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ABSTRACT. Model-Based Development (MBD) is a design methodology, which has been
widely used in automotive embedded software. Within this methodology, engineering pro-
cesses involve both manufacturers and suppliers, which is suitable for the next generation
of automotive E/E systems. All players benefit from standardized information exchange,
workflow and toolchain. We present a model-based functional safety exterior lighting
system, which is an important vehicular function hosted in the electronic control module.
This function was developed and tested in Model-In-the-Loop, Software-In-the-Loop and
rapid control prototyping development stages, from the supplier side. This demonstrated
that, in preliminary and virtual phases, it is important to be able to find bugs and gen-
erate quality software when deploying on target systems. The approach considered the
software tool to verify the function with a set of test cases that validate the preliminary
requirements.

Keywords: Model-based design, Functional safety, Exterior lighting, Automotive soft-
ware, Embedded system

1. Introduction. Currently, automotive E/E architectures are characterized by a high
number of interconnected ECU (Electronic Control Units), up to 70 in luxury cars, with
highly complex functions, such that the traditional methods for developing and testing
of automotive systems cannot cope with the current market time [1]. The development
process of automotive embedded software systems is currently typically a cooperative
effort between carmakers and suppliers, changing the role of each player. The development
chain includes [2]:
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e OEM (Original Equipment Manufacturer): They are the car manufacturers, such
as GM, FIAT, BMW, Ford, DaimlerChrysler, and Toyota, that introduce the final
products to consumers;

e Tier 1: They are suppliers that provide subsystems, such as power train management,
suspension control, and brake-by-wire devices, to OEMs. Examples of suppliers are
Bosch, ADVICS, Continental, Delphi and Visteon;

e Tier 2: They are suppliers of microelectronic and real-time operating systems, such
as ARM, WindRiver and ETAS, that provide both OEM and Tier 1; and chip man-
ufacturers such as NXP, Freescale, Infineon, ST, and Renesas;

e Manufacturer: They are suppliers, such as Flextronics and TSMC, which provide
board or partial product assembly.

The vehicles of the next generation will demand a growing number of complex function-
alities, and embedded software development becomes one of the bottlenecks to accomplish
the process of development, production, services, and time-to-market.

MBD is a design methodology widely used for automotive embedded software, where
the engineering process gets together OEM and suppliers, benefiting with information
exchange, development workflow and toolchain in a standardized way. Model-based de-
sign provides an efficient approach to establish a common framework for communication
throughout the design process. A recent investigation examined the costs and benefits
of MBD of embedded systems in car industry [3]. For example, in a specific application,
MBD has been used for control design of ACC (Adaptive Cruise Control) system [4].

For the functional safety, features form an integral part on development of every au-
tomotive product, ranging from specification and design to implementation, integration,
verification, validation, and product release. The ISO 26262 is the Functional Safety for
Automotive Electric/Electronic Systems, defining the standard for automotive electronic
and electrical safety-related systems, applicable throughout their lifecycle [5].

Here, the target system, selected to apply this methodology, is the automotive Exterior
Lighting System (ELS). It is responsible for car lighting and signaling functions, as well as
its identification by other drivers and pedestrians. We present a model-based functional
safety applied to the ELS, which is considered an important function in vehicle embedded
in the electronic control module. This function was developed and tested in Model-In-
the-Loop, Software In-the-Loop and rapid control prototyping stages, in the supplier side,
demonstrating that, in initial or virtual phases, it is important to detect bugs preliminarily
and generate high quality software when deploying it on the target system. This approach
considers the software tool for the function, with a set of test cases that validate the
preliminary requirements.

This paper is organized as follows: Sections 2 and 3 present respectively a background
over model-based design and functional safety; Section 4 describes how to apply the MBD
for exterior lighting from requirements to tests, Section 5 shows that the verification of
requirements is achieved, Section 6 presents the Rapid Control Prototyping, and finally
Section 7 presents a summary.

2. Model-Based Development for Automotive Software. MBD is a mathemat-
ical and visual methodology to design complex systems in different domains, such as
in automotive, aerospace, motion control and industrial equipment applications. The
model system is in the center of the development process, from requirement development,
through design, implementation and testing [3].

MBD provides an efficient approach to establish a common framework for commu-
nication throughout the design process, while supporting the development cycle (“V”
diagram).
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2.1. Background of MBD. In model-based design of complex control systems, the de-
velopment is divided into four main steps: 1) modeling a physical plant, 2) analyzing and
synthesizing a controller for the physical plant, 3) simulating the plant and controller,
and 4) integrating all these phases by deploying the controller. The model-based design
paradigm is significantly different from traditional design methodologies. Rather than
using complex structures and extensive software codes, the MBD approach allows design-
ers to define models with advanced functional characteristics, using continuous-time and
discrete-time building blocks. Those models, combined with simulation tools, could lead
to rapid prototyping, software testing and verification. This improves the testing and
verification process, in addition to, in some cases, allow the Hardware-In-the-Loop sim-
ulation to perform testing of dynamic effects on the system more quickly and efficiently
than within traditional design methodologies. It must be considered that this process
involves OEM, Tier-1, and Tier-2.

