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Adaptive control method and system in a terrestrial vehicle for tracking a route, particularly in

an autonomous driving scenario

The present invention generally relates to assisted driving systems for a terrestrial vehicle,
and in particular an onboard vehicle system, and a method for assisting a terrestrial vehicle,
in particular in an assisted driving or autonomous driving scenario in the tracking of a

predetermined trajectory.

More specifically, the invention relates to a method and a system for the lateral movement
control of a terrestrial vehicle according to the preamble of claim 1 and claim 10

respectively.

In recent years, progress made in equipping terrestrial vehicles (hereinafter simply
“vehicles”) with active vehicle driver assistance systems has contributed to a significant

improvement in road safety.

The challenge of the future is to design autonomous driving vehicles and to make their
operation safe in a road environment crowded with other vehicles, whether autonomous

drive vehicles or vehicles driven by a driver.

The operation of an autonomous vehicle is generally governed jointly by a navigation’
system and a trajectory definition system. The onboard navigation system is designed to
progrém a route on a large scale, i.e. on a road network scale (geographic scale), which
occurs by establishing é series of consecutive road segments adapted to connect a
predetermined position of origin to a predetermined destination, possibly dynamically |
variable depending on detected traffic conditions or predefined travel constraints of the
road network (e.g., closing certain road sections for work in progress). The trajectory
definition system is designed to automatically process vehicle movement trajectories on a
local scale, on the order of several tens or hundreds of meters, that are adapted to
implement the route programmed by the navigation system. This is done by determining
the position, direction and speed of the vehicle over time depending on predetermined

movement constraints, such as dynamic constraints of the vehicle — including maximum
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speed, longitudinal acceleration, steering angle — and environmental constraints —
including path obstacles — and depending on predetermined optimizations, such as

minimizing the lateral acceleration of the vehicle.

In an autonomous driving context, a vehicle is arranged to follow a predefined urban or
extra-urban route by travelling along a series of road sections, determined, for example, by
an onboard navigation system, along respective trajectories defined by time-variable
Cartesian coordinates (X1(t), Y1(t)) and calculated in real time as a function of the stretch
of road through which the predefined roiite is achieved and actual traffic conditions
concerning the aforementioned section that are detected by sensor systems that equip the
vehicle, such as means of capturing the environment surrounding the vehicle and
associated road marking recognition systems, radar or laser sensor means, and associated

obstacle recognition systems.

In a vehicle, the current position and direction are acquired by merging the data detected
by the sensor systems that equip the vehicle (e.g. GPS, video cameras, radar detectors,
laser detectors, etc.). The longitudinal control of the vehicle — i.e., its advancement along
the calculated trajectory — is carried out by controlling the propulsion system or the
braking system, while the lateral control of the vehicle — i.e., the control of the vehicle’s
direction — is carried out by controlling the steerihg system.

In the prior art, the problem of tracking a predetermined route, or a calculated trajectory
belonging to such route, is on first examination independent of the longitudinal control of
the vehicle (i.e. the speed at which the vehicle completes the route), but is essentially a
problem of the lateral control of the vehicle. It is mathematically equivalent to a problem
of minimizing the distance between the current known position of the vehicle (of the
vehicle’s barycenter or center of mass) — acquired by onboard sensor systems — and a
reference trajectory — defined by a trajectory processing module on a local scale depending

on the motion constraints of the vehicle.

A crucial aspect in controlling the tracking of a predetermined route by an autonomous

driving vehicle is furthermore the possibility to use available information on the reference
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trajectory in an area in front of the vehicle (in a near future time) to improve the
performance of the lateral control system of the vehicle by means of an approach not

limited to the current information, but enhanced by a future projection component.

Figure 1 shows a graph illustrating the parameters used by the most common vehicle
lateral control strategies, which are the distance between the center of mass B of the
vehicle (the vehicle is collectively indicated at V and represented by schematizing the front
steering wheels FW and the rear wheels RW) and the reference trajectory T — hereinafter
indicated as a lateral offset e — and the difference between the vehicle’s current direction 4
and the direction tangential to the trajectory T at the point of the trajectory or;hogonally
closer to the vehicle — hereinafter referred to as the direction error Ay. These parameters
are used to define a virtual prediction error ep = e +xp Ay, where x, is the distance between
the current position of the vehicle (of the center of mass of the vehicle) and a virtual look-
ahead position of the vehicle (of the center of mass of the vehicle) i.e. a position wherein
the position of the center of mass of the vehicle is estimated after a predetermined period
of time. The aim of the control system is to keep the virtual prediction error e, equal to

zero, which is equivalent to keeping null both the lateral offset and the direction error.

A variation of this technique is based on minimizing a lateral offset expected at a

predetermined time interval using a dynamic model of the vehicle.

A different approach is based on the control of the look-ahead error, defined as the distance
between a virtual look-ahead position of the vehicle (of the center of mass of the vehicle),
i.e., a position wherein the position of the center of mass of the vehicle is estimated after a
predetermined period of time or at a predetermined look-ahead distance along the
longitudinal axis of the vehicle, and the reference trajectory. The virtual look-ahead
position of the vehicle (of the center of mass of the vehicle) is defined as a virtual look-
ahed position on the longitudinal axis of the vehicle at a predetermined distance d, from
the vehicle’s current center of hiass, for example, on the order of a few meters or tens of
meters under high-speed driving conditions, such as driving along a motorway, or on the
order of a meter or lower (more than 20 cm) in low-speed driving conditions, such as

driving in an urban center or in a parking operation. The aim of the control system is to
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minimize the look-ahead error which does not involve minimizing the distance between the
position of the vehicle (of the center of mass of the vehicle) and the predetermined

trajectory.

In the prior art, other approaches have been considered based, for example, on controlling
the yaw speed of the vehicle, where a virtual prediction error is used to generate a yaw

speed reference signal.

In no case do the algorithms in the prior art allow the evolution of the reference trajectory

to be taken into account to optimize the lateral control of the vehicle over time.

The object of the present invention is to provide a satisfactory solution to the present

problem.

According to the present invention, this object is achieved by means of a system for the
adaptive control of a terrestrial vehicle for tracking a route having the features claimed in

claim 1.

- A further object of the invention is a method for the adaptive control of a terrestrial vehicle

for tracking a route, as claimed.

Particular embodiments are the subject of the dependent claims, the content of which is to

‘be understood as an integral part of the present debscription.

In summary, the present invention is based on the principle of combining the lateral offset
control of the vehicle (of the center of mass of the vehicle) — indicated in the following as
ece — and the look-ahead error — indicated in the following as ez, — defined collectively as
the lateral error of the vehicle, to take advantage of the knowledge of the evolution of the
reference trajectory over time, particularly in the future. The underlying consideration of
the present invention is that, during travelling at a constant speed v along a curved
trajectory with a constant radius of curvature g, the ideal look-ahead error should not

necessarily be null, but should be in any case constant.
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Therefore, the mathematical problem of tracking a reference trajectory is formulated
according to the invention as the problem of minimizing two variables, the lateral offset e.,

and the first derivative of the look-ahead error e 1.

Further features and advantages of the invention will be described in greater detail in the
following detailed description of one embodiment thereof, given by way of non-limiting
example, with reference to the accompanying drawings wherein:

figure 1 is a drawing showing a lateral control strategy of a vehicle in tracking a
curved trajectory, according to the prior art;

figure 2 is a drawing showing a lateral control strategy of a vehicle in tracking a
curved trajectory, according to the invention;

figure 3 is a block diagram of a control system of the invention;

figure 4 is a block diagram representing the parameters of the lateral dynamics of
the vehicle; |

figures 5a and 5b are diagrams of an He control system;

figure 6 is an exemplification of the control system of the invention in a first
simplified embodiment;

| figure 7 is an exemplification of the control system of the invention in an improved

embodiment;

figure 8 shows a series of indicative charts of the performance comparing different |
control systems; and |

figure 9 is a graph showing the optimum virtual look-ahead distance along the

vehicle look-ahead direction as a function of the speed of the vehicle.
Figure 2 shows a chart illustrating the lateral control strategy of a vehicle V, for example
an autonomous driving vehicle, which follows a curved trajectory T in a predefined route

at some distance therefrom.

The vehicle V is represented with its center of mass B between the front steering wheels,

shown at FW, and the rear wheels, shown at RW.

In the drawing, 4 indicates the local look-ahead direction of the vehicle as a dotted line,



WO 2018/078606 PCT/IB2017/056753

and Ay indicates the angle between the local look-ahead direction /4 of the vehicle and the
local direction y of the trajectory T at the point of the trajectory closest to the vehicle’s
center of mass. A current steering angle of the vehicle (of the vehicle’s front wheels FW)
with respect td the local look-ahead direction 4 of the vehicle is represented at Jy, and the
speed vector of the vehicle is shown applied to the center of mass B, with module v and

orientation at an angle £ with respect to the local look-ahead direction of the vehicle.

Along the local look-ahead direction 4, at a predetermined distance from the center of mass
of the vehicle, the point P is identified representative of a virtual look-ahead position of the
vehicle (of the center of mass of the vehicle), i.e. a position wherein the position of the
center of mass of tfle vehicle is estimated after a predetermined time period as a function of
- its known local look-ahead direction. Hereinafter di, indicates a virtual look-ahead distance
between the virtual look-ahead position of the vehicle (of the center of mass of the vehicle)

and the current position of the vehicle (of the center of mass of the vehicle).

The trajectory T, which is a curved trajectory with a (constant or variable) curvature radius
or, is represented as the succession of a discrete plurality of trajectory points which, in the
execution of the described method taken as an example, is comprised between a first initial

~end point Es and a second final end point Er.

The distance between the vehicle V, i.e. the center of mass B of the vehicle, and the
trajectory T represents the lateral offset and is labeled in the figure as e, while ey
indicates the look-ahead error, i.e., the distance between the virtual look-ahead position of
the vehicle (of the vehicle’s center of mass) P along the local look-ahead direction 4 and

the trajectory T.

Figure 3 shows a block diagram of a system to control the lateral dynamics of a vehicle

according to the invention.

The control system comprises a data collection and merging module 10 arranged for
processing the merging of the data D detected by onboard sensors, purely by way of

example the vehicle’s satellite positioning data and the recognition data of the environment
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surrounding the vehicle coming from laser sensors, video cameras, radar sensors and
ultrasonic sensors or an even partial combination thereof. The module 10 is adapted to emit
a signal sjo indicating a data trio, respectively the X and Y coordinates of the actual current

position and the actual current direction angle y of the vehicle.

A trajectory definition module is indicated at 12 and designed to calculate a local trajectory
of movement of the vehicle, adapted to carry out the route programmed by the navigation
system as a function of the environmental constraints (e.g. traffic conditions or obstacles)
detected in real time. The trajectory definition module 12 is adapted to emit a signal si2
indicating a data trio, respectively, the e;cpected coordinates of the vehicle along a
predetermined trajectory T, X7(f) and Y1(¢), variable over time, and the expected local look-

ahead direction, which also varies over time y1(f).

The signals sio and si2, respectively emitted by the data collection and merging module 10
and the ltrajectory definition module 12, are input to a processing module for calculating
the lateral error of the vehicle, indicated collectively at 14, which will be described in
greater detail in the following. It is specified henceforth that the figure omits the
representation of a longitudinal error calculation module, which is also necessary to carry
out a longitudinal control of the vehicle, and thus a complete control of the vehicle
dynamics for example in autonomous driving applications, but which is not the subject of

the present invention.

The processing module for the calculation of the lateral error of the vehicle is designed to
calculate the lateral offset e, and the look-ahead error es,. A differential calculation
module, indicated at 16, is designed to perform a calculation operation of the derivative of

the look-ahead error ej,;, which is henceforth labeled as e 'i,.

Finally, the lateral offset e, and the derivative of the look-ahead error e’;; are input to a
lateral control module 18, which will be better described in the following, adapted to
calculate the steering angle d, needed to correct the look-ahead direction of the vehicle

such as to allow the tracking of the predefined trajectory T.
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With reference to figures 2 and 3, the calculation routine of the lateral offset e., and the
derivative of the look-ahead error e’;, which is executed by the processing module for

calculating the lateral error of the vehicle 14, is now described in greater detail.

