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(57) Abstract: A method for operating a vehicle (1), comprising: receiving (S1) sensor
data (S) of a sensor system (3) of the vehicle (1), the sensor data (S) including a current

FIG. 2

steering-angle (6) and steering-angle velocity (W) of the vehicle (1) driving on a road
(14) with a curve (13), determining (S2) a radius ahead RA of the curve (13) at a position
ahead (P2) that the vehicle (1) will reach in a predetermined time span T based on an
odometry-based radius ahead Rp by the equation: Ro=R¢c-T [ (L - W)/ (sin2 ) 1,
wherein L is a distance between front and rear wheels (17, 18) of the vehicle (1) and R¢
is a radius of the road (14) at the current position (P1) of the vehicle (1), and performing
(S6) a curvature control function based on the determined radius ahead R a.
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METHOD FOR OPERATING A VEHICLE, COMPUTER PROGRAM,
CONTROL SYSTEM AND VEHICLE

The present invention relates to a method for operating a vehicle, a computer program, a

control system and a vehicle with such a control system.

Modern vehicles, such as passenger vehicles, are nowadays usually equipped with several
driver assistant systems. Examples are systems for adapted cruise control (ACC), lane keep-
ing assistance (LKA), highway assistance (HWA), traffic jam assistance (TJA) and traffic jam
pilot (TJP). A crucial aspect of these systems is a curvature control. This includes an antici-
pation of a curvature of an approaching curve and a correspondingly adapted velocity. Usual-
ly, the curvature of a road is determined based on lane markings detected by a camera of the
vehicle. If no lane markings are present on the road or if the quality in the image data repre-
senting the lane markings is poor, a current path determined from odometry data is used
instead. For example, WO 2020 / 001346 A1 proposes to acquire current steering wheel an-
gle information of the vehicle if no road surface marker is identified from a road surface im-

age.

It is one object of the present invention to provide an improved method for operating a vehi-

cle.

Accordingly, a method for operating a vehicle is provided. The method comprises the steps:
receiving sensor data of a sensor system of the vehicle, the sensor data including a
current steering-angle d and steering-angle velocity W of the vehicle driving on a road with a
curve,
determining a radius ahead Ra of the curve at a position ahead P2 that the vehicle will
reach in a predetermined time span T based on an odometry-based radius ahead Ro given

by the equation:

Ro= Rc— T[(L-W)/(sin?(5)],
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wherein 0 is the steering-angle, W is the steering-angle velocity, L is a distance be-
tween the front and rear wheels of the vehicle and Rc is a radius of the road at the current
position of the vehicle, and

performing a curvature control function based on the determined radius ahead Ra.

Hence, the radius Ra of a curvature of a curve of the road on which the vehicle is driving, the
radius Ra being a radius at a position ahead of the vehicle, is determined based on sensor
data of a steering-angle sensor of the vehicle, in particular based on the measured current
steering-angle and steering-angle velocity of the vehicle. Thus, the curvature of the road on
which the vehicle is driving is determined based on odometry data. This allows a better antic-
ipation of the curvature. Further, the curvature of the road can be determined also in the case
that no lane markings are present on the road and/or detected in image data of a camera of
the vehicle. A better anticipation of the curvature of the road allows a better curvature control
of the vehicle. In particular, a control of advanced braking before and/or during entering a

curve can be improved, thus increasing safety and comfort of vehicle passengers.

By determining the radius ahead Ra of the curvature of the curve at the position ahead P2
that the vehicle will reach in the predetermined time span T, driving conditions, an expected
state and/or a nominal state of the vehicle can be predicted for a point in time when the pre-
determined time span T has elapsed. The predetermined time span T can for example be a
or any value within the range of 0.5 to 2.5 seconds. In particular, the predetermined time
span T can, for example, have a value of or of about 0.5 seconds, 1 second, 1.5 seconds, 2

seconds, or 2.5 seconds .

The steering-angle is, for example, a rotation angle of a steering shaft of the vehicle. The
steering-angle is, for example, an angle of one or more driving wheels of the vehicle. The
steering-angle velocity is, for example, a first derivative with respect to time of the steering-

angle.
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The odometry-based radius ahead Ro is, for example, calculated based on the steering-

angle © and the steering-angle velocity W = dd/dt by the following relations:

Rc = L/tan(d), based on trigonometric relation in a right-angled triangle,
dRc/dt = L - d/dt [1 /tan(d)],
dRc/dt = — L - dd/dt/ (sin®(d) ],
Ro = Rc + dRc/dt, and
Ro= Rc— T[(L-W)/(sin?(d) ], wherein W = dd/dt .

The road on which the vehicle is driving includes, for example, one or more lanes. There can
be lane markings limiting the lane(s), thus marked lanes. In another case, for example, no
lane markings for the one or more lanes are present, thus unmarked lanes. The vehicle is,
for example, driving on one of the (e.g. marked or unmarked) lanes of the road. The curve of
the road is, for example, a curve of a (e.g. marked or unmarked) lane on which the vehicle is
driving. The radius of a curvature of the road is, for example, a radius of a curvature of the

(e.g. marked or unmarked) lane on which the vehicle is driving.

The sensor system includes, in particular, a steering-angle sensor unit. The steering-angle
sensor unit is, for example, based on a magnetoresistance technology such as a Giant Mag-
netoresistance technology (GMR element). The steering-angle sensor is, for example, fixed
on a steering shaft of the vehicle. A hub gear wheel of the sensor is, for example, transmit-
ting the rotary movement of the shaft to two measuring gear wheels. In each measuring gear
wheel, for example a magnet is mounted, whose field changes its direction in accordance
with the rotational movement. Below each magnet, a GMR sensor element may be located to
detect the angle position of the magnet above. The analog values of the GMR elements are,
for example, converted into digital information. The steering-angle sensor provides, for ex-

ample, an absolute steering-angle value over the complete steering-angle range.

The sensor system of the vehicle includes, for example, further sensor units such as one or

more environmental sensor units. The environmental sensor units are configured to detect a
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driving state of the vehicle and/or an environment of the vehicle. Examples of such sensor

units are a camera device for capturing images of the surrounding, a radar device (radio de-
tection and ranging) for obtaining radar data and a lidar device (light detection and ranging)
for obtaining lidar data. The sensor system may in addition include ultrasonic sensors, loca-

tion sensors, rain sensors, temperature sensors and/or light sensors.

The sensor units of the vehicle are each configured to output a sensor signal, for example to
a driving assistance system or a parking assistance system, which for example performs

assisted or (semi-)autonomous driving as a function of the detected sensor signals. In partic-
ular, the sensor units can each be configured to output a sensor signal to the control system
and/or a curvature control system/unit, which performs curvature control as a function of the

detected sensor signals.

The method steps are, in particular, carried out by a control system of the vehicle.

According to an embodiment, a nominal velocity Va of the vehicle at the position ahead is
determined based on the determined radius ahead Ra and a predetermined maximum lateral
acceleration Awax by the equation:

Va = (Amax - Ra)'2.

Furthermore, the curvature control function is performed based on the determined nominal

velocity Va.

By calculating the nominal velocity Va at the position ahead based on the determined radius
ahead Ra and a predetermined maximum lateral acceleration Awax, the curvature control of
the vehicle can be performed such that the velocity of the vehicle at the position ahead is
equal {(or below) the calculated nominal velocity. Hence, it can be avoided that the vehicle is

pulling and/or braking out of the curve.
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The maximum lateral acceleration Awax has, for example, a or any value between 2.5 m/s?
and 3.5 m/s2. The maximum lateral acceleration Auax can have, for example, a value of or of
about 2.5 m/s?, 3 m/s? or 3.5 m/s?, 2 m/s? or smaller, 2.5 m/s? or smaller or 3 m/s? or smaller.

The value of the maximum lateral acceleration Avax depends on the velocity of the vehicle.

According to a further embodiment, an expected acceleration of the vehicle at the position
ahead is determined based on a current velocity V¢ of the vehicle and a nominal velocity Va
of the vehicle at the position ahead. Further, a presence of lane markings of the road is de-
tected and a track quality of the detected lane markings is determined based on the sensor
data, and a lane-based radius ahead R. of the curve at the position ahead is determined
based on the detected lane markings. Furthermore, the curvature control function is per-
formed based on the odometry-based radius ahead Ro and the lane-based radius ahead R,
such that:

the radius ahead Ra is set equal to the minimum of the lane-based radius
ahead R. and the odometry-based radius ahead Ro when the determined track quality is
above a predetermined track quality threshold and the determined expected acceleration
corresponds to a braking of the vehicle,

the radius ahead Ra is set equal to the maximum of the lane-based radius
ahead R. and the odometry-based radius ahead Ro when the determined track quality is
above the predetermined track quality threshold and the determined expected acceleration
corresponds to a positive acceleration of the vehicle, and

the radius ahead Ra is set equal to the odometry-based radius ahead Ro when

the determined track quality is at or below the predetermined track quality threshold.