The main steps in MBD approach are as follows.

1) Modelling of physical plant. It could be data-driven or first principles based, in
which the data-driven plant modeling uses some techniques, such as system identification.
Within system identification, the plant model is identified by acquiring and processing
raw data from a real-world system and choosing a mathematical algorithm, in order
to identify a mathematical model. First principles modeling is based on creating a block
diagram model that implements known differential-algebraic equations governing the plant
dynamics. An example is physical modeling, where a model is created by connecting blocks
that represent the physical elements of the real plant.

2) Controller analysis and synthesis. The mathematical model conceived in the previous
step is used to identify dynamic characteristics of the plant model, such that the controller
can be synthesized based on those characteristics.

3) Simulation. In order to solve the problem, usually multiple computation models
should be used during the construction of the dynamic system. During simulation, errors
due to the two previous steps can be identified immediately, rather than later in the
design phase. During this step, it is possible to capture all the system interation, and test
against theoretical model, rendering a robust design. Generally, the code synthetizers are
incorporated into simulation environment, such as LabVIEW and Ptolemy II.

4) Deployment. At this point, the code generated in step 2) is running in the real
system, similar to simulation, allowing to start debugging the real application.

MBD offers remarkable advantages when compared to a traditional approach.

e It provides a common design environment, which facilitates general communication,
data analysis, and system verification between development groups.

e Engineers can identify and fix errors early in system design, when the time and
financial impact of modifications are minimized.

e Design reuse, for upgrades and derivative systems with expanded capabilities, is
facilitated.

2.2. The X-In-the-Loop — XIL. The model based workflow is used to create both
the controller and the plant, and then these terms represent how real the controller is:
Model-In-the-Loop (MIL), Software-In-the-Loop (SIL), Processor-In-the-Loop (PIL), and
Hardware-In-the-Loop (HIL) [4].

This investigation focuses only on MIL, SIL and Rapid Control Prototyping (RCP)
as the Hardware-In-the-Loop phases. Therefore, the steps in this phase start with the
definition of the requirements, then by modeling the plant.
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FIGURE 1. Model-In-the-Loop workflow

After modeling the plant, it is possible to define a test case to validate the proposed
model with offline simulation via software. Figure 1 represents the MIL workflow. All
other phases have the same workflow, using the same logic, inputs and physical plant.

The next step is the Software-In-the-Loop phase, which also allows an offline simulation,
although the model is still not verified, but only the C code generated automatically with
Simulink® Coder.

The RCP, the last phase of this investigation, is a Computer Aided Control System
Design (CACSD). In the RCP, the plant dynamics and/or the controller are implemented
in a digital signal processing board, which allows an easy adjustment of various plant
and/or the controller parameters [6].

The results of the offline simulation and real time control have shown that the X-In-
the Loop can achieve better comfort under assuring stability. They also show that RCP,
based on Matlab/Simulink® and dSpace, can shorten the research period of vehicle semi
active controller and reduce research costs.

3. Exterior Lighting Function. The lighting system is composed of lights and signal
devices assembled or integrated into various parts of a vehicle. Those parts may include
front, side, rear, and in some cases the upper part of the vehicle. This system allows
safe operation of the vehicle at night, increases the visibility for the driver, and facilitates
visualization of the vehicle by others.

Exterior lighting system has increasingly become one of the priorities for carmakers.
Nowadays, head or tail lamps capture the car signature, and sometimes headlamps are
one of the most recognizable elements of a car exterior. Therefore, innovative new lighting
designs provide new products that are released on a yearly basis: LED based headlamps,
tail lamps, turn indicators, and signal lamps. Here, the functions of ELS which are
analyzed are: a) Position Lights; b) Low Beam; ¢) Full Beam; d) Indicator Lights; e)
Reverse Lights, and f) Brake Lights.

3.1. Requirements. In order to start the project, the requirements of each subsystem
to be controlled must be defined. Requirements are the set of necessary preconditions to
activate a lamp, and each manufacturer has its own logic for the external lightning. We
have developed generic requirements:
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Requirements
To activate Position Lights:

e REQ-01: the ignition position must be at “On”, “Accessory”, or “Crank”.
e REQ-02: the light switch must be at “Position Lights”.

To activate Dipped Beam:

e REQ-03: the ignition position must be at “On”, “Accessory”, or “Crank”.
e REQ-04: the light switch is at “Dipped Beam”.

To activate Full Beam:

e REQ-05: the ignition position must be at “On”, “Accessory”, or “Crank”.
e REQ-06: the Full Beam Switch must be pulled.

To activate Left Indicator Lights:

e REQ-07: the ignition position must be at “On”, “Accessory”, or “Crank”.
e REQ-08: the indicator switch must be turned down.

To activate Right Indicator Lights:

e REQ-09: the ignition position must be at “On”, “Accessory”, or “Crank”.
e REQ-10: the indicator switch must be turned up.

