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Abstract: The article describes the main development and
testing aspects of an emergency braking function for an
autonomous vehicle. The purpose of thisfunction isto prevent the
vehicle from collisions with obstacles, either stationary or moving.
An algorithm is proposed to calculate deceleration for the
automated braking, which takes into account the distance to the
obstacle and velocities of both the vehicle and the obstacle. In
addition, the algorithm adapts to deviations from the required
deceleration, which areinevitable in the real-world practice dueto
external and internal disturbances and unaccounted dynamics of
the vehicle and its systems. The algorithm was implemented as a
part of the vehicle’s mathematical model. Simulations were
conducted, which allowed to verify algorithm’s operability and
tentatively select the system parameters providing satisfactory
braking performance of the vehicle The braking function
elaborated by means of modeling then was connected to the
solenoid braking controller of the experimental autonomous
vehicle using a real-time prototyping technology. In order to
estimate operability and calibrate parameters of the function,
outdoor experiments were conducted at a test track. A good
consistency was observed between the test results and simulation
results. The test results have proven correct operation of the
emergency braking function, acceptable braking performance of
the vehicle provided by this function, and its capability of
preventing collisions.

Keywords: automated braking, autonomous vehicle, control
system, simulations, testing.

I. INTRODUCTION

This article offers a description of a research and
development project in the field of vehicle driving
automation. The outcome of this work is supposed to be an
experimental autonomous vehicle of a specia purpose
explained below. Specifically, the article presents the part of
the project, in which an emergency braking function for the
said vehicle was elaborated, implemented and tested.
Necessity of this function for autonomous vehicles is
obvious, which entails a substantial number of published
works focused on research and development thereof [1]-[12].
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Besides, the automated emergency braking function is
currently making its way into the domain of conventional
vehicles becoming a part of active safety systems[1].

One of the said project’s features is that the autonomous
vehicle is intended for transportation purposes within
confined domains, namely, industrial areas. Thisentails some
specifics the of vehicle operation including functioning of the
automated braking system. The major features of such
operating domains are moderate driving speed, strict
following predefined routes, and supervision of the vehicle
operation by dispatchers. Having such a high level of control
and monitoring, the operation of the vehicle, however, cannot
be considered free of risks including emergency situations,
which may require the vehicle to slow down or to stop
completely. For example, emergencies may be caused by
unexpected obstacles moving across or staying put on the
vehicle’s route. In order to detect such obstacles the vehicle is
equipped with machine vision tools. It should be noted that in
cases when the vehicle carries passengers or a fragile cargo,
abrupt braking interventions are strongly undesirable. Thus,
requirements are imposed on the machine vison and
automated braking systems implying for these systems to
have abilities of preventive detection of possible collision
risks and performing safe, moderate deceleration allowing to
avoid acollision.

The described specifics of the developed vehicle operation
provide a framework for elaboration and research of the
automated braking system presented in this article. The
sequel of the article is organized as follows. The next two
sections describe the elaborated agorithm of automated
braking, its implementation within a mathematical model of
the vehicle, and simulations performed by means of this
model. The third section presents a description of the
experimental vehicle and the vehicle employed for
prototyping of the automated driving system. The last section
describes the field tests of the vehicle equipped with the
developed automated braking system, and the analysis of the
test results. The concluding section summarizes the
conducted work and its outcomes, and gives an outline of the
further steps to be undertaken to arrive at the completed
automated braking system.

Il. THEAUTOMATED BREAKING ALGORITHM

In the literature on automated braking systems, one can
distinguish several approaches of controlling thereof.
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In particular, robust systems based on adaptive controllersare
proposed including non-linear PID regulators[2], [3], diding
modes [4], [5], fuzzy logic [2], [5]-[7], and even artificial
neural networks[7], [8].
It is frequently mentioned that automated braking systems
should take into account tire-road adhesion in order to
estimate the maximum deceleration and minimum braking
distance that can be achieved [9], [10].
The concept of the automated braking operation prevailing in
the literature implies engaging the system at the timeinstance
when the distance to obstacle and the vehicle speed have such
values that prevention of a collision requires applying an
emergency braking, which fully utilizes the tire-road
adhesion [10]. However, asiit is stressed above, the concept
of the vehicle considered in this work suggests that such
“aggressive” braking events are highly undesirable.
Therefore, the elaborated automated braking system
possesses a range of admissible decelerations, of which the
lowest is advisable to be used while avoiding collision with
an obstacle. During a braking event, the control system is
alowed to vary the deceleration matching it to the actua
distance between the vehicle and the obstacle. By doing so,
the system compensates factors that deteriorate the braking
efficiency, the mgjor of which are delays caused by building
of the braking pressure and engaging of the braking
mechanisms.
The underlying formulae for the braking agorithm were
derived under assumption that machine vision tools provide
the distance to an obstacle with sufficient precision and
frequency. For a given deceleration (belonging to the
permissible range), the braking distance can be calculated by
the following expression:
-D — 17(%l7st - vt%eh (1)
safe 2a, ’
where Dy,.qx. is the braking distance; Dy, . is the specified
minimum safe distance that must be maintained between the
vehicle and the obstacle; v, isthe vehicle velocity; v, IS
the  obstacle  velocity; a, is the vehicle
accel eration/decel eration.
The formula (1) was derived with a premise that the obstacle
moves at a constant speed or stands till. In the literature [8],
[11], [12], this formula is augmented with a term that takes
into account the time (and, consequently, distance) consumed
by engagement of the braking system. This is of course
correct; however, it is mostly applicable to agorithms, which
consist of predefined stages with steady parameters
(including constant deceleration command). In the case of a
control system having ability to vary deceleration during a
braking process, therefore compensating unknown factors
and disturbances which affect the deceleration, there is no
need to take into account mentioned actuation delays and
dynamics, since these are compensated alongside with other
factors.
Under the condition of sufficient accuracy and frequency of
the distance signal acquired from a machine vision system,
the obstacle speed (in reference to the road) can be calculated
using the said distance (D,,,,;) and the vehicle velocity:

Dbrake

Vobst = Vypen +Dobst-
Combining this formulawith (1) one obtains the following

equation:
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This equation alows calculating braking distance for a
specified deceleration, for example, for the maximum and
minimum decelerations limiting the operating range of the
braking system. If the current value of D, fallsinside this
range then the corresponding deceleration can be calcul ated
by means of alinear interpolation. The slope parameter of the

interpolating line is obtained as follows:
k = Ax,min — Ax,max

Dprake — Dsafe =

)
Dhrake,max - Dbrake,min

where a, i, and a, 4, are the minimum and maximum
decelerations permitted by the system’s operating range;
Dprakemax A Dpraremin @€ the braking distances
corresponding to the maximum and minimum decel erations.

The second parameter of the interpolating lineis given by:

b= ax,max_k ’ Dbrake,min-

Substituting the current distance to the obstacle into the
interpolating equation, one can arrive at the deceleration
required to prevent a collision (taking into account the safe
distance Dsqf.):

ai™ =k - Dypee + b (2).

If the value of this deceleration falls within the operating
range (or exceeds it), the braking system activates. The
variable a$™? is the deceleration command. Its integration
yields the velocity command vSme .

It is straightforward to see that an algorithm that uses the
above equations tends to pick from the operational range the
minimum admissible deceleration, which brings the vehicle
to complete stop before the obstacle (or attains the speed not
exceeding the obstacle speed) providing a predefined safe
distance to that obstacle. If the braking system of the vehicle
provides an accurate tracking of the velocity command, the
algorithm will operate exactly at the lower limit of the
deceleration range. However, due to inevitable deviations
from the velocity command (caused by a finite time response
of the braking system) the minimum deceleration may
become insufficient. If the actual velocity deviates from the
commanded one, the calculated braking distance changes.
This will entail recalculation of the deceleration command
and consequent correction of the velocity command. In such
a manner, the agorithm compensates deviations from the
“ideal” velocity profile. This results in varying acceleration
command and non-linear velocity command throughout the
braking process. One can assume that the compensating
deceleration should be larger in the beginning of the
deceleration process when the braking system actuation
causes substantial deviations from the “ideal” vehicle
velocity. With the actual velocity approaching the
commanded vaue, both the compensating portion of the
deceleration and the magnitude of the deceleration itself
should decrease. Fig. 1 shows a schematic for the control
loop of the automated braking system designed in accordance
with the above principles. The “a$™¢ calculation” block
caculates the deceleration command. In addition, the
operational range of deceleration is specified in this block in
accordance with operational conditions and prescriptions
assigned to the vehicle.
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The distance to the obstacle is transmitted from the
“Machine vision” block, while the “Adhesion observer”
block performs estimation of the maximum tire-road
adhesion coefficient u,,,, and calculates the corresponding
acceleration limit a® (qy ). aS™ signal passes through
thefilter depicted by the block with the transfer function of a
first order dynamic system. The filter prevents the
deceleration command from sharp changes, which can be
caused by noises in the machine vision signal or by large
deviations between the commanded value of the velocity and
the actual one. Thefiltered deceleration command entersinto
the integrator followed by the saturation block, which output
constitutes the velocity command vS™®. The actual velocity
feedback v,,; comes from the vehicle CAN bus (or from
other source providing the velocity signal). The difference
between the commanded velocity and the actual one is
calculated by the sum block and then transmitted into the
velocity regulator, which calculates the braking command
Uprake- 1N tUrN, this command enters into the controller of the
braking system, which builds the hydraulic pressure exerting
the corresponding braking force F,.qxe -

emd emd
ax 1 1 Vveh o
=5 +—.—>?—» jﬁ N Regulator

cmd 5
ax  calculation
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where m isthevehicle mass; T, isthetorque at thedriving
wheels; r isthe static wheel radius; 7, isthe wheel rotational
inertia; n is the number of vehicle’s wheels; F,,, Fy arethe air
drag and rolling resistance forces. The grade resistance was
neglected since the considered test track was level.

The air drag force is calculated by means of the empirical
formula

E,=05-Cy-A-p-vip,

where C, isthevehicleair drag coefficient; A isthe frontal
area of the vehicle, p istheair density.

The expression for the rolling resistance force reads as
follows: Fr =m- g - f, where g is the gravity constant, and
f is the tire rolling resistance coefficient. The latter is
approximated by the known empirical formula [13]:
f=fo+k, vi, , where f, characterizes the rolling
resistance at near zero velocity, and k, is the factor of
velocity-dependent growth of the rolling resistance. All the
vehicle tires are assumed to have an equal rolling resistance.

Tablel contains numerical values of the parameters for the
model of vehicle dynamics. These values correspond to the
vehicle employed for prototyping of the automated driving
system (see details below).

Table-l: Parameters for the model of vehicle dynamics

Ubrake

Dobst Machine
vision
Vveh
Vehicle Vehicle's
o braking
ax = (pmax) Adhesion Frike system
observer

Fig. 1. Control loop of the automated braking system

1. MODEL ANALYSISOF THE VEHICLE WITH
THE AUTOMATED BRAKING SYSTEM

For the initial elaboration of the braking control system,
operating conditions of the vehicle were considered
providing high tire-road adhesion (i.e. maximum adhesion
coefficient 0.8 and above). The maximum decelerations
allowed by such high adhesion lie beyond the vehicle’s
operational range, which mid valueis 3 m/s? and the width is
2 m/s?. These conditions allowed for using arelatively simple
mathematical model as a framework for elaboration of the
control system for the automated braking function. Low
admissible accelerations and high tire-road adhesion made it
possible to neglect the latter and consequently do not
consider the tire dip. Other omitted factors were torsional
stiffness of the mechanical transmission and variable radii of
the wheels. Initialy, the vehicle motion was considered
linear. These assumptions allow one to model vehicle
dynamics as a linear motion of one lumped mass, which is
driven by the wheel traction/braking force and affected by the
resistance forces. The model can be represented as the
following differential equation:

T./T —F, — Ff

v, =l W ]
veh T m4n-3g,/r?
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m,kg |r,m |J,.kgm?*| C, |A,m*| fq k,
1400 0.3 12 0.36 [195 [0.009 [4-10°

The vehicle model aso includes a simplified
representation of the braking system dynamics, which is
intended to estimate the influence thereof on the control
system’s performance. This representation constitutes a first
order dynamic system:

_ Uprake "M * Ax max — Fprake

Fbrake - T )
brake

where Fy..e IS the force exerted by the brake
mechanisms; u,,.x. IS the control signal of the braking
system (confined within the range 0...1); @y mqy iS the
maximum deceleration allowed by the design of the braking
system; 7,4k 1S the time constant of the braking system.

The initia elaboration of an automated braking system
does not require a transmission model; however, the project
implies the full driving automation to be developed, which
requires using both the brakes and the accelerator. In order to
reflect this within the model, arelatively simple transmission
representation was added to it. The vehicle intended for the
system’s prototyping (see the details below) is equipped with
an automated stepped gearbox. This type of transmission has
three operating regimes defined by the state of the clutch —
whether it is engaged, slipping or open. In the first two
regimes, the engine shaft has its own degree of freedom,
which yields the following equation system:

Je * We = Te — Terutcn - SGN(We — Wer)

T, = (Tclutch ssgn(w,e — wtr)) T Uy

Wiy *T = Uy " Ugr
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where T..:cn 1S the clutch torque; u,, is the overall

transmission speed ratio (at the gear that is currently
engaged), w,, is the angular speed of the transmission input
shaft. Theterm sgn(w, — w,) alowstaking into account the
direction of the clutch torque, which depends on the angular
speed difference between the engine shaft and the
transmission shaft.
When the clutch fully engages the separate equation of the
engine shaft dynamics can be excluded from the model (i.e.
lumped into the equation of vehicle dynamics) along with the
clutch torque. One can notice that the above equation system
does not contain the transmission efficiency. Being taken into
account in the actual model, this parameter is omitted here
due to itsinsignificance for the questions at hand.

The described model of vehicle dynamics (containing the
model of the automated braking system) was implemented
within a smulation software. A number of ssimulations were
performed accompanied by adjustments of the braking

the system. Each modelled experiment included an initial
acceleration phase attaining a specified steady speed. During
this phase, the vehicle was approaching an obstacle, which
was either stationary or moving at a constant speed. The
automated braking system had to intervene and decel erate the
vehicle until complete stop (or until attaining the speed of the
obstacle) providing a specified safe space between the latter
and the obstacle.

Fig. 2 shows the results of asimulation, in which operating
conditions of the vehicle replicated those used in the field
tests performed later on. The steady speed to be attained was
set at 40 km/h. This value is considerably higher than those
prescribed for the developed vehicle by its technical
specification. However, due to using of a passenger car (for
prototyping purposes), which is lighter and designed for
higher speeds than the developed vehicle, it was decided to
extend the speed range covered by simulations and field tests
in order to guarantee some performance reserve of the control

control system parameters in order to arrive at the system.
combination thereof providing an appropriate performance of
60 T T T T T
£ 40 .
a® 20k ]
0 1 | 1 | | L |
8 9 10 11 12 13 14 15 16

