllers
In a first step, the flatness-based feedback control is applied
to a pure kinematic model (1). The blue curve in Fig. 5(a) shows
that the tracking error is really reduced in these conditions.
Moreover, jerk variations will be also observed in order to
estimate the amount of material that can be safely handled. In
Fig. 5(b) and (c), control actions are plotted to give an insight
of this sort of “transportability” indicator. Both velocity and
steering angle exhibit a very smooth behavior.
Considering now that the model of (3) with skidding and slipping effects (or, in other words, with very different load and
friction conditions) is used. Besides, the actuator dynamics described in (4) are also taken into account with the nominal values
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Fig. 5. Comparison between pure and intelligent flatness-based controllers: (a) tracking error, (b) longitudinal velocity, and (c) steering angle.

Fig. 6. Monte Carlo simulations: (a) tracking error, (b) final error histogram, (c) and histogram with the median of the steering angle FFT.

TABLE I
NOMINAL VALUES OF THE SYSTEM

TABLE II
COMPARISON OF CONTROLLERS

of Table I. Fig. 5 permits observing how difficult is to track the
desired path with the flatness based controller when these disturbances are considered (red line). However, when the i-PD feedback control is applied to the same benchmark, a remarkable
improvement is obtained (the 2 cm final error bound is widely
respected).

It is then clear that the introduction of an “intelligent” feedback control considerably enhance the system robustness and
stability domain while remaining within the desired smoothness
ranges of the robot motion.
1) Robustness Analysis: As previously mentioned, the
tracking quality will be evaluated under different load and
friction conditions, and variable low level dynamics. In order
to account for parametric uncertainty, we define the model’s
parameters as distributions of values rather than as single fixed
values. We then perform a Monte Carlo simulation, running the
model repeatedly with 1000 random combinations of parameter
values. The parameters
in Table I will be considered to
follow centered normal distributions of the form
,
,
.
Note that the Monte Carlo simulations were designed to take
into account most of unknown or badly-known dynamics and
parameters that have been traditionally neglected in the related
literature. The analyzed parameter uncertainty space is wide
enough to assume that there should not be a substantial difference between simulation and experimental closed-loop behavior.
After these 1000 random simulations, only 3 configurations
did not fulfill the 3 constraints above enumerated. Moreover, as
it can be appreciated in Fig. 6(a), only one among these faulty
cases is due to a final error excess.
Fig. 6(b) and (c) show histograms of final tracking errors and
medians of the steering angle FFT with the i-PD feedback controller. These two charts confirm the following:
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• a remarkable tracking quality for a model-based controller
under a high degree of uncertainty;
• an acceptable level of transportability when compared to
non-model based controllers-even if high amplitude variations in steering angle can be observed in Fig. 5, its FFT
histogram show that their frequencies are tolerable.
To sum up, note that i-PD controller compensates skidding,
slipping and actuators dynamics without need of physical parameter or supplementary measure.
VI. CONCLUDING REMARKS
This work has presented a comparison in depth between different control approaches for AGV robust path tracking. The
compared control strategies seek to ensure low jerk variations
in docking operations of AGVs in industrial environments. The
proposed control system is focused on the one hand on robustness and performance (slight errors can damage the load or the
station), and on the other hand on ease configuration of the controller (a reduced set of parameters should be enough to easily
adapt to new layouts or production rates).
Two non-model-based control techniques (fuzzy and vector
pursuit) have been confronted to a new nonlinear model-based
control strategy. In the latter, a data-driven model for robust
feedback control has been combined with differential flatness
to obtain a control strategy, specially well suited for AGV
path tracking in industrial environments. The simulations
have shown very interesting results with no need of physical
parameters knowledge and with a high degree of efficiency.
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