To activate both Indicator Lights:
e REQ-11: the hazard-warning switch must be pressed.
To activate Reverse Light:

e REQ-12: the ignition position must be at “On”, “Accessory”, or “Crank”.
e REQ-13: the reverse gear must be engaged.

To activate Brake Lights:
e REQ-14: the brake pedal must be pressed.
For all cases:
e REQ-15: the battery tension level must be from 16 to 9 Volts.

3.2. Functional design. The behavior of this system was modeled virtually, using a spe-
cific computing tool. Using Matlab/Simulink®, combined with the requirements defined
previously, a model was designed, such that all tests could be performed.

Figure 2 shows part of the main screen of the ELS system, including Position Lights,
Low Beam and Full Beam cases. Other cases are organized below and are not shown in
the figure. Each case has its own subsystem, complying with each requirement.

Inside each subsystem, a Stateflow® chart was designed. Each subsystem is fed only
with the signals created for its case. The Stateflow® chart used in the Full Beam subsys-
tem is shown in Figure 3. In the figure, the text inside the brackets represents all inputs
shown in the left side of the Stateflow® chart. These inputs are listed and explained
below:

FBS: Full Beam Switch represents the switch inside the car that activates the Full Beam
Lights;

IgPos: Ignition Position represents that it is in one of the positions that can allow all
system to work;

FB1: Full Beam Lamp represents a current sensor that can indicate if a specific lamp
is on or off. This sensor is used to trigger an error signal if a lamp from an active case is
not working.



1500

M. M. D. SANTOS, J. H. NEME, F. R. FRANCO ET AL.

1) P Ignition Position Front Position ar_Out
Ignition_Position P Position Switch Rear Position
n_Front Error
Front_Lamp
Position_Lights_In T Position Lights SS Position_Rear_Error
Rear_Lamp ¥ Ignition Position e Boam
@ -
Low_Beam_In Dipped_Out
Low_Lai ; ﬂ
w_Lamp Low beam Light SS Dipped_Error
» Ignition Position Eull beam
«D > [
Ful_Beam_In Full_Beam_Out
13 i
Fu"_BLamp Full beam Light SS Ful, Beam Error
FIGURE 2. ELS model in Simulink®
(Fullon [lgPos==1] I
LampsOn j LampsOff
entry:Full_Beam=1; 11— entry:Full_Beam=0; |-+
T2 [lgPos==0] 7
11 S/
Error N B
entry:Error=1;
exit:Error=0;
[FBS==1 & IgPos==1 & FB1==1]
[FBS==1 & IgPos==1 & FB1==0]
\ [FBS==0 & IgPos==0 & FB1==0] Y,
]

=0
! [FBS==0

.

FIGURE 3. Stateflow® chart for the Full Beam subsystem

[FBS==1]
[Fu"oﬁ

entry:Full_Beam=0;

All cases have similar subsystems, which are distinguished by the respective I/O and
Stateflow® chart. It was possible to understand from the Stateflow® charts that the
transitions between states are triggered, depending on the situation of each input. In
order to activate the full beam light, the Ignition Position and the Full Beam Switch
inputs must be high. The logic behind the Stateflow® chart is better illustrated in the
block diagram shown in Figure 4.

The next step, after modeling the controller logic, was the simulation phase. In order
to perform simulations, some input variables were created and added into the system.
Following MBD concepts, the validation was performed in three different phases: Model-
In-the-Loop, Software-In-the-Loop and Rapid Control Prototyping.

4. Model-In-the-Loop — MIL. In this case, there is a model, built in the Functional
Design phase, which performs the controller role to work with a model of the plant.
Both models are running within a software. The advantages of this simulation include
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extreme fast development and the possibility to perform small changes to the controller
immediately and test the whole system.

For verification purpose, a case test was formulated with input signals. Each signal
was created in order to prove that there were no errors in the logic of the system. Those
signals were introduced in the Verification stage.

Other inputs, related to the ignition position and the battery condition, also deserved
attention. Therefore, in order to analyze correctly all outputs, it was important to observe
the battery level, ignition position, and the hazard warning.

Since the test case was formulated to validate the system, the simulation allowed check-
ing all the outputs and comparing them with their respective inputs. Some inputs, the
ignition position and battery level, have a vital role in the system operation. Since both
inputs were requirements for the system to function, the system did not work before t =
50 (ignition position) and after t = 760 (battery). The “hazard” warning was responsible
for the right and left indicator lights to function simultaneously. Those signals are shown
in Figure 5.

Although the time displayed in graphic is 1000s, the real simulation length was 10s.
According to the figure, this scenario was designed to prove that there were no errors in
the system logic. It is possible to observe that:

e The position light switch is activated before the ignition position is in Acc;

e The hazard-warning button is pressed while the left indicator is active and later
when the right indicator is active;

e The battery level reaches less than 9 Volts when several inputs are still active.

Figure 6 shows the resulting outputs for each case, after the simulation, and allows to
compare with each input.

It is important to observe the Hazard Warning input, in order to understand the Indi-
cator Lights functions. Those cases were active either when their inputs were activated or
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FIGURE 5. Important outputs to prove model logic

when the Hazard Warning was activated. Comparing the outputs illustