Journal of Control, Automation and Electrical Systems (2019) 30:9-15
https://doi.org/10.1007/s40313-018-00422-1

@ CrossMark

Adaptive Cruise Control with a Customized Electronic Control Unit
Mateus Mussi Brugnolli’ - Bruno Silva Pereira’ - Bruno Augusto Angélico’ - Armando Anténio Maria Lagana’

Received: 10 May 2018 / Revised: 20 July 2018 / Accepted: 24 September 2018 / Published online: 8 October 2018
© Brazilian Society for Automatics—-SBA 2018

Abstract

This paper aims the development of adaptive cruise control (ACC) system, a technology of advanced driver assistance systems
(ADAS), in an embedded application. This research has at its disposal a vehicle with a customized electronic control unit,
with functions to support the study of ADAS. An ACC module was produced to allow the insertion of embedded controllers,
communicating with the vehicle network and with a radar for future on-road applications. The dynamic model of the vehicle
was estimated using the system identification theory, and a model validation was performed. The control system was divided
in a cascade control loop, being the outer loop controller responsible for computing the cruise speed and the inner loop for
tracking such speed. The outer loop controller was performed using a switching logic between cruise control and ACC modes.
The inner loop controller was designed with the Dahlin control theory. The validation of the controllers was performed using

a safe and controlled environment, with a dynamometer.

Keywords Adaptive cruise control - Digital control - Electronic control unit - Dynamometer

1 Introduction

Nowadays, one of the most discussed research areas of the
automotive engineering is the application of autonomous
driving. Due to its high complexity, the study of autonomous
driving can be split in several systems, for example, naviga-
tion systems (Lima and Pereira 2013) and advanced driver
assistance systems (ADAS).

The ADAS are technologies developed to help a driver to
handle a vehicle more easily and safely. One of these tech-
nologies is the cruise control (CC), a system that controls the
longitudinal speed of the vehicle to achieve a desired cruise
speed.

The cruise control has been improved in the last decades,
creating the adaptive cruise control (ACC) systems, which
aims to compute a new cruise speed to maintain a safe dis-
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tance to leading vehicles (Shakouri et al. 2015). The traffic
behavior does change while using CC or ACC systems, and
it is already being examined (MarkVollrath 2011). Further-
more, the energy consumption can also be influenced by
using ACC systems (Khayyam et al. 2012).

Usually in ACC researches, the control design is divided
into two separate loops, an inner and an outer, as can be
seen in Fig. 1. For inner loop control, there are two input
signals: cruise speed and system (vehicle) speed. This loop
outputs are the signals for the actuators of the system. There
are three input signals for outer loop control: user-defined
speed, vehicle speed and all important radar data, for example
distance from the closest vehicle and its relative speed.

Many control theories have been applied in ACC systems,
for example, intelligent controllers (Kuyumcu and Sengor
2016), sliding mode control (Ganji et al. 2014) and model
predictive control (MPC) (Magdici and Althoff 2017; Lietaal.
2017). Among these controllers, the MPC has been one of
the most discussed ones. This is due to its capability to insert
constraints to improve the performance (Luo et al. 2016) and
the robustness (Filho et al. 2017).

However, in ACC researches, most of the papers do not
consider validation with practical experiments. Those that
do that, implement the controller using a computer and a
servomechanism for accelerating and/or breaking using the
pedals.
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Fig. 1 Representation of an ACC System
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Fig.3 Photograph of customized ECU

Fig.2 Photograph of Polo vehicle

This work aims to create an ACC system and carry out
performance tests in a safe and controlled test environment.
After obtaining a suitable model for the vehicle, the controller
is designed and its algorithm is embedded in a customized
electronic control unit (ECU).

The vehicle and the test environment are described in Sect.
2. The method to obtain a suitable model for the vehicle and
the design of the controllers are addressed in Sect. 3. In Sect.
4, the practical results of the controllers are featured. Lastly,
some conclusions and final considerations are provided in
Sect. 5.

2 Vehicle and Test Setup

The platform available for this research consists of the fol-
lowing components: a Volkswagen vehicle , Polo Sedan
model with spark-ignition engine 2.0 L, shown in Fig. 2,
controlled by an open-source ECU; an inertial dynamome-
ter from NAPRO company; a module for ACC management;
and a long-range radar, ARS300 model from Continental, for
future on-road applications.