The processing module for calculating the lateral error of the vehicle 14 receives in input
the position of the center of mass of the vehicle and its local look-ahead direction, i.e. the
data trio (X, Y, w) and the representation of the trajectory T of the predefined route
generated by the trajectory definition module 12, i.e. the data trio (X7(¢), Y«(¥), wr(?)).

In order to decouple the problem of longitudinal movément control from the problem of
lateral movement control of the vehicle, the lateral offset e, is not calculated by
considering the coordinates of the trajectory T planned at the current time (X7(%.), Y1(t.),
but is defined as the minimum distance between the center of mass of the vehicle and the
entire trajectory T, while the problem of longitudinal control is typically handled by

defining a longitudinal reference speed at positions along the time-dependent trajectory T.

In general, the lateral offset is calculated as the distance between the position of the (center
of mass of the) vehicle and the straight line passing through a trajectory point closest to the
~(center of mass of the) vehicle and directéd along a local direction (tangential to the
trajectory), the trajectory point closest to the (center of mass of the) vehicle being
identified as the trajectory point at the minimum Euclidean distance from the position of

the center of mass of the vehicle.

Specifically, the lateral offset is calculated by performing in successive iterations the

following operations at the lateral error calculation module 14.

First, for each iteration, a trajectory segment comprising a plurality of discrete coordinates
of the trajectory T starting from a first initial end point Es, which is identified as the point
of minimum distance from the vehicle determined in the previous itefation, up to a second
final end point Eg, identified by impoéing a predetermined length to the trajectory segment
comprising a predetermined number of discrete points (which may be either equally spaced

or more concentrated in the vicinity of directional variations), wherein said predetermined
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number of points is high enough to contain a point of minimum distance from the vehicle.
In general, the number of discrete points and the length of the trajectory segment depend
“on the vehicle’s current forward speed and the directionality of the same segment. In
effect, if there are sudden changes in direction, it is preferable to have shorter segments
with respect to the case wherein the vehicle travels a straight trajectory. Alternatively, it is
possible to set a constant length for the trajectory segment that is greater than or at least
equal to the maximum distance that the vehicle may travel at the maximum theoretical

speed at a sample time of the control system.

Therefore, the point of the trajectory segment closest to the (center of mass of the) vehicle
is identified by means of an iterative algorithm comprising the following steps:

1. The distance between the initial end point Es of the trajectory segment and the
(center of mass of the) vehicle is calculated; such distance is provisionally stored as a
minimum distance value and the initial end point of the trajectory segment is provisionally
identified as the point closest to the (center of mass of the) vehicle;

2. The distance between the successive point on the trajectory segment and the (center
of mass of the) vehicle is calculated, and if this value is less than the stored value of the
minimum distance, then it is provisionally stored as a new minimum distance value and
said point is provisionally identified as a new point closest to the (center of mass of the)
vehicle; otherwise, the data obtained from the previous step will be retained;

3. The procedure in the previous step is repeated for all the successive points on the
trajectory segment;

4. The algorithm stops when the final end point Er of the trajectory segment is
reached, or before if the calculated distance value is much greater than the stored minimum

distance, which may be set at the design stage.

Finally, after the point of the trajectory segment closest to the (cehter of mass of the)
vehicle is identified, the lateral offset is calculated as the distance between the (center of
mass of the) vehicle and the straight line passing through the point closest to the (center of
mass of the) vehicle and directed in the direction locally tangential to the trajectory

(indicated at w7(f) in figure 2).
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Similarly, the look-ahead error ey is calculated from the knowledge of the vehicle’s
direction and the virtual look-ahead position of the (center of mass of the) vehicle, shown
in figure 2 at the point P, i.e. the position wherein the position of the (center of mass of the)
vehicle is estimated after a predetermined time period or at a predetermined look-ahead
~ distance. The look-ahead error ey is calculated as the distance of the virtual look-ahead
position of the (center of mass of the) vehicle (point P) with respect to the predetermined
trajectory, according to the same iterative procedure dpscribed above.