T
Command
Actual

Command

Actual

8 9 10 11

| 1 | |

8 9 10 11

12 13 14 15 16
t.s

Fig. 2. Results of the automated braking simulation

From Fig. 2, one can see that the initial deceleration response
lag caused by actuation dynamics of the braking system is
compensated by the increased deceleration command, which
takes place in the beginning of the process. The actual
deceleration shows some overshoot exceeding the
commanded value for approximately two seconds. This
appears due to increasing deviation of the actual velocity
from the commanded one, which is compensated not only by
the deceleration command but also by the velocity regulator,
which raises the braking command signal in response to said
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deviation. When the actual velocity reaches the commanded
value, the deceleration command starts to decrease and
eventually attains the minimum value of 2 m/s%. When the
vehicle stops, the distance to the obstacle constitutes ca. 5.5
m, while the minimum admissible value was 5 m.
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IV. THE EXPERIMENTAL AND THE
PROTOTYPING VEHICLES

The vehicle that is being devel oped in the project is based on
aheavily modified chassis of a production cargo vehicle [14]
(see Fig. 3). In particular, the modifications include
replacement of a baseline conventional powertrain by an
electric one consisting of atraction battery, atraction electric
drive, and a humber of accompanying systems[15], [16].
Another modification is removing of the cab asit can be seen
in Fig. 3. Since such an extensive transforming is a time
consuming process, while the automated driving system
should be operational by the time the chassisis ready, it was
obvious decision to use a substitute vehicle for the system
prototyping. Provided by the project’s customer, this vehicle
is a passenger car (Fig. 4) equipped with an automatic
transmission. Although this vehicle’s parameters are far from
those of the specia-purpose chassis, it nevertheless was
considered suitable for the system prototyping purposes.

The vehicle that is being developed in the project is based
on a heavily modified chassis of a production cargo vehicle
[14] (see Fig. 3). In particular, the modifications include
replacement of a baseline conventional powertrain by an
electric one consisting of atraction battery, atraction electric
drive, and a number of accompanying systems [15], [16].
Another modification is removing of the cab asit can be seen
in Fig. 3. Since such an extensive transforming is a time
consuming process, while the automated driving system
should be operational by the time the chassis is ready, it was
obvious decision to use a substitute vehicle for the system
prototyping. Provided by the project’s customer, this vehicle
is a passenger car (Fig. 4) equipped with an automatic
transmission. Although this vehicle’s parameters are far from
those of the special-purpose chassis, it nevertheless was
considered suitable for the system prototyping purposes.

— _— e

Fig. 3. Special-purpose chassisto be equipped with the
automated driing system

Fig. 4. The vehicle used for prototyping of the automated
driving system
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The automated braking system was implemented within the
prototyping vehicle. Thisincluded installation of a hydraulic
module with electronic solenoid controls into the baseline
hydraulic braking circuit. The module provides an automatic
regulation of the pressure within the circuit by an external
command signal. At the prototyping stage, the braking
control system was implemented in the form of a model
running in real time on a laptop and being connected to the
controller hardware through a USB-CAN interfacing device.
The model interacts with two CAN buses, namely, the
vehicle’s bus, and the braking system’s bus.

V. EXPERIMENTAL STUDY OF THE AUTOMATED
BRAKING SYSTEM

At the initial experimental stage, instead of physical
obstacles (i.e. dummies) a virtual “obstacle” was employed in
order to avoid possible unnecessary damage of the testing
equipment. The distance to this “obstacle” was calculated
from the velocity signal obtained from the vehicle CAN bus
(this aso did not require using an actual machine vision
devices). The field tests were conducted at a horizontal track
covered with asphalt. Preliminary testing showed that the
maximum adhesion coefficient of this track was in the range
0.9...0.95, which allowed using the version of the control
system that did not take into account the tire-road adhesion.

The tests were performed according to the following
scenario. The vehicletravels at aspecified steady speed when
a machine vision system (virtual in this case) suddenly
detects a stationary obstacle within a distance requiring an
immediate response. The objective of the automated braking
system is to decelerate and eventually stop the vehicle at a
predefined safe distance before the “obstacle”. The
deceleration should be performed within the admissible
operational range.

Fig. 5 demonstrates the variables logged in one of the tests.
The control system was adjusted as follows: the operational
range of deceleration — 2...3 m/s?, the distance to “obstacle”
whenitisidentified — 30 m, the safe distance— 5 m. When the
“obstacle” appeared, the vehicle velocity was ca. 42 km/h.
The arrangement of the graphsin Fig. 5 is similar to that of
Fig. 2 with one more graph added in the bottom showing the
mean relative pressure built in the braking circuit. The actua
values of the vehicle acceleration and velocity were obtained
from the CAN bus. The former is measured by an
accelerometer, while the latter is estimated by algorithms of
the vehicle control unit.
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Fig. 5. Results of aroad test of the vehicle with the automated braking system

The graphs show that the braking system became active
immediately after the detection of the “obstacle”. The time
lag of the measured acceleration was ca. 0.2 s. This lag is
built up by severa factors including raising of the pressure
(that began approximately in 7 ms after the braking request),
engaging of the brake mechanisms, deceleration response,
measuring of the deceleration and feeding its signal back into
the control system. One can notice that the dynamics and
magnitudes of the shown variables are consistent with those
obtained in the simulation. The braking command increases
up to 35% and falls towards 20...10% when the difference
between the commanded vel ocity and the actual one becomes
smaller. Thelarger velocity differencein the beginning of the
braking is eliminated by a short-time overshoot seen between
14.7 and 15.7 s. After that, the actual deceleration becomes
close to the commanded one, and the latter drops to the
minimum permitted level of 2 m/s”. The vehicle stops at the
distance of 4.967 m from the “obstacle”, which violates the
prescribed value only by 3.3 cm. Such accuracy can be
considered sufficient. However, one should take into account
that an actual machine vision device haslimited accuracy and
will inevitably introduce distance errors into the feedback
signal, which in turn will impair the accuracy of keeping a
safe distance. Nevertheless, it is obvious that high accuracy
of a system using an “idealized” feedback is a substantial
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factor for obtaining a required performance when an actual
feedback isintroduced.

A number of experiments were conducted in accordance
with the described test scenario with various velocities (from
15 to 45 km/h) and safe distances (from 3.5 to 5 m). The
obtained results were similar to those presented above
including the accuracy of keeping the safe distance. This
allowed to conclude that initial assessment of the elaborated
automated braking system had proven its operability and
satisfactory performance.

VI. CONCLUSIONSAND FUTURE WORK

The article has described an approach to control an automated
braking system suitable for implementation within an
autonomous vehicle. The approach implies calculation of the
deceleration required to stop the vehicle (or to dow the
vehicle down attaining the obstacle’s speed if the latter
moves) at the specified safe distance before an obstacle. The
deceleration command calculated in such a manner can vary
adapting to non-idealities of the actual vehicle operation (i.e.
disturbances and unknown or unobserved dynamics of the
vehicleitself and its systems).
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This command then transforms into the vehicle velocity
command, which can be tracked by any kind of regulator that
isable to control braking pressure.

The approach was elaborated and tested by means of
simulations. Then it was implemented within an
experimental vehicle and underwent a field-testing. The
experimental results have shown that the developed system
operates within a predefined deceleration range (2...3 m/s?)
and is able to stop the vehicle at the exact distance (within
0.1...0.2 meter accuracy) before the obstacle.

The sequel of the described work implies interfacing the
braking system with a machine vision system and testing of
this extended system using physical obstacles. In addition,
the system is supposed to be augmented with a tire-adhesion
observer, which will alow introducing a deceleration
limitation for roads with low adhesion. When
comprehensively elaborated the system will be transferred to
the special -purpose cargo chassis.
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