The open-source ECU, shown in Fig. 3, has been devel-
oped by the Automotive Electronics Group from Escola
Politécnica da Universidade de Sao Paulo (EPUSP) aiming
the research of ADAS. There are other researches that also
developed customized ECU, such as a study for reducing the
NOx emissions of a diesel engine (Ferreira et al. 2014).

The ECU was developed using a decentralized architec-
ture of three microcontrollers, shown in Fig. 4. Each micro-
controller operates at 50 MHz and has a distinct functionality,
being for management, synchronism and communication.
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Fig.4 Diagram of the ECU

The microcontrollers communicate with each other using SPI
(Serial Peripheral Interface) at 12.5 MHz. The communica-
tion with the customized ECU is available via CAN network
of the vehicle and via USB for the supervisory software on
a computer.

This ECU has been improved in the last 5 years providing
power and torque performance and driving characteristics
equivalent to the vehicle factory ECU. To achieve such
results, several works were realized: open-loop torque con-
trol, stoichiometric control of air and fuel mixture, electronic
throttle valve position control and engine idling speed control
with phase lead compensation for the ignition.

Furthermore, many other features have been implemented:
identification of the set gear; speed calculation; increase
in start engine idling speed; SPI communication security
between the blocks of the ECU, using cyclic redundancy
check (CRC); a supervisory software for computers; multiple
operation modes for the ECU (normal, economic and sports);
starting engine control; communication with the dashboard
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Table1 CAN Messages for the ACC System

CAN Message ID (Hex) ByteO Byte 1 Byte 2 Byte 3 Byte 4 Byte 5 Byte6  Byte7
Input signal 200 “E” Token “C” Token “U” Token Input
accelerator
pedal
(0-100%)
Configuration 201 “E” Token “C” Token “U” Token Input pedal Set operation Idling speed — -
mode (On mode mode
or Off)
Output signal 590 Accelerator pedal Measured speed (Km/h) Gear engaged Read - Error code
(0-100%) factor 0.01 factor 0.01 operation
mode
30 T T T .
201 1
Radar 101 5
Connector —Accelerator pedal signal (%)
Vehicle speed (m/s)
yehlcialal % 10 20 30 40 50 60

Connector

Fig.5 Photograph of ACC Module

of the vehicle; identification and correction of eventual faults;
and on-board diagnosis (OBD) (Pereira 2015, 2017).

The CAN messages used for this work are presented in
Table 1. These messages were customized to easily operate
and read the most relevant variables for the ACC system.

The ACC module, shown in Fig. 5, communicates with
the ECU and, in the future, with the ARS300 radar. The
microcontroller LPC1768 that is compatible with the Mbed
compiler has two CAN channels. These features will be
essential because the CAN network frequencies of the vehi-
cle and the radar are different; therefore, the ACC module
will act as an intermediary between the two CAN networks.
The ACC algorithm is embedded in the LPC1768.

3 System Identification and Control Design

Although the vehicle has a customized ECU, it does not have
an electronic brake system. Thus, this research discarded
using the brake pedal as a control input. The control input
chosen for the vehicle is the accelerator pedal, whose range
varies from 0% (not pushed) to 100% (fully pushed). The
vehicle output of an ACC system is the translational vehicle
speed. Both signals have specific CAN Messages, as shown

Time (s)

Fig.6 System step response

in Table 1. In this work, the system was considered as a
single-input single-output (or SISO).

In order to design the control system, a suitable vehicle
model was required. The system identification theory was
chosen to obtain a vehicle model given some restrictions
(Ljung 1999). The identification and control experiments
were established with the vehicle set in the third gear. For
safety purposes and due to the capability to change the
dynamometer load, the experiments were also performed
using the dynamometer.

For an experiment of 60s, in the first 30 s a CAN message
of 30% of accelerator pedal was sent to the ECU. In the last
30s, this CAN message was changed to 15% of accelerator
pedal as input. Using a sampling time of 7y, = 0.5 s (fs =
2 Hz), the system step response is presented in Fig. 6.