1. ‘The distance between the initial end point E of the trajectory segment and the look-
ahead position of the (center of mass of the) vehicle is calculated; such distance is
provisionally stored as a minimum distance value and the first point of the trajectory
segment is temporarily identified as the point closest to the virtual look-ahead position of
the (center of mass of the) vehicle;

2. The distance between the successive point on the trajectory segment and the virtual
look-ahead position of the (center of mass of the) vehicle is calculated, and if this value is
less than the minimum distance value stored, then it is provisionally stored as a new
minimum distance value and said point is provisionally identified as a new point closest to
the virtual look-ahead position of the (center of mass of the) vehicle; otherwise, the data
obtained from the previous step will be retained;

3. The procedure in the previous step.is repeated for all the successive points on the
trajectory segment;

4. The algorithm stops when the final end point Er of the trajectory segment is
reached, or before if the calculated distance value is much gfeater than the minimum stored

distance, which may be set at the design stage.

Finally, after the pbint of the trajectory segment closest to the virtual look-ahead position
of the (center of mass of the) vehicle is identified, the look-ahead error ey, is calculated as
the distance between the virtual look-ahead position of the (center of mass of the) vehicle
and the straight line passing through the point closest to the virtual look-ahead position of
the (center of mass of thej vehicle and directed in the direction locally tangential to the

trajectory.

The derivative e’ of the look-ahead error is calculated with a high pass filter made as a
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discrete filter of fixed order n, the cutting frequency of which is a tunable parameter
depending on the noise level and on the quantization of the signals received by the onboard

geographic positioning system.

Figure 4 schematically shows a lateral dynamics model of the vehicle. The system is a
system with a single input — the steering angle J,, of the vehicle — and multiple output — the
lateral offset e, and the derivative of the look-ahead error e . Depending on the steering
angle J» imposed for the vehicle, for example as determined by the lateral control module
18 of the lateral dynamics control system of the vehicle, belonging to a more general
autonomous driving system of the vehicle, the diagram shows the dynamic relationship
between the yaw speed » and the drift angle § of the vehicle (i.e., the angle between the
vehicle speed referring to the center of mass and the direction of the longitudinal axis), and
the two errors ecg and e, where Guenicle(s) represents — in a known way — the transfer
function between the imposed steering angle and the yaw speed » and the drift angle S of
the vehicle, obtained by the linearization of the equations that govern the dynamics of the
vehicle in the plane. In the figure, the calculation of the two errors ecg and e 'y, is carried out
by obtaining' Ay’, which represents the difference between the yaw speed and the trajectory
curvature speed at the point closest to the vehicle. By integrating Ay’ (block 1/s), 4y is
obtained, i.e. the difference between the vehicle orientation and the orientation of the
reference trajectory at the point closest to the vehicle. By adding Ay and the drift angle
of the vehicle and multiplying by the longitudinal velocity of the vehicle v, the lateral
offset speed is calculated; by integrating the latter (block 1/s), the error at the center of
mass or lateral offset ecé is obtained. By adding the speed of the lateral offset with the
product of Ay’ and the virtual look-ahead distance di,, the derivative of the look-ahead

error e iz is calculated.

Figure 4 thus represents one of the possible ways wherein the look-ahead of the position of
the center of mass of the vehicle may be calculated at a predetermined distance, which is

based on the hypothesis that the vehicle continues albng its current longitudinal direction.

The control module 18 is preferably synthesized to apply an He control method and

implemented on the basis of the lateral dynamics model of the vehicle defined in figure 4.
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The Hwo control problem is thus expressed as a mathematical optimization problem,
whereby the desired performance of the control module 18 is defined by means of weight
functions applied to a plurality of variables of interest, which in this case are the steering
- angle dw, the curvature radius g1, of the predetermined trajectory the lateral offset ecg and

the look-ahead error ey,.

An Ho control model of a system P is shown in figure 5a. The system P has two inputs,
respectively, an exogenous input w which includes reference signals and disturbances and
an input of controlled variables u, and has two outputs, an output of performance variables
z, which includes error signals that one wishes to minimize, and an output of measured
variables v, which includes signals that are used to control the system, respectively. The
measured variables v are used in a block K to calculate the controlled variables input to the

system u.

