delay in the steering actuator response. The predictor
is an estimated model of the vehicle which includes the
steering dynamics with no time delay, so that the current
position of the model is an estimate of the true vehicle
position 0.3s in the future. The desired curvature is
then calculated in the same manner as (13), using the
predicted vehicle position. It was found that adding a
derivative term to the control output improved the per-
formance for all four controllers. For the first three al-
gorithms equation (14) was used, and for the other two
equation (15) was used. The value of 0.8 for the gain
scheduling in equation (15) was determined by tuning
the controllers in simulation at different speeds, with the
other gains constant, and fitting a curve to the optimal
K values.

]Dlaty N ]Dlaty -1

Kdes = Ketrl + Kd . T (14)
Kd Plat N Plat t—1
Kdes = Ketrl + VO‘S . s T s (15)

Once a desired curvature has been obtained, com-
mands must be sent to the steering actuator to achieve
this curvature. A simple feedback loop, similar to the
approach taken by [Fujioka and Omae, 1998], is used for
this, whereby a desired change in steering wheel position
(ST) is calculated from the current error in curvature:

K, 6
AST = J(Kdes - V

= ) (16)
The choice of gain K will affect the speed of re-
sponse. When tuning controllers in simulation at dif-
ferent speeds, it was found that the optimal K; tended
to decrease in inverse proportion to the speed, so K, is
gain scheduled. The inverse relationship means an upper
limit must be imposed on AST at low speeds. The result
of this method is that the relationship between steering
wheel angle and front wheel angle does not need to be
known exactly, so the controller can be easily adapted
to different vehicles.

Simulation Results The simulations carried out to
test the lateral controllers included realistic parameters
for the steering dynamics. During drive-by-wire tests
with the robot in a real vehicle, it was found that the
steering actuator response is well characterised by a first
order model with a saturation on the rate of change, in
series with a pure time delay. The estimated parameters
were a time constant of 0.55s, a delay of 0.3s, and a
saturation equivalent to 7.3s to turn the steering wheel
from full lock to full lock. It was also found that the
relationship between steering wheel position (measured
in degrees) and curvature is approximately linear across
most of the range, with a gain of 3.44 x 10~*m~!. These
characteristics were used for the simulation.
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Using the bicycle model of the vehicle a simple sim-
ulation environment was written as a plugin driver for
Player, updating at a rate of 50Hz. Speed and steering
angle commands are sent to the driver and the position
of the vehicle over time is calculated. Stage (the 2D
robot simulation environment for Player) was not used
for this because the overhead associated with running a
full Stage world meant that it was difficult to accurately
control the update rate and to obtain repeatable results.

The model of the robot and vehicle was written as
another plugin driver for Player, which receives actuator
commands from the client program and calculates the
vehicle speed and steering angle.

Simulations were carried out over a variety of speeds
from 5 to 30km/h and a headway time of 3.0s, with the
lead vehicle following the path shown in Figure 8. In the
first test, the velocity of the lead car was varied and the
system parameters were unchanged. In the second test,
the gain between vehicle curvature and steering actuator
position was varied from half to twice the true value.
In the third test the steering actuator time delay was
varied from 0 to 0.6s. For the last two tests the lead
car’s velocity was constant at 20km/h.

Figure 8: Path followed by lead vehicle in simulation

The controller gains were tuned manually by finding
optimal values over several velocities. For the first three
algorithms ¢, = 1.5s was found to give good results. For
the curvature methods t;, = 0.3s was used.

RMS Tracking Error with Varying Lead Vehicle Speed
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Figure 9: Simulation results with varying velocity

Figure 9 shows that all the controllers are stable across
the range of velocities considered in this paper, with
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Figure 10: Simulation results, showing robustness to pa-
rameter uncertainty

the curvature prediction method giving the best perfor-
mance. As can be seen in Figure 10, the controllers show
similar robustness to parameter uncertainty, except for
actuator delays greater than 0.5s. However this is not
expected to occur.

Experimental Results Real-world tests were con-
ducted to quantify the performance of the overall system.
A figure eight path (Figure 11), with two circles of radius
20m and 25m, was marked out with 25 reflectors. The
lateral error from the marked path of both the lead car
and the following car were determined by placing video
cameras above the towbar of each car, facing downwards,
and continuously recording. The lateral deviation of the
following vehicle’s path from the lead vehicle’s path was
then calculated as the difference between both vehicle’s
lateral error at each marker.

Figure 11: Path used to test the lateral controller
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A total of three tests were conducted. Each test con-
sisted of two full laps around the figure eight starting and
finishing at marker #1. The lead vehicle was driven at
approximately 15km/h and the following vehicle’s speed
was controlled via joystick, with the aim of keeping a fol-
lowing distance of roughly 20m. The inherent inaccuracy
in this method may have affected the results. The three
controllers tested were Pure Pursuit, Pure Pursuit with
a lateral offset term (Fujioka 3), and the new Curvature
Prediction method.

The results of the tests are summarised in Table 2.
The Curvature Prediction method gave the best results
out of the three, in terms of both maximum and RMS
tracking error, which is consistent with the simulation.
However, the tracking errors are significantly larger than
any seen in simulation and the controllers showed some
tendency to oscillate about the path, which did not occur
in simulation. This could be due to unmodelled effects
such as sensor noise and wheel slip, the fact that the
controller gains have not been tuned for the real system,
and the fact that the steering rate of the lead vehicle
was not controlled so it may have been too fast for the
steering actuator to follow.

Lateral Deviation (m)

Controller RMS Max
Pure Pursuit 0.47 1.28
Fujioka 3 0.44 1.46
CurvPrediction 0.37 0.77

Table 2: Experimental lateral deviation results

5 Longitudinal Control

The Control Approach The objective of the longitu-
dinal control is to maintain a safe inter-vehicle spacing.
A minimum bound in spacing is required to avoid colli-
sion between the two cars whereas a maximum bound is
required to ensure robust operation of the laser scanner.
Also the control approach has to be robust, considering
nonlinearities and varying system parameters as well as
delays and discontinuities partly introduced by the self-
imposed condition of portability. Because of its robust
nature the control approach is therefore chosen to be a
cascaded PID control as shown in Figure 12. The outer
control loop takes a reference spacing and a reference
speed to calculate a desired speed. The inner control
loop takes this desired speed and calculates an appro-
priate pedal position. Due to the decoupled longitudinal
and lateral control a special emphasis is put on repro-
ducing the speed trajectory of the lead vehicle.
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Figure 12: Longitudinal Control Structure

Modelling A vehicle model was designed to allow for
controller design and simulation based on the suggested
model structure by Cho and Hedrick [1989]. The model
takes the desired pedal position as its input and returns
the vehicle speed as its output. As the pedals are con-
trolled through only one linear motion actuator they
can not be activated separately. This makes the vehi-
cle model a SISO system.

The vehicle model was fitted to different sets of ref-
erence data. The reference data was collected through
drive-by-wire tests. The simulated speed was compared
with the reference data through the following equation:

f_1my(1””““m> % @7)

[lv— 2]

where v is the speed of the real car, v is the mean value
of that speed and wvg;,, is the simulated speed returned
by the model. The simulated speed matches a reference
data with at least f = 63.8% for different random drive
cycles. Due to changing parameters of the real vehicle it
is hard to find a more precise model.

Control Performance A PID controller was tuned
for speed control representing the inner loop of the cas-
caded controller. Experimental results show a rise time
of t, = 1.4s for a step in desired velocity from v = 0m/s
to v = bm/s. The speed keeps oscillating around the ref-
erence value with an amplitude of about 0.8m/s. This
might be caused by discontinuities and delays in the sys-
tem as well as the uneven ground of the test area.

The most widely used approach for controlling inter-
vehicle spacing is the constant time headway (CTH) ap-
proach [Chien et al., 1994; Girault, 2003]. This approach
calculates a desired velocity

d—dy

A7 (18)

Tdes =
using the actual spacing between the two cars d and the
constant lookahead time At. dy in this case is a safety
distance that the vehicles will maintain at low speeds.
However, this approach leads to an instant acceleration
if the lead vehicle starts accelerating.
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The CTH method was adapted for this application so
that both vehicles pass a certain point on the path with
the same speed. This results in a new interpretation of
the constant time headway, not based on the actual ve-
hicle speed, but on the time delay with which the two
cars pass a point on the trajectory. The advantage of
this is that the following vehicle is able to reproduce the
velocity of the lead vehicle with a certain headway time
delay. This way the assumption of decoupled longitudi-
nal and lateral control can be justified by assuming the
appropriate speed to curvature ratio and safe driving of
the lead vehicle.

The reference speed, vy, is the speed of the lead vehi-
cle a certain time headway, t;ong, ago. This is calculated
by setting ¢ to be the current time minus ¢4,y in equa-
tion (6). A second control input takes the distance error
dp along the path from the closest point to the following
vehicle, Py, to the point P,y on the path where the
lead vehicle was at time #;0,,4 ago. The distance is calcu-
lated by integrating along the polynomial. The control
equation is then given by

t
VUdes = Uref + kp . (sp + kz/ 5pdt + kd . (51,. (19)
0

Figure 13 shows the advantage of the new spacing con-
trol approach in simulation. The lead vehicle’s velocity
profile along the path is reproduced more accurately by
the new approach, allowing the following vehicle to keep
a safe speed if the lead vehicle slows down to go around a
corner, such as at the section marked by the grey stripe.
The constant time headway approach leads to a velocity
which is 40% to 50% faster than the lead vehicle in this
region whereas the new approach tracks the desired ve-
locity to within 15%. Experimental tests for the spacing
control are ongoing.

6 Conclusions

A robust algorithm has been developed for tracking the
lead vehicle using a laser range finder. The algorithm
has been tested in real-world experiments, with RMS
position error of 65mm and orientation error of 5.8°.

A technique to convert relative lead vehicle positions
into a trajectory over time has been developed and
tested, with a lateral error of up to 1.2m in a real-world
test.

Various lateral control schemes have been imple-
mented and tested in simulation and then experimentally
at speeds of approximately 15km/h. The best controller
performed with an RMS lateral deviation of 37¢m and a
maximum deviation of 77cm.

A new trajectory-based spacing control approach was
developed and successfully tested in simulation, allowing
lateral and longitudinal control to be decoupled.
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Figure 13: Velocity over time and over distance along
the path

Future tests will combine lateral and longitudinal con-
trol to achieve full vehicle following. The On-Board Di-
agnostics (OBD) interface could also be explored to pro-
vide ego-motion.
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