System time constant T can be estimated as the time inter-
val for the system output to achieve 63% of output variation
caused by the step input. However, the step response pointed
out that the system has a time delay of one sampling time of
6 = 0.5 s. Additionally, the system time constant is approx-
imately T = 5 s. Then, a sampling time of 75 = 0.5 s, which
is 10 times faster than 7, is suitable for identification and
control of the system (Seborg et al. 2004).

The input and output of the step response experiment were
chosen as identification data, and the model representation
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Table 2 FIT (%) for system validation, with several configurations of
steps ahead

Steps 1 2 5 10 20 50 00

FIT 97.19 96.08 93.10 9223 93.07 93,52 91.08

was the autoregressive with exogenous input (ARX) model
(Ljung 1999), with the following structure:

y®)+ayyt — 1)+ +anay(t — na)
=Dbiu(t —nk) + -+ bypu(t —nk —nb +1) + e(t) (1)

With an input # and an output y, an ARX model (Eq. (1))
calculates all a; and b; coefficients to reduce the error e(7).
The system time delay is defined as nk, na is the order of the
output polynomial, and nb is that of the input polynomial.

Given Ty = 0.5 s, the time delay order was defined as
nk = 1, since the time delay for step response was 8 = 0.5 s.
Once the system step response represents a typical first-order
model, the chosen orders of the polynomials were na = 1
andnb = 1. Such hypothesis should be checked with a model
validation. With the aid of MATLAB®, the computed ARX
model is represented in Eq. (2).

Y(t) —0.903y(t — 1) = 0.085u(t — 1) + e(r) )

To simplify the visualization of the ARX model, its cor-
responding representation of transfer function in continuous
and discrete time are shown in Eq. (3). The time constant
T = 4.8983 was close to the estimated value of 5.

0.8762
4.8983s + 1’

Ga(z) = z—lm 3)

G — —0.55‘
o(8) =e Z—0.903

A brief model validation was also performed analyzing the
FIT indexes of the ARX model, while predicting the system
output. The results are shown in Table 2, pointing out that
even in the worst case (prediction with infinite steps ahead),
the FIT index had a remarkably high value.

In this research, one controller is designed for the outer
loop and another controller for the inner loop, as shown in
Fig. 1. The outer loop controller must be able to change
between cruise control (CC mode) and adaptive cruise con-
trol (ACC mode). For CC mode, the user-defined speed
should be the cruise speed, while for ACC mode, a new
cruise reference speed must be calculated to maintain a safe
distance.

3.1 Outer Loop Controller

The algorithm for the outer loop controller was adapted from
Shakouri et al. (2015). The following are considered: the

@ Springer

vehicle speed as v, the user-defined speed as vyger, the mea-
sured distance d with the closest vehicle, a security distance
drer With the closest vehicle, relative speed (v, ) between the
closest vehicle and the system vehicle.

The controller for the outer loop must compute dief to
maintain a safe distance to the leading vehicle. In Shakouri
etal. (2015), the authors suggest computing d.r as in Eq. (4).
The parameter ¢ is the length of the system vehicle, ds it
is an additional distance to avoid crashes, and Ty is known
as constant-time headway, which estimates a human driver
reaction time. Usually, this value varies between 0.8 and 2 s.

dret = €+ ds + Ty 4

The same authors suggest computing a reference speed,
named as vif, as shown in Eq. (5) (Shakouri et al. 2015).
If the distance d for the closest vehicle is same as the secu-
rity distance dpef, the system is safe to travel with the same
speed of the closest vehicle v;, commonly described as lead-
ing vehicle. Otherwise, it is necessary to change the security
speed vt using a proportional gain K.

Uref = U] — Kp(dref —d) 5

An adapted control law is shown in Algorithm 1. Firstly,
the controller computes dief and vgr. Next, it compares
whether the reference speed is greater than the user-defined
speed. If this statement is true, the cruise speed must be lim-
ited to vyser, causing the controller to enter in CC mode.
Otherwise, the cruise speed will be adjusted to v, to keep
a safe distance from the leading vehicle (ACC mode).