Figure 5b shows the Ho control model of the vehicle’s steering system and of the vehicle,
which takes into account both the steering dynamics and the lateral dynamics of the
vehicle, where P(s) indicates the vehicle and the steering system of the vehicle as a whole
and C(s) indicates the lateral control module 18, wherein the stéering angle (Jv) as an input
variable and the variables representative of the errors calculated according to the present
invention (ecq, €’1s) — which are the performance variables of the system — are processed
through respective weighing modules generally indicated W,(s), and indicated 6"y, e”¢g and
e ™1a respectively. The variables 6", "¢ and e ™1 may be represented as the output of
respective dynamic filters (Wol!}, Wo2, W,8)) and may be represeﬁted in the Laplace
domain as follows:
8"u(s) = Woll)(s) * 6u(5);
&esfs) = WolP (5) * ece(s);
e™i(s) = WolBt(s) * e1u(s).

Preferably, also the exogenous input reference signal, the local curvature radius g;, of the

predetermined trajectory is processed through a respective weighing module Wi(s).

Weighing the variables allows the magnitude of errors in the frequency domain to be
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specified based on the desired performance and the behavior of the controller to be
regulated for greater response speed or greater robustness to external disturbances. For
example, a small trajectory tracking error may be favored at the expense of high actuation
energy, or a different balance may be set between the different aspécts of control (tracking

error, actuation cost, robustness to measurement errors, and rejection of load disturbances).

Unlike known algorithms based on minimizing the virtual prediction error, the control
system and method of the invention allow advantageously for the future evolution of the
curvature of the predetermined trajectory to be taken into account by virtue of the fact that
a look-ahead error is determined, i.e., a real distance is calculated between the virtual look-
ahead position of the (center of mass of the) vehicle and the predetermined trajectory,
whereby the control may anticipate a vehicle’s maneuver of entry into a curve and
overcome the inconvenience of a delay in the tracking of the predefined trajectory that is
introduced by the vehicle dynamics. Conveniently, the virtual look-head position of the
(center of mass of the) vehicle, or better yet the virtual look-ahead distance, may be
considered a tunable parameter to adjust the anticipatory action of the control, improving
the predictive readiness of the system of the invention, particularly in the case of high

dynamics maneuvers.

Figures 6 and 7 schematize the algorithm at the base of the lateral control module or

controller 18, which — as mentioned above — is an Hw-type control optimization algorithm.

Specifically, the control algorithm is a function of the lateral dynamics model of the
vehicle defined in figure 4 and the weight functions attributed to variables 6"y, €”c, and

e

The lateral control module or controller 18 is a dynamic system that may be represented by
equations in the state space, characterized by the matrices A,B,C,D:

z(k + 1) = Az(k) + Bu(k)

 y(k) = Cz(k) + Du(k)
The output y is the steering angle and the input u is a vector of two variables, respectively

the lateral offset e, and the derivative of the prediction error ejs. 4 is an » x » matrix where



WO 2018/078606 PCT/IB2017/056753
14 '

n is the order of the controller that depends on the order of the system and on the order of
weight functions, B is an #» x 2 matrix, C is a 1 x » matrix and D is a 1 x 2 matrix. The
matrices A, B, C, D are the result of a mathematical optimization performed by defining

the vehicle model and the weights, and have no representation in closed form.

In an improved embodiment, the control algorithm is made in such a way as to take into
account the speed v of the vehicle and is shown in figure 7. It is known in fact that the
operation speed of the vehicle influences its dynamics. In this case, the control algorithm
also receives as input the current longitudinal speed of the vehicle and calculates the
matrices A(v), B(v), C(v) and D(v), which are therefore dependent on the vehicle speed. In
this case, the lateral control module or controller 18 is an LPV (linear parameter-varying or
variable parameter linear control) controller, and may be represented with equations in the -
state space:

z(k + 1) = A(v)z(k) + B(v)u(k)

y(k) = C(v)z(k) + D(v)u(k)

This means that the control mode is advantageously programmed over time as a function of
the speed of the vehicle, for example with a frequency of 50Hz, whereby the steering angle
is determined on the basis of the lateral offset e, of the derivative of the look-ahead error

e 'is and of the value of the matrices evaluated at the current speed of the vehicle.

The control of the invention has superior performance compared to a classic control based
exclusively on the knowledge of the look-ahead error or compared to a classic control

based exclusively on the knowledge of the lateral offset.