Thus, when the track quality of the detected lane markings is too poor (i.e., equal to or below
the predetermined track quality threshold), the radius ahead Ra of the curve of the road on
which the vehicle is driving can be advantageously determined based on the odometry-

based radius ahead Ro alone.
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Further, when the track quality of the detected lane markings is within a desired range (i.e.,
above the predetermined track quality threshold), the radius ahead Ra of the curve of the
road on which the vehicle is driving can be advantageously set equal to either the lane-based
radius ahead R. or the odometry-based radius ahead Ro depending on the acceleration state

(braking or positive acceleration) of the vehicle.

The current velocity V¢ of the vehicle is the velocity of the vehicle at the current position.

The sensor system of the vehicle includes, in particular, one or more camera devices for cap-
turing images of the surrounding of the vehicle. Further, the presence or absence of lane
markings of the road is detected based on image data (as an example of sensor data) of the
one or more camera devices of the vehicle. The camera device(s) include, for example, a
front camera arranged at the front windscreen of the vehicle and configured to monitor an
area in front of the vehicle. However, the one or more camera devices may also be arranged
at a different window of the vehicle and/or monitor a different area, e.g., at the sides or be-

hind the vehicle.

Determining the track quality of the detected lane markings includes, for example, determin-
ing a level of the current track quality of the detected lane markings. The track quality (level)
of the detected lane markings corresponds, for example, to an image quality of the image
data provided by the one or more camera devices. A level of the track quality of the detected
lane markings and/or a level of the image quality of the image data provided by the one or
more camera devices is, for example, determined and provided by the one or more camera
devices. The predetermined track quality threshold is, for example, a predetermined thresh-

old of the track quality level.

In embodiments, the method includes the step of determining an error AR, of the determined
lane-based radius ahead R.. The error AR, is, for example, a measure of the track quality of

the detected lane markings. Further, in this case, the curvature control function may be per-
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formed based on the odometry-based radius ahead Ro and the lane-based radius ahead R,
such that:

the radius ahead Ra is set equal to the minimum of the lane-based radius
ahead R. and the odometry-based radius ahead Ro when the determined error AR, is below
a predetermined threshold and the determined expected acceleration corresponds to a brak-
ing of the vehicle,

the radius ahead Ra is set equal to the maximum of the lane-based radius
ahead R. and the odometry-based radius ahead Ro when the determined error AR, is below
the predetermined threshold and the determined expected acceleration corresponds to a
positive acceleration, and

the radius ahead Ra is set equal to the odometry-based radius ahead Ro when

the determined error AR. is equal to or above the predetermined threshold.

Thus, when the error AR, of the determined lane-based radius ahead Ry is too large (i.e.,
equal to or above the predetermined threshold), the radius ahead Ra of the curve of the road
on which the vehicle is driving can be advantageously determined based on the odometry-

based radius ahead Ro alone.

Further, when the error AR of the determined lane-based radius ahead Ry is within a desired
range (i.e., below the predetermined threshold), the radius ahead Ra of the curve of the road
on which the vehicle is driving can be advantageously set equal to either the lane-based ra-
dius ahead R. or the odometry-based radius ahead Ro depending on the acceleration state

(braking or positive acceleration) of the vehicle.

According to a further embodiment, the lane-based radius ahead Ry is determined by the
equation:

Ri=1/[(6-a-T)+(2-b)],

wherein a and b are the first two coefficients of a polynomial and T is the predeter-

mined time span.
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The polynomial is, in particular, a polynomial function. The polynomial is, in particular, math-
ematically representing a perceived lane. The polynomial is, for example, a third-degree or
higher-order polynomial function. For example, the lane-based radius ahead Ry is deter-

mined based on the first two coefficients a and b of the third-degree polynomial:

P(x) = ax® + bx® + ¢cx + d.

Further, the curvature ahead can be expressed as:

Ca=(6-a-T)+(2 D).

Furthermore, the radius ahead Rcis given by:

R.=1/Ca.

According to a further embodiment, performing the curvature control function includes con-
trolling an acceleration and/or a jerk of the vehicle based on a current velocity V¢ of the vehi-

cle at a current position and a nominal velocity Va of the vehicle at the position ahead.

By controlling the acceleration and/or jerk of the vehicle, in particular a braking process
(negative acceleration) of the vehicle with respect to time (timely evolution of braking) from
the current velocity V¢ to the nominal velocity Va can be controlled. Hence, a safety and com-

fort of the passengers can be increased.

The jerk of the vehicle describes, in particular, the variation of the acceleration of the vehicle
with time. The jerk of the vehicle is, in particular, the first derivative with respect to time of the
acceleration of the vehicle and the second derivative with respect to time of the velocity of

the vehicle.
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The jerk of the vehicle includes, for example, a longitudinal jerk. In other examples, the jerk

of the vehicle may also include, for example, a lateral jerk.

The jerk of the vehicle is, for example, controlled based on a difference of the current velocity

V¢ of the vehicle and the nominal velocity Va of the vehicle at the position ahead.

According to a further embodiment, controlling the acceleration and/or the jerk of the vehicle
includes a proportional and/or derivative controlling of the acceleration and/or the jerk, and
the nominal velocity Va of the vehicle at the position ahead is a setpoint in the proportional
and/or derivative controlling and the current velocity V¢ of the vehicle is a process variable of

the proportional and/or derivative controlling.

In particular, the jerk is controlled such that the current velocity V¢ of the vehicle is driven
towards the nominal velocity Va, the nominal velocity Va being the setpoint of the controller,

i.e. the desired value for the velocity of the vehicle at the position ahead.

In particular, the control system includes a proportional controller, a derivative controller
and/or a proportional derivative controller. A proportional derivative controller (PD controller)
is a combined proportional and derivative controller, i.e. a proportional plus a derivative con-

troller.

A proportional controller is a type of controller in which an output of the controller varies in
proportion with an input (e.g., an error signal) of the controller. A derivative controller is a
type of controller in which an output of the controller is proportional to a rate with which an
error signal is changing with time. The error signal is, for example, the error between a set-
point (here: the nominal velocity Va of the vehicle at the position ahead) and a measurement

of the process variable (here: the current velocity V¢ of the vehicle).

According to a further embodiment, performing the curvature control function includes deter-

mining a first time phase of negative jerk, a second time phase of zero jerk and a third time
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phase of positive jerk based on a current velocity V¢ of the vehicle at a current position and
on a nominal velocity Va of the vehicle at the position ahead, said first, second and third time

phases being continuous with each other.

By determining the time phases of acceleration and jerk, the curvature control function can

be better performed.

The first time phase is, for example, a time phase before and/or during the vehicle entering
the curve of the road with negative acceleration (braking). The second time phase is, for ex-
ample, a time phase of driving within the curve with constant acceleration. The third time
phase is, for example, a time phase of still negative acceleration but with positive jerk (i.e.,

still braking but decreasing braking).

The first, second and third time phases (e.g., the start and end time points of each of the first,
second and third time phases) are, for example, determined by means of a state machine of

the control system.

In embodiments, performing the curvature control function includes determining a fourth time
phase of zero jerk and zero acceleration (i.e., constant speed) and/or a fifth time phase of
positive jerk and positive acceleration. The fourth and fifth time phases are, in particular, con-
tinuous with the first to third time phases such that the fourth time phase is continuous with
the third time phase and the fifth time phase is continuous with the fourth time phase (or if no

fourth time phase is present, with the third time phase).

According to a further embodiment, performing the curvature control function includes con-
trolling an acceleration of the vehicle to be below a predetermined acceleration threshold

and/or controlling a jerk of the vehicle to be below a predetermined jerk threshold.
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Thus, the vehicle is controlled such that a maximum jerk (e.g., maximum longitudinal jerk) of
the vehicle is limited. Hence, a safety and comfort of the driver (and other passengers) can

be increased.

For example, a longitudinal jerk of the vehicle is controlled to be below a predetermined lon-

gitudinal jerk threshold.

According to a second aspect, a computer program is provided. The computer program
comprises instructions which, when the program is executed by a computer, cause the com-

puter to carry out the above-described method.

A computer program (computer program product), such as a computer program means, may
be embodied as a memory card, USB stick, CD-ROM, DVD or as a file which may be down-
loaded from a server in a network. For example, such a file may be provided by transferring

the file comprising the computer program product from a wireless communication network.

According to a third aspect, a control system for a vehicle is provided. The control system is

configured to perform the above-described method.

According to a fourth aspect, a vehicle with an above-described control system is provided.

The respective above or below described entities, e.g. the control system, a receiving unit,

a first, second, third and fourth determining unit, an arbitration unit, a curvature control unit, a
PD-control unit, may be implemented in hardware and/or in software. If said entity is imple-
mented in hardware, it may be embodied as a device, e.g. as a computer or as a processor
or as a part of a system, e.g. a computer system. If said entity is implemented in software it
may be embodied as a computer program product, as a function, as a routine, as an algo-
rithm, as a program code, part of a program code or as an executable object. Furthermore,
each of the entities mentioned above can also be designed as part of a higher-level control

system of the vehicle, such as a central electronic control unit (ECU).
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The embodiments and features described with reference to the method of the present inven-
tion apply, mutatis mutandis, to the computer program, the control system and the vehicle of

the present invention.

Further possible implementations or alternative solutions of the invention also encompass
combinations — that are not explicitly mentioned herein — of features described above or be-
low with regard to the embodiments. The person skilled in the art may also add individual or

isolated aspects and features to the most basic form of the invention.

Further embodiments, features and advantages of the present invention will become appar-

ent from the subsequent description and dependent claims.

In the following, the invention will be described in detail based on preferred embodiments

with reference to the following figures.

Fig. 1 shows a top view of a vehicle according to an embodiment;

Fig. 2 shows the vehicle of Fig. 1 on a road;

Fig. 3 illustrates a steering-angle of the vehicle of Fig. 1;

Fig. 4 shows a view similar as Fig. 2, wherein the road comprises lane markings;

Fig. 5 shows a data point of a determined lane-based radius of a curve of the road of
Fig. 4;

Fig. 6 shows a timely evolution of an acceleration and a jerk of the vehicle of Fig. 1

when driving through a curve of the road shown in Fig. 2 or 4;
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Fig. 7 shows a control system of the vehicle of Fig. 1; and

Fig. 8 shows a flowchart illustrating a method for operating the vehicle of Fig. 1.

In the figures, like reference numerals designate like or functionally equivalent elements, un-

less otherwise indicated.

Fig. 1 shows a schematic top view of a vehicle 1. The vehicle 1 is, for example, a passenger
vehicle. The vehicle 1 may also be another kind of vehicle such as a van or truck. The vehi-

cle 1 comprises a control system 2 for controlling the vehicle 1.

As shown in Fig. 1, the vehicle 1 comprises a sensor system 3 including several environmen-
tal sensor units 4, 5, 6, 7 arranged at the vehicle 1. The sensor system 3 comprise, in par-
ticular, one or more camera devices 4 such as one or more front camera devices. The cam-
era devices 4 are configured for obtaining image data | of a surrounding 8 of the vehicle 1
and for sending the image data or results of an image analysis of the image data to the con-

trol system 2. The front camera device 4 is attached to a front windscreen 9 of the vehicle 1.

The sensor system 3 further comprise, for example, one or more radar devices 5 for obtain-
ing radar data of the surrounding 8 of the vehicle 1. The sensor system 3 may further com-
prise, for example, one or more lidar devices 6 for obtaining lidar data of the surrounding 8 of

the vehicle 1.

The sensor system 3 further comprises a steering-angle sensor 10 arranged at a steering
shaft 11 of the vehicle 1. The steering shaft 11 is connected to a steering wheel 12 of the
vehicle 1. The steering-angle sensor 10 is configured to measure a steering-angle d (Fig. 3)

and a steering-angle velocity W of the vehicle 1.

The sensor system 3 may comprise further sensors such as ultrasonic sensors 7, one or

more rain sensors and/or one or more light sensors (not shown).
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In the following, a method for operating the vehicle 1 will be described with reference to
Figs. 2 to 8. The method is, in particular, a method for performing a curvature control of the

vehicle 1 to smoothly drive the vehicle 1 into and out of a curve 13 of a road 14 (Fig. 2).

Fig. 2 shows the vehicle 1 of Fig. 1 on the road 14 comprising the curve 13. The vehicle 1 is
shown in Fig. 2 on a first position P1 (current position) before entering the curve 13. The ve-
hicle 1 is driving at the current position P1 with a current velocity Vc. Furthermore, the vehi-
cle 1 is shown in Fig. 2 with dashed lines on a second position P2, where the vehicle 1 has
entered the curve 13. The second position P2 is ahead of the first position P1 with respect to

a driving direction 15 of the vehicle 1.

In a first step S1 of the method, the control system 2 of the vehicle 1 receives sensor data S
(Fig. 7) of the sensor system 3 (Fig. 1) of the vehicle 1. The sensor data S include odometry
data of the steering-angle sensor 10 (Fig. 1), in particular a current steering-angle d and a
current steering-angle velocity W of the vehicle 1. Further, the sensor data S include image
data | of the camera device(s) 4 (Fig. 1) of the vehicle 1. The control system 2 comprises, for
example, a receiving unit 16 (Fig. 7) for receiving the sensor data S from the sensor sys-

tem 3.

In a second step S2 of the method, the control system 2 determines a radius ahead Ro of the
curve 13 at the position ahead P2 based on the odometry data (0, w). The position ahead P2
is, in particular, a position that the vehicle 1 will reach in a predetermined time span T (e.g.,

1 second or 2 seconds). The control system 2 comprises, for example, a first determining
unit 20 (Fig. 7) for determining the odometry-based radius ahead Ro. The odometry-based

radius ahead Ro is determined based on the following relations.

A current radius Rc (Fig. 3) of the vehicle 1 at the position P1 can be expressed by using the

trigonometric function for a right-angled triangle as
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Rc = L/tan (d).

Herein, L is a distance between front wheels 17 and rear wheels 18 (Fig. 3) of the vehicle 1.

Further, the first derivative with respect to time of the current radius Rcis then given by

dRo/dt = L - d/dt [1/tan (3)]
dRc/dt = — L - do/dt / (sin?(5) ] -

Hence, the odometry-based radius ahead Ro (Fig. 2) of the curve 13 at the position P2 can
be written as
Ro = Rc + dRc/dt
Ro= Rc— T[(L-w)/(sin?(d)], wherein W = dd/dt .

In a third step S3 of the method, the control system 2 determines — in the case that lane
markings 19 (Fig. 4) of the road 14’ on which the vehicle 1 is driving are detected in the im-
age data | — a lane-based radius ahead R of the curve 13’ at the position ahead P2. The
control system 2 comprises, for example, a second determining unit 21 (Fig. 7) for determin-

ing the lane-based radius ahead R..

Furthermore, a track quality (e.g., a level of a track quality) of the detected lane markings 19
are determined. The track quality (e.g., the track quality level) corresponds, in particular, to
an image quality of the image data | received by the camera device(s) 4 and/or a detection
quality of the lane markings 19 in the image data |. The track quality (e.qg., track quality level)
is, for example, determined and/or provided by the camera device(s) 4. Alternatively or in
addition, the track quality (e.g., the track quality level) may also be determined by the second

determining unit 21 (Fig. 7) of the control system 2.

In a variant, also an error AR_ (Fig. 5) of the lane-based radius ahead R. may be determined

based on the detected lane markings 19. The error AR may, in particular, be used as a
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measure of the track quality (e.g., a measure of the track quality level) of the detected lane

markings 19.

The lane-based radius ahead R, is determined by the equation

R=1/[(6-a-T)+(2-b)].

Therein, a and b are the first two coefficients of a third-degree polynomial (P(x) = ax® + bx® +
cx + d) estimated as a fit (e.g., best-fit) to the curve 13". Further, T is the predetermined time

span of step S2.

In a fourth step S4 of the method, the control system 2 determines a radius ahead Ra to be
used in a curvature control function. The radius ahead Ra is determined based on the odom-
etry-based radius ahead Rodetermined in step S2 and on the lane-based radius ahead R,

determined in step S3.

In particular, an arbitration (i.e., decision) between the determined odometry-based radius
ahead Ro and the determined lane-based radius ahead Ry is performed based on the deter-
mined track quality of the detected lane markings 19 (e.g., based on the determined track
quality level of the detecting the lane markings 19 and/or based on the determined error AR,
of the lane-based radius ahead R.) and based on an expected acceleration Aa (Fig. 4) of the
vehicle 1 at the position ahead P2. The control system 2 comprises, for example, an arbitra-
tion unit 22 (Fig. 7) for determining the radius ahead Ra based on the odometry-based radius

ahead Ro and on the lane-based radius ahead R..

When the determined level of the track quality is equal to or below a predetermined track

quality threshold, the radius ahead Ra is set equal to the odometry-based radius ahead Rc.
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When the determined level of the track quality is above the predetermined track quality
threshold and the determined expected acceleration corresponds to a braking of the vehicle
1, the radius ahead Ra is set equal to the minimum of the lane-based radius ahead R, and

the odometry-based radius ahead Ro.

When the determined level of the track quality is above the predetermined track quality
threshold and the determined expected acceleration corresponds to a positive acceleration,
the radius ahead Ra is set equal to the maximum of the lane-based radius ahead R, and the

odometry-based radius ahead Ro.

In the variant, the track quality may also be estimated based on determining an error AR, of
the lane-based radius ahead Ry, as illustrated in Fig. 5. Fig. 5 shows a data point 23 of the
determined lane-based radius ahead R, in a radius-position diagram together with an error
bar 24 corresponding to the determined error ARL. Also shown in Fig. 5 is a predetermined
threshold Rth for the error AR of the lane-based radius ahead R.. In the example shown in
Fig. 5, the determined error AR_is smaller than the predetermined threshold Rth. However,
when the lane markings 19 (Fig. 4) are poorly visible and/or the image quality of the image

data | is low, the error AR, can also be larger than the predetermined threshold Rth.

In the example of Fig. 5, when the determined error AR, is equal to or above the predeter-
mined threshold Ry, the radius ahead Ra is set equal to the odometry-based radius ahead

Ro.

Further, in the example of Fig. 5, when the determined error AR is below the predetermined
threshold R and the determined expected acceleration corresponds to a braking of the vehi-
cle 1, the radius ahead Ra is set equal to the minimum of the lane-based radius ahead R,

and the odometry-based radius ahead Ro.

Furthermore, when the determined error AR, is below the predetermined threshold Ry, and

the determined expected acceleration corresponds to a positive acceleration, the radius
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ahead Ra is set equal to the maximum of the lane-based radius ahead R and the odometry-

based radius ahead Ro.

In a fifth step S5 of the method, the control system 2 determines a nominal velocity Va
(Fig. 2) at the position ahead P2 based on the determined radius ahead Ra and a predeter-

mined maximum lateral acceleration Avax by the equation:

Va = (Auax - Ra)'2.

The control system 2 comprises, for example, a third determining unit 25 (Fig. 7) for deter-

mining the nominal velocity Va.

In a sixth step S6 of the method, the control system 2 performs a curvature control function
based on the determined nominal velocity Va corresponding to the determined radius

ahead Ra of the curve 13, 13’ at the position ahead P2.

The control system 2 comprises, for example, a curvature control unit 26 (Fig. 7) for perform-
ing the curvature control function. In particular, an acceleration A(t) and a jerk J(t) (Fig. 6) of
the vehicle 1 are controlled such that the current velocity V¢ (Fig. 2) of the vehicle 1 is

changed towards the nominal velocity Vaof the vehicle 1 in a suitable manner.

The curvature control unit 26 comprises a proportional derivative control unit 27 (PD-control
unit 27). The nominal velocity Va of the vehicle 1 at the position ahead P2 is a setpoint 28 of
the PD-control unit 27. Further, the current velocity V¢ of the vehicle 1 is a process variable
29 of the PD-control unit 27. The PD-control unit 27 performs, in particular, a control based

on a difference of the current velocity V¢ and the nominal velocity Va.

The curvature control unit 26 further comprises a fourth determining unit 28 for determining

time phases T1 T2, T3, T4, T5 of acceleration A(t) and jerk J(t) (Fig. 6). The fourth determin-
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ing unit 28 includes, for example, a state machine or another logic unit for determining the

time phases T1, T2, T3, T4, T5.

Fig. 6 shows in an upper panel a timely evolution of an acceleration A(t) of the vehicle 1 driv-
ing through the curve 13 (Fig. 2). Further, in a lower panel of Fig. 6, a timely evolution of a
jerk J(t) of the vehicle 1 is shown. The jerk J(1) is the first derivative with respect to time of the

acceleration A(t). That means, the jerk indicates a timely variation of the acceleration A(t).

As shown in Fig. 6, a first time phase T1 of negative acceleration (braking) and negative jerk
(increasing braking) is determined, the first time phase T1 corresponding, for example, to a
state in which and/or before the vehicle 1 enters the curve 13 (Fig. 2). Further, a second time
phase T2 of constant negative acceleration (constant braking) and zero jerk is determined,
the second time phase T2 corresponding, for example, to a state in which the vehicle 1 is
driving within the curve 13. Furthermore, a third time phase T3 of negative acceleration (still
braking) but positive jerk (decreasing braking) is determined, third time phase T3 being, for
example, a time phase of (preparing) driving, when inside the curve 13, the current velocity
V¢ is getting close to the nominal velocity Va . In addition, a fourth time phase T4 of zero jerk
and zero acceleration (i.e. constant velocity) is determined. The third and fourth time phases
T3, T4 may be called "release and constant speed phases". Further, a fifth time phase T5 of
positive jerk and positive acceleration is determined. The time phases T1, T2, T3, T4 and T5

are continuous with each other, as shown in Fig. 5.

The curvature control unit 26 further comprises a limitation unit 29 (Fig. 7) for limiting the ac-

celeration A and/or the jerk J (Fig. 6) of the vehicle 1. In particular, the curvature control func-
tion is performed such that the acceleration A (i.e. an absolute value of the acceleration A) of
the vehicle 1 is below a predetermined acceleration threshold As. Further, the curvature con-
trol function is performed such that the jerk J (i.e. an absolute value of the jerk) of the vehicle

1 is below a predetermined jerk threshold Jin.
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Thus, the radius ahead Ra of the curvature of the curve 13 of the road 14 on which the vehi-
cle 1 is driving (Fig. 2) is anticipated based on odometry data (5, w, Fig. 3) and — if lane
markings 19 are detected — based on a curvature of the lane markings 19 (Fig. 4). Based on
the radius ahead Ra a nominal velocity Va as a desired velocity at the position ahead P2 is
calculated. Further, a curvature control (Fig. 7) is performed such that in the process of real-
izing the nominal velocity Va, braking and positive acceleration as well as the jerk are limited
(Fig. 6) to values that ensure the safety and comfort of the driver and other passengers of the

vehicle 1.

Although the present invention has been described in accordance with preferred embodi-
ments, it is obvious for the person skilled in the art that modifications are possible in all em-

bodiments.
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CLAIMS

1. A method for operating a vehicle (1), comprising the steps:

receiving (S1) sensor data (S) of a sensor system (3) of the vehicle (1), the sensor data
(S) including a current steering-angle d and steering-angle velocity W of the vehicle (1) driv-
ing on a road (14) with a curve (13),

determining (S2) a radius ahead Ra of the curve (13) at a position ahead (P2) that the
vehicle (1) will reach in a predetermined time span T based on an odometry-based radius

ahead Ro given by the equation:

Ro= Rc— T[(L-W)/(sin?(d)],

wherein 0 is the steering-angle, W is the steering-angle velocity, L is a distance be-
tween front and rear wheels (17, 18) of the vehicle (1) and R¢ is a radius of the road (14) at
the current position (P1) of the vehicle (1), and

performing (S6) a curvature control function based on the determined radius ahead Ra.
2. The method according to claim 1, wherein

a nominal velocity Va of the vehicle (1) at the position ahead (P2) is determined (S5)
based on the determined radius ahead Ra and a predetermined maximum lateral accelera-
tion Avax by the equation:

Va = (Awax - Ra)"?, and

the curvature control function is performed (S6) based on the determined nominal ve-

locity Va.

3.  The method according to claim 1 or 2, wherein
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an expected acceleration (Aa) of the vehicle (1) at the position ahead (P2) is deter-
mined based on a current velocity V¢ of the vehicle (1) and a nominal velocity Va of the vehi-
cle (1) at the position ahead (P2),
a presence of lane markings (19) of the road (14') is detected and a track quality of the
detected lane markings (19) is determined based on the sensor data (S),
a lane-based radius ahead Ry of the curve (13') at the position ahead (P2) is deter-
mined (S3) based on the detected lane markings (19), and
the curvature control function is performed (S6) based on the odometry-based radius
ahead Ro and the lane-based radius ahead R, such that
the radius ahead Ra is set equal to the minimum of the lane-based radius
ahead R. and the odometry-based radius ahead Ro when the determined track quality is
above a predetermined track quality threshold and the determined expected acceleration
corresponds to a braking of the vehicle (1),
the radius ahead Ra is set equal to the maximum of the lane-based radius
ahead R. and the odometry-based radius ahead Ro when the determined track quality is
above the predetermined track quality threshold and the determined expected acceleration
corresponds to a positive acceleration of the vehicle (1), and
the radius ahead Ra is set equal to the odometry-based radius ahead Ro when

the determined track quality is at or below the predetermined track quality threshold.

4.  The method according to claim 3, wherein the lane-based radius ahead Ry is deter-
mined by the equation:
Ri=1/[(6-a-T)+(2-b)],
wherein a and b are the first two coefficients of a third-degree polynomial and T is the

predetermined time span.

5.  The method according to one of the previous claims, wherein performing (S6) the cur-
vature control function includes controlling an acceleration (A) and/or a jerk (J) of the vehicle
(1) based on a current velocity V¢ of the vehicle (1) at a current position (P1) and a nominal

velocity Va of the vehicle (1) at the position ahead (P2).
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6. The method according to claim 5, wherein controlling the acceleration (A) and/or the
jerk (J) of the vehicle (1) includes a proportional and/or derivative controlling of the accelera-
tion (A) and/or the jerk (J), and the nominal velocity Va of the vehicle (1) at the position ahead
(P2) is a setpoint (28) in the proportional and/or derivative controlling and the current velocity
V¢ of the vehicle (1) is a process variable (29) of the proportional and/or derivative control-

ling.

7.  The method according to one of the previous claims, wherein performing (S6) the cur-
vature control function includes determining a first time phase (T1) of negative jerk (J), a
second time phase (T2) of zero jerk (J) and a third time phase (T3) of positive jerk (J) based
on a current velocity V¢ of the vehicle (1) at a current position (P1) and on a nominal velocity
Va of the vehicle (1) at the position ahead (P2), said first, second and third time phases (T1,

T2, T3) being continuous with each other.

8.  The method according to one of the previous claims, wherein performing (S6) the cur-
vature control function includes controlling an acceleration (A) of the vehicle (1) to be below a
predetermined acceleration threshold (Aw) and/or controlling a jerk (J) of the vehicle (1) to be

below a predetermined jerk threshold (Ji).
9. A computer program comprising instructions which, when the program is executed by
a computer, cause the computer to carry out the method according to one of the previous

claims.

10. A control system (2) for a vehicle (1) which is configured to perform the method accord-

ing to one of claims 1 to 8.

11. A vehicle (1) comprising a control system (2) according to claim 10.
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