Algorithm 1 Outer loop controller

1: drey =1+ ds + Thv;

2: Uref =Vl — Kp(dref —d);

3. If Uref = Vusers Vcruise = Vuser (CC Mode);
4: Otherwise, veruise = Vres (ACC Mode).

3.2 Inner Loop Controller

Several control theories can be applied for the inner loop
control. This work focuses on Dahlin control, also known as
Lambda tuning (Seborg et al. 2004). This method specifies a
desired closed-loop transfer function (7t (s)) as follows:

vl e s
Tats) = Veruise (5) CAs +1 ©

The desired closed-loop transfer function is represented
by a system of first order with a time constant equal to A and
with 6 seconds of time delay. The control design parameter is
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A, given that 0 is the time delay of the system. The identified
ARX model had a similar transfer function; consequently,
this control technique seems to be suitable. Discretizing
the transfer function 7t (s), the Dahlin controller (C(z)) to
achieve such performance is described in Eq. (7).

CRGIQ)  _p o
14+ C()Gaz) ¢
C(2)Ga(2) = Tu(z) + Tu(z)C(2)Ga(2)
C(2)Ga@)(1 — Tu(2)) = Ta(z)

Coy e L _Ta@

—_—d 7
Gi(2) 1 —Ta(z) @

4 Practical Results

Firstly, the tuning of outer loop controller depends on two
main variables of the ACC controller: dyef and veer. The time
headway T; is the time of action and reaction of a driver,
which varies from 0.8 to 2 s, without any adverse conditions
(Shakouri et al. 2015). The security distance dyer (Eq. (4))
was computed with:

{=4m; di=1m; T, =2s.

The computing of vef (Eq. (5)) was tuned with K, = 0.22.
The tuning process K}, was empirically done considering
several practical experiments. Higher values of K, increased
the oscillations of the cruise speed vcryise, and lower values
presented a slower control performance.

It was desired a closed-loop time constant two times faster
than 7, resulting in A = 2.5 s. The higher the A, the slower
the system response. Moreover, lower values of A resulted
in system oscillations due to the integrator in the controller
structure. The parameter & = (.5 represents the time delay
of the system.

With such tuning parameters, the Dahlin controller (C (z))
has been designed as in Eq. (8). Remark the presence of
an integrative action within the controller, which assists the
reduction of steady-state errors.

2.132 —0.903
Cl) = 2(z )

= 3
(z —1)(z+0.1813)

Both controllers of the outer loop and Dahlin C(z) were
implemented using Mbed C++ compiler, targeting the hard-
ware LPC 1768. Two experiments were proposed to analyze
the performance of the controllers, using the control struc-
ture shown in Fig. 1. As the experiments were established
with the dynamometer, the leading vehicle speed vjeqq Was
emulated via software.

Experiment 1 has three main objectives: check the perfor-
mance of the control system in CC Mode, its dynamics while

Initial State of Experiment 1

eUser defined speed: 15 m/s;

Event B: at 70 seconds

eStarts at 30 seconds;

eStarts at 70 seconds;

«Controlled vehicle: speed of 10 m/s; #The leading vehicle slowly [ | *The load torque of the

Distance to the leading vehicle: 10 m; breaks until it reaches the dynamometer slowly

eLeading vehicle: speed of 15 m/s; speed of 10 m/s; increases from 0% to 15%;