For a better appreciation of the excellence of the control of the invention, figure 8 shows
the results of a maneuver performed by an autonomous driving vehicle to avoid an
obstacle, actuated by means of three different controllers, respectively a classic controller
designed to minimize the lateral offset (curve A), an Hw controller according to the
invention (curve B), and an LPV controller similar to the He controller which also takes
into account the speed of the vehicle to adjust the gain of the control system and the

weights of the variables (curve C).
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Ip the first graph from the top, the absolute lateral position of the (center of mass of the)
vehicle is shown in a reference system X, Y, where X evolves along the direction of travel
and Y is the direction orthogonal to X on the plane of travel. The curve T shows with
hatched lines the predefined reference trajectory. It is evident in the graph that with a

classic control, the vehicle is delayed in tracking the predefined trajectory.

In the second graph from the top, the evolution over time of the lateral offset is shown.
Also in this case, it should be noted that a classic control allows for a lateral offset for
much of the time greater than the lateral offset allowed by the control according to the two .

embodiments of the invention, and is extremely variable in absolute value.

In the third graph from the top; the trend of the lateral acceleration is traced over time, as a
result of the maneuvers required to recover the lateral offset that is created. Also, this

graph shows a clear delay of the classic control in tracking the predefined trajectory.

Finally, in the fourth graph (the last graph on the bottom), the trend of the steering angle
over time is traced, which represents the command imposed to the vehicle by the
controller. The summation of the disadvantages of the known technique (curve A) is

evident in terms of delay and greater amplitude of the required corrections.

Ultimately, the graphs in figure 8 clearly show that the introduction of a multi-objective
approach that is the subject of the invention, i.e., an approach aimed at minimizing both the
lateral offset and the variation of the look-ahead érror, results in improved performance of
the lateral control of a vehicle, in particular an autonomous driving vehicle, essentially due
to the improved ability to anticipate a curve or directionalichange, while at the same time
giving relevance to the actual error of tracking of the predetermined trajectory at the center

of mass of the vehicle.

In addition to the foregoing, it is possible to recognize that also the vehicle’s virtual look-
ahead distance is a control parameter that may be adjusted according to the speed, and in
figure 9 the influence of the vehicle speed in determining the optimal virtual look-ahead

distance is shown, obtained by comparing the mean squared error of the lateral offset for
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different virtual look-ahead distances at different speeds. In essence, as the speed
increases, the optimal virtual look-ahead distance to be set in the calculation of the look-
ahead error may increase according to a predetermined function, so as to give the vehicle
different behaviors as regards the tracking error, cost of implementation, robustness to

measurement errors and rejection of load disturbances, for example in an approximately

linear way.

Naturally, without altering the principle of the invention, the embodiments and the details
of implementation may vary widely with respect to that which is described and illustrated
purely by way of non-limiting example, without thereby departing from the scope of

protection of the invention defined by the accompanying claims.
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CLAIMS

1. A method for the control of the lateral movement of a terrestrial vehicle arranged to
track a predetermined trajectory, particularly in an assisted driving or autonomous driving
scenario, comprising: |

determining a lateral offset of the vehicle center of mass from said predeterniined
trajectory; and

controlling a steering angle of the vehicle so as to minimize said lateral offset,

characterized in that it further comprises:

determining a look-ahead error defined as a distance of a virtual look-ahead
position of the vehicle center of mass from said predetermined trajectory; and

controlling the steering angle of the vehicle so as to also minimize the first

derivative over time of said look-ahead error.

2. Method according to claim 1, wherein determining a lateral offset of the vehicle
center of mass from said predetermined trajectory comprises determining the distance
between the position of the vehicle center of mass and the straight line passing through a
' trajectory point closest to the vehicle center of mass and directed along a local direction
tangential to said trajectory, the trajectory point closest to the vehicle center of mass being
identified as the trajectory point at the minimum Euclidean distance from the position of

the vehicle center of mass.

3. Method according to claim 2, wherein the trajectory point at the minimum

Euclidean distance from the position of the vehicle center of mass is determined by:

(a) calculating a first distance between an initial end point Es of a predetermined
. trajectory segment and the vehicle center of mass, and storing said first distance as a value

of minimum distance and said initial end point of the trajectory segment as a point closest

to the bvehicle center of mass;

(b)  calculating a second distance between a subsequent point of a predetermined

succession of discrete points on said trajectory segment and the vehicle center of mass and,

if said second distance is lower than said first stored distance, storing said second distance

as a value of minimum distance and said subsequent point of the trajectory segment as a
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point closest to the vehicle center of mass; and

(c) 1iterating step (b) for all the points of said succession of discrete points on said

trajectory segment.

4. Method according to any one of the preceding claims, wherein determining a look-
ahead error comprises:

- determining a virtual look-ahead position for the vehicle center of mass along a
current look-ahead direction of the vehicle after a predetermined period of time or at a
predetermined look-ahead distance; and

- determining the distance between said virtual look-ahead position for the vehicle
center of mass and the straight line passing through a trajectory point closest to the virtual
look-ahead position for the vehicle center of mass and directed along a local direction
tangential to said trajectory, the trajectory point closest to the virtual look-ahead position
for the vehicle center of mass being identified as the trajectory point at the minimum

Euclidean distance from the virtual look-ahead position for the vehicle center of mass.

5. Method according to claim 4, wherein the trajectory point at the minimum
Euclidean distance from the virtual look-ahead position for the vehicle center of mass is
determined by: ‘
(@)  calculating a first distance between an initial end point Es of a predetermined
trajectory segment and the virtual look-ahead position for the vehicle center of mass, and
storing said first distance as a value of minimum distance and said initial end point of the
trajectory segment as the point closest to the virtual look-ahead position for the vehicle
center of mass; \ _

(b)  calculating a second distance between a subsequent point of a predetermined
succession of discrete points on said trajectory segment and the virtual look-ahead position
for the vehicle center of mass and, if said second distance is lower than said stored first
distance, storing said second distance as the minimum distance value and said subsequent
point of the trajectory segment as the closest point to the virtual look-ahead position for the
vehicle center of mass; and

(c) iterating step (b) for all the points of said succession of discrete points on said

trajectory segment.
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6. Method according to any one of the preceding claims, wherein controlling the
steering angle of the vehicle comprises applying an Hs control method wherein an

exogenous input includes a local curvature radius of said predefined trajectory, an input of
 the controlled variables includes the steering angle of the vehicle, a performance variable
output includes the steering angle of the vehicle, the lateral offset and the derivative of the
look-ahead error, and an output of measured variables includes the lateral offset and the

derivative of the look-ahead error.

7. Method according to claim 6, wherein the steering angle of the vehicle, the lateral
offset, the derivative of the look-ahead error, and preferably the curvature radius of the

predetermined trajectory, are processed through respective weight functions.

8. Method according to claim 3 or 5, wherein the length of the trajectory segment is

also determined as a function of the vehicle current speed.

9. Method according to claim 4, wherein the virtual look-ahead distance for the

vehicle is also determined as a function of the vehicle current speed.

10. A system for the control of the lateral movement of a terrestrial vehicle arranged to
track a predétermined trajectory, particularly in an assisted driving or autonomous driving
scenario, comprising:

- acquisition means of vehicle position data, adapted to emit a first signal indicative
of coordinates of a current actual position of the vehicle and of an angle of the actual
current direction of the vehicle;

- means for defining a vehicle trajectory, arranged for calculating a local trajectory of
the vehicle movement and adapted to emit a second signal indicative of the expected
coordinates of the vehicle along said predefined trajectory and of an expected local look-
ahead direction of the vehicle;

- means for calculating a lateral error of the vehicle with respect to said
predetermined trajectory, adapted to receive said first and second signal and arranged for
determining a lateral offset and a look-ahead error based on said first and second signal;

and
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- means for the lateral control of the vehicle, adapted to receive said lateral offset and
a time derivative of the look-ahead error, and arranged for emitting a signal indicative of a
steering angle required to operate a correction of the look-ahead direction of the vehicle so
as to allow tracking the predefined trajectory T,

wherein the lateral control mean‘s of the vehicle are programmed to implement a

method for controlling the lateral movement of a terrestrial vehicle according to any one of
claims 1 to 9.
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