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ABSTRACT

The systems that are currently installed in autonomous vehicles are not designed to avoid obstacles on
the road by manoeuvring at the limits of the vehicle and the road surface — the goal of the research
presented was to develop such system. For these purposes, a universal test track based on ISO 3888-1
and 1SO 3888-2 standards was adopted, which can be used to represent any situation in which there is
an obstacle on the road in front of the vehicle that needs to be avoided. An analysis of the curves for
generating the paths through the test track was carried out, on the basis of which the Bézier curves were
chosen. In addition to them, the results of simulations in Adams Car software were used to generate the
paths, which can be considered equivalent to real-world trials with a professional driver behind the
wheel. A control model was developed for longitudinal and transverse control of the vehicle based on
PID controllers, with the selection of optimal parameters — the ones that define PID controllers, and the
others that define other characteristics of the model. The model proved to be successful in guiding the
vehicle through the test track at all speeds at which manoeuvres are possible. Bézier curves are shown
to be a better choice at lower speeds, while paths based on Adams Car simulations are a better choice
at higher speeds.
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A model for autonomous vehicle obstacle avoidance at high speeds

INTRODUCTION

The aim of the research presented in this article was to develop a model to control the
autonomous vehicle in obstacle avoidance manoeuvres at high speeds. To the knowledge of
the authors, there are no implemented systems that can guide the vehicle autonomously in a
way to avoid the obstacle and safely return to the original lane at high speed at which stability
of the vehicle can be impaired due to sharp manoeuvres.

To achieve this, co-simulations were conducted according to the scheme shown in Figure 1.
Adams Car was used to create the vehicle model that will be controlled by the Simulink model
(acting as a driver). In this co-simulation, Simulink is sending control inputs (steering wheel,
throttle, brake, clutch and transmission) to Adams Car, while Adams Car is returning the data
on vehicle dynamic behaviour (position, speed, acceleration...) to Simulink, which uses it to
adapt the control signals.

—> Simulink model —
X
s} i)
g ©
S Adams Car model S
Q@ o
g —p- Subsystem 1 > 2
o y s
= o
©
L] 3 <
Subsystem 2 >
5 &
v

> Subsystem n «—>

Figure 1. Co-simulation scheme.

To assess the stability and manoeuvrability of the vehicle, the tests described in the standards
ISO 3888-1 (Double Lane Change Test) and ISO 3888-2 (“Moose” test) are used as a standard.
These tests are carried out on the test track shown in Figure 2 and defined in Table 1.

Test 1 defined in ISO 3888-1 standard is performed by passing through the defined test track,
where the recommended speed for entering section 1 is 80 £ 3 km/h, and during the test the
position of the throttle should be kept in a constant position, as long as it is that possible.
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Figure 2. Test track according to 1SO 3888-1 and 1SO 3888-2.
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When performing the “moose” test according to the ISO 3888-2 standard, section 1 is entered
in the highest gear that provides at least 2 000 engine RPM. Two meters after entering section
1, it is necessary to release the throttle and cross the rest of the test track with it being released.
All simulations done for the purpose of this research, regardless of test track dimensions, were
performed at a constant speed.

Table 1. Test track dimensions according to 1SO 3888-1 and ISO 3888-2 (b is vehicle width).

. Length, m Width, m
Section
ISO 3888-1 ISO 3888-2 ISO 3888-1 ISO 3888-2
1 15 12 1,1b + 0,25
2 30 13,5
3 25 11 1,2b + 0,25 b+1
4 25 12,5
5 30 12 1,3b + 0,25 min(1,3b + 0,25; 3)
X 3,5 1,1b + 1,25

For the purpose of the research, an important assumption was made — every situation in which
a vehicle has to change its lane to avoid an obstacle can be represented by the universal test
track shown in Figure 3. The universal test track is based on the test tracks defined by ISO
3888-1 and ISO 3888-2 standards, and its dimensions depend on the data obtained using the
sensors and cameras on-board the vehicle, for example like in [1].
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Figure 3. Universal test track.

PATH DEFINITION

Next step was to choose the curve for path generation. Figure 4 shows eight different paths
created by drawing eight different curves through or next to the defined points on the test track
prescribed by the ISO 3888-1 using MATLAB functions listed in Table 2.
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Table 2. Curves used to construct path.

Curve Lowest curve
. . MATLAB . radius at 1SO
(with mtaorll<:si gg:gess)p)ondlng function Additional parameter(s) 3888-1 test track
[m]
a) Cubic spline spline - 70
b) Clamped cubic spline Starting and ending 100
spline angles equal to zero
Piecewise cubic
Hermite .
2 interpolating penip i 45
polynomial
Cubic smoothing .
d) spline csaps Smoothness factor: 0,01 115
. Coefficients: 7; 7; 7 (three
_ k ) )
e) | B-spline spma for 6" order) 90
f) (?s_rfw%g?ﬁing) spaps Tolerances: 0;1;1;1;1;0 100
3 order Bézier
9 | curve [2] - 70
Modified Akima .
h) spline makima - 60

Of the eight curves shown, six are splines, and the seventh is a combination of two Bézier
curves, so it can also be considered a spline, although it was not created by applying De
Castelju’s theorem. The points are chosen to be at the midpoint of the test track width at each
point where the test track changes width, plus the start and the end of the test track. By moving
the points towards the line that separates the two lanes (that is, towards the boundaries of the
test track closer to this line), the curvature of the path would be reduced, which would allow
the vehicle to pass at a higher speed, that is, reduce the probability of loss of lateral stability
(in terms of skidding). Such a movement would require a sufficiently large test track section
width and, presumably, increase the risk of the vehicle coming into contact with the boundaries
of the test track.

It can be concluded that cubic spline, smoothing B-spline and modified Akima spline are not
suitable for constructing the path, since the tangent to these curves at the initial points does not
coincide with the vehicle velocity vector. B-spline and cubic smoothing spline also proved to
be inappropriate, the reason being their deviation from the first defined point (where the vehicle
is at the beginning of the test track). Piecewise cubic Hermite interpolating polynomial is
characterized by high curvature values, which also makes it unsuitable for constructing the path.
Although by looking at figure 4 one might conclude that clamped cubic spline is suitable for
constructing the path, it would require the vehicle to steer to the opposite direction from the
direction of the lane change, before the change itself, which will consume already deficient time.

According to the analysis conducted, the path was constructed in two ways — using Bézier
curves and based on paths generated by independent Adams Car simulations. Paths generated
by independent Adams Car simulations can be considered as being the paths "recorded" during
manoeuvres performed by a trained professional driver, and therefore desirable for passing
through the test track.
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LATERAL CONTROLLER

There are many strategies used to control the autonomous vehicle [3]. Longitudinal control of
the vehicle (controlling the vehicle speed by controlling the engine, transmission and brakes)
was established relatively easily by using PID controller. On the contrary, lateral vehicle
control proved to be a much greater challenge. Controlling a steering system during
manoeuvres at the limit of a vehicle’s capabilities presents a very different challenge compared
to the control of robots moving at low speeds (which can be read about in [4]).

According to [5], heuristic methods reduce the complexity of the problem by simplifying the
shapes of objects and limiting the movement of vehicles to smaller sets. However, most
methods generate paths rather than trajectories. That’s why geometric methods are suitable
mainly for applications at low speeds (in automatic parking, for example).

Most of the controllers shown in the literature are successful in following traffic lanes or
vehicles in front on the highway (where the curve radii are large, without the need for sudden
manoeuvres) [6], especially those that make steering wheel angles directly dependant on the
desired change in yaw angle (for low values) [7], where the desired change in the yaw angle is
defined in advance for a given manoeuvre. The proportional regulator was also used in the
famous ARGO project [8].

The human vehicle control process consists of three submodels: target path planning, feed-
forward, and feedback [9], and the same applies when the vehicle is controlled by the computer.
Steering feedback is used to form a control signal based on monitored parameters (vehicle
speed and curvature of the road ahead, for example), while the task of feedback is to correct
the control signal based on deviations from the desired behaviour (desired path, for example)

PID controllers are often constructed based on simplified models of vehicle behaviour, taking
into account that the actual behaviour of the vehicle differs from that predicted by the geometric
model (due to steering, vehicle inertia...) [8]. Some authors believe that the use of PID
controllers for lateral vehicle control is difficult because determining the optimal coefficients
is a big challenge [10], and they cannot be constant — they must depend on the current state of
the vehicle (for example, in [11] it is stated that the coefficient Ky must increase with increasing
curvature of the desired path, in order to allow a faster dynamic response, while lower values
on a straight path ensure stability at higher speeds). This may be supported by the fact that
in [12] the PID controller for the throttle is precisely described and defined, while no details
are given about the controller responsible for turning the steering wheel, although the authors
claim that it was successfully implemented.

In the 1960s, in Japan, a controller was used for lateral vehicle control with control signal
representing the sum of the signal calculated by the PD controller based on the deviation from
the path and the signal calculated by the proportional controller based on the yaw angle error [8].

The “Stanley” method, used to control the vehicle of the same name, is a nonlinear feedback
loop based on kinematics as a function of deviation from the desired path (lateral deviation and
yaw angle). The performance of this method drops sharply at higher speeds [13]. Similarly,
“Sandstorm”, the vehicle that participated in same competitions (DARPA Grand Challenges in
2004 and 2005) used a simple control model based on kinematics. On the opposite side, “Boss”,
the winner of the “DARPA Urban Challenge 2007 competition, used a much more advanced
system based on model predictive control [8].

The results of several studies also show that lateral control of the vehicle is a big challenge. In
the first of them, the vehicle was controlled based on model predictive control for double lane
change. At a speed of 7 m/s, the vehicle was able to successfully follow the set path, while at
higher speeds this was not the case [14].
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Recorded deviations from the desired path in lane change along 20 m (longitudinal distance
from the planned start to the planned end of the manoeuvre) at a speed of 20 m/s using different
models from the literature obtained by the authors in a study described in [15] also add to the
conclusion about the complexity of the problem.

Table 3 shows an overview of the methods used for lateral vehicle control [8] — the optimal
(according to the authors of the review) application of these methods does not include the
manoeuvres that are the subject of this article.

Table 3. Review of methods used for lateral vehicle control [8].

Method Suitable use

Simple pursuit for the point .
Geometric and | on the desired path Slow driving
Kinematic “Stanley" Smooth highway driving / parking
models manoeuvres

Kinematic chain model Smooth parking manoeuvres
Feed-forward linear-quadratic regulator Smooth urban driving at higher speeds
Forward-looking linear-quadratic regulator ?F:g:c;’vay driving at relatively constant

The starting model was an open-loop model, based on [16], where the control signal (steering
wheel position) is directly proportional to the desired yaw rate, which is known from previously
conducted stand-alone Adams Car simulations. The proportionality coefficient depends on the
speed of the vehicle (for 10 m/s K, = 0.105, for 20 m/s Ky = 0.06). Unlike the model given
in [16], the sideslip angle of the vehicle was not used to generate the steering signal — it was
shown to have no effect on the relationship between the desired steering wheel angle and the
yaw rate of the vehicle. The disadvantage of this model is that there is no feedback and no way
to generate a reference dependence of the yaw rate on time for every possible combination of
vehicle speed and test track dimension. Therefore, a feedback model was developed, that forms
the steering signal (desired yaw rate, i.e. steering wheel angle) based on the deviation from the
y coordinate, after which it corrects it based on the difference between the desired and actual
yaw rate, as was done in [17]. The problem with this model is that it works only at lower speeds
while already at a speed of 20 m/s on ISO 3888-1 test track the vehicle loses stability. The loss
of the stability occurs because the model requires excessive steering wheel angles to correct
the deviation from the y coordinate. The model does not take into account the angle of the
vehicle with respect to the tangent to the path at the reference point (which is important, as
stated in [18]), and moreover it reacts late — only when the deviation has occurred, not in
advance, as a human would do. For this reason, it was decided to steer the vehicle based on the
projected deviation from the desired path yg, which is observed at a distance ly in front of the
front axle of the vehicle, which is defined as the product of the vehicle’s longitudinal speed
and time t,. Some of the recommendations that can be found in the literature for determining
the look-ahead point (the point at which a deviation from the desired path is observed on the
basis of which the control signals are generated), through the time needed for vehicle to reach
the given point or by the distance from the vehicle to that point are:

time of 1 s [19],

time of 1.4 s for 72 km/h [10],

distance of Ip + ly = 12 m [17],

the distance must depend on the speed of the vehicle [20],

the distance must be a quadratic function of the vehicle speed [21].
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Just as it is difficult to imagine that a human would use only one point seen through the
windshield to make an appropriate decision, so it is difficult to expect a control unit to make
the correct decision based only on a deviation in one point [12]. Therefore, some researchers
suggest for the projected deviation to be monitored in a larger number of points in front of the
vehicle [9, 22, 23]. The control signal can also be generated based on weighted distances from
the desired path [9, 19]. This approach was also tried, but ran into problems when the vehicle
was in a situation where these deviations were not of the same sign — then these deviations
would work against each other (the vehicle would steer on the basis of deviations with one
sign, which would further increase deviations of different sign and thus create a “vicious circle”
of vehicle yaw).

Therefore, it was decided to use the distance at only one point in front of the vehicle to generate
the signal. It is very important to make a correct choice of the distance at which the distance
from the desired path is determined — if it is too far in front of the vehicle, it is not suitable to act
on the basis of the information at the moment of its receipt, and the information will be lost by
the time it can be useful; if it is too close to the vehicle, it will cause poor steering (the model will
resemble a model operating based on instantaneous deviation), especially at higher speeds [12].

The final model, based on [17], is shown in Figure 5. The differences introduced in relation to
the model on which it was based are as follows:

e the modified model includes only proportional regulators, which simplifies it,

e the coefficients are variable and depend on the speed and dimensions of the test track,

e acorrection was introduced due to the responsiveness of the system (the original model was
intended for gentler manoeuvres) — Xx.
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Figure 5. Final controller.
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Figure 6. Projected lateral path deviation with latency correction.

RESULTS

Simulations were conducted for the test tracks according to ISO 3888-1, ISO 3888-2 and also
for the test track #3, constructed as a track with the dimensions being in between the dimensions
of the first two. They were done for the speeds up to maximum values that does not lead to the
loss of the stability. The results for those maximum speed values are shown in Table 4.
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Table 4. Simulation results (continuation on pp.256-260).
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Table 4. Simulation results (continued from p.255, continuation on pp.257-260).
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Table 4. Simulation results (continued from pp.255-256, continuation on pp.258-260).
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Table 4. Simulation results (continued from pp.255-257, continuation on pp.259-260).
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Table 4. Simulation results (continued from pp.255-258, continuation on p.260).
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Table 4. Simulation results (continued from pp.255-259).
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CONCLUSIONS

It can be concluded that the trajectories formed on the basis of Bézier curves and those formed
on the basis of independent Adams Car simulations are successful in overcoming the given test
tracks.

However, if the parameters of the vehicle’s dynamic behavior are also taken into account
(lateral acceleration and cornering speed of the vehicle), the following can be concluded:

For a test track according to 1SO 3888-1.:

e paths formed on the basis of Bézier curves cause lower values of acceleration and yaw rate
at speeds up to 22.5 m/s,

e at speeds greater than or equal to 25 m/s, the paths formed on the basis of independent
Adams Car simulations give lower values of acceleration and yaw rate.

For test track #3:

e paths formed on the basis of Bézier curves cause lower values of acceleration and yaw rate
at speeds up to 15 m/s,

e at a speed of 17.5 m/s, paths formed on the basis of Bézier curves cause lower values of
acceleration and yaw rate in the positive direction, while these values are lower in the
negative direction for paths formed on the basis of Adams Car simulations,

e at speeds greater than or equal to 20 m/s, the paths formed on the basis of independent
Adams Car simulations give lower values of acceleration and yaw rate.

For a test track according to 1ISO 3888-2:

e paths formed on the basis of Bézier curves cause lower values of acceleration and yaw rate
at speeds up to 12.5 m/s,

e at a speed of 15 m/s, paths formed on the basis of Bézier curves cause lower values of
acceleration and yaw rate in the positive direction, while these values are lower in the
negative direction for paths formed on the basis of Adams Car simulations,

e at speeds greater than or equal to 17.5 m/s, the paths formed on the basis of independent
Adams Car simulations give lower values of acceleration and yaw rate.

It can be concluded that paths based on Bézier curves are better chosen at lower speeds, while
paths formed based on Adams Car simulations give better results at higher speeds — this is
perhaps best seen in the diagram representing the vehicle path at a vehicle speed of 30 m/s with
on test track #3.

The difference between the desired and obtained trajectories are minimal and allow the vehicle
to pass the test track without contact with its boundaries (except in the mentioned case when
the vehicle moves at a speed of 30 m/s on the test track #3 along a path formed on the basis of
Bézier curves, when the model would in any case choose trajectory based on Adams Car
simulation).

It should be mentioned here that the graphs of the dependence of the projected deviation from
the path yg on time are not a measure of the deviation of the actual path from the desired path
and that it can best be seen from the already mentioned graphs that represent the path of the
vehicle on the test tracks.
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Figures 7-9 show the dependence of the model parameters on the speed of the manoeuvre and
the dimensions of the test track. The following conclusions can be drawn:

Parameter Kpa:

e grows with increasing speed,

e grows with the reduction of the dimensions of the test track, that is, with the sharpening of
the manoeuvre,

e does not depend on the path formation method.

Parameter tp:

e decreases with increasing speed (while the product of this value and the speed of the vehicle,
which represents the distance of the forward looking point from the vehicle, increases),

e decreases with the reduction of the dimensions of the test track, that is, with the “sharpening”
of the manoeuvre, in a similar way as the driver reduces the distance of the forward looking
point in sharper curves,

e decreases more slowly with trajectories defined on the basis of independent Adams Car
simulations compared to trajectories based on Bézier curves, which is in line with the
previous statement that trajectories generated on the basis of Adams Car simulations are
more favourable at higher speeds, that is, they require less sharp manoeuvres.

Parameter xx:

e increases with speed;

e decreases with the reduction of the dimensions of the test track, that is, with the ""sharpening"
of the manoeuvre, similar to the parameter tp,

e grows faster with speed for trajectories defined on the basis of independent Adams Car
simulations compared to the paths based on Bézier curves, which is in accordance with what
was stated for the t, parameter.

Manoeuvres performed by the presented model do not cause lateral acceleration and yaw rate
that exceed the limits of the vehicle’s capabilities (at least not on surfaces with good grip). In
addition to the above, the developed model causes "smooth" control of the steering wheel
(which has a great influence on the above-mentioned quantities), just as a human would do,
unlike some models presented in the literature.

The authors did not find in the literature models that were able to effectively perform a double
lane change at the limits of the vehicle’s manoeuvrability — most of the presented models were
developed for changing the traffic lane on the highway with manoeuvres that are far from the
limits of the vehicle’s capabilities. Therefore, the authors believe that the greatest contribution
of the developed model is its ability to successfully drive the vehicle through the test track,
which allows the vehicle to avoid obstacles on the road ahead, at the limits of the vehicle’s
capabilities and the surface. In addition, the developed model is simple, computationally
undemanding and easily adaptable to any vehicle.

The co-simulations carried out can serve to create a database of feasible manoeuvres, which
can be used to decide on a manoeuvre — braking to a stop, braking to slow down before
changing lane or just changing lane.

Future models, in order to represent an improvement of the model presented in this paper,
should consider the following:

e the possibility of online path correction in the event of a sudden change in some of the
dimensions of the test track or changes in adhesion conditions,

¢ influence of vehicle load (empty/full) on its dynamic behaviour,

e estimated adhesion coefficient, to the extent feasible,

e communication with other vehicles and/or infrastructure [24].
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