EventA: at 30 seconds

Fig.7 Schematic of Experiment 1

changing into ACC mode and its sensitivity to disturbances.
The procedure of Experiment 1 is shown in Fig. 7. During
the start of Experiment 1, the user-defined speed is 15 m/s
and it is assumed that at 10 m of distance there is a leading
vehicle at constant 15 m/s. The controlled vehicle starts with
10m/s and set in the third gear. At 30s of the experiment,
there is an Event A. This event is described as the leading
vehicle slowly breaks until it reaches the speed of 10 m/s.
At 70s, there is an Event B, in which the load torque of the
dynamometer slowly increases from 0 to 15%, representing
the inclusion of disturbances.
The practical results of Experiment 1 are shown in Fig.
8, the relevant speeds of the experiment, and Fig. 9, the esti-
mated distance to the leading vehicle, the calculated distance
drer and the control input (accelerator pedal). At the start of
the experiment, the outer loop controller goes to CC mode
and the actuator takes time to effectively operate the system
due to the dynamics of the integrative action in the controller.
After 30s, Event A started. However, the controller
remained in CC mode for few seconds considering that there
was a considerable distance to the leading vehicle. Later on,
the distance between the vehicles changed the outer loop con-
troller into ACC mode. Therefore, the cruise speed started to
change and the Dahlin controller began to track the changing
set-point, to maintain a safe distance to the leading vehicle.
At 70s of experiment (Event B), the load torque of
the dynamometer started to increase and the control input
changed to maintain the vehicle speed close to the cruise
speed. Even with the disturbances, the vehicle speed has
barely changed. Most importantly, the ACC system main-
tained a considerable distance to the leading vehicle.
Experiment 2 has the objective to check the performance
of the ACC System with all possible scenarios regarding the
leading vehicle. This experiment requires a leading vehicle
with lower, equal and higher speed in relation to vyger. The
procedure of Experiment 2 is shown in Fig. 10. During the
start of Experiment 2, the user-defined speed is 15 m/s and it
is assumed that at 10 m of distance there is an leading vehicle
at constant 10 m/s. The controlled vehicle starts with 10 m/s
and set in the third gear. At 40 s of the experiment, there is
an Event A. This event is described as the leading vehicle
slowly accelerates until it reaches the speed of 15m/s. At

@ Springer
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Fig.9 Distances and Control input for Experiment 1

Initial State of Experiment 2

eUser defined speed: 15 m/s;

Event B: at 80 seconds

eStarts at 40 seconds; eStarts at 80 seconds;

«Controlled vehicle: speed of 10 m/s; #The leading vehicle slowly | [ *The leading vehicle slowly

eDistance to the leading vehicle: 10 m;| | accelerates untilit reaches accelerates until it reaches

sLeading vehicle: speed of 10 m/s; the speed of 15 m/s; the speed of 20 m/s;

EventA: at 40 seconds

Fig. 10 Schematic of Experiment 2

15 SR S
s

—System Speed
5L —Leading Vehicle Speed
Cruise Speed
User defined Speed
0 1 1 1 1 1 1 T T T

0 10 20 30 40 50 60 70 80 90 100
Time (s)

[t

Speed (m/s)
S

Fig. 11 Speeds for Experiment 2

80 s, there is an Event B, in which the leading vehicle slowly
accelerates until it reaches the speed of 20 m/s.

The practical results of Experiment 2 are shown in Fig. 11,
the relevant speeds of the experiment, and Fig. 12, the esti-
mated distance to the leading vehicle, the calculated distance
drer and the control input (accelerator pedal).

@ Springer

Fig. 12 Distances and Control input for Experiment 2

The ACC system accelerates to keep the distance to the
leading vehicle as close as possible to the security distance
dref. Due to the null initial condition of the integrator, the
initial performance is somehow poor. The result would be
better if the initial condition was set around the initial speed
error.

After 40s, Event A of Experiment 2 started. The leading
vehicle accelerates to 15 m/s and, correspondingly, the outer
loop controller changes into CC mode. During this event, the
integrator has already been in a steady value. The controller
reaches the cruise speed after the leading vehicle speed stops
accelerating, presenting a good performance.

At 80s of experiment (Event B), the leading vehicle
accelerates even more to 20 m/s; however, the cruise speed
remained at 15m/s, as well as the vehicle speed. This
occurred for two reasons: the maximum speed for the outer
loop controller is vyser = 15 m/s and the ACC System is not a
vehicle following system, but a speed tracking system while
maintaining a safe distance. Therefore, the controlled vehicle
did not follow the leading vehicle after Event B, increasing
the distance between the two vehicles.

5 Conclusions

A practical ACC application in a real vehicle was presented.
The control algorithm was embedded in a customized ECU.

From Experiments 1 and 2, the ACC system displayed
satisfying rejection of disturbances and the elimination of
steady-state errors. From an automotive perspective, the con-
trol system accomplished the design requirements, keeping
a safe distance to the leading vehicle and tracking a changing
cruise speed.

The designed ACC module allows the availability of sev-
eral control theories implementations due to the ease of
programming and communication with the vehicle. In the
future, there is also the opportunity to evaluate the ACC sys-
tem with ARS300 radar in highway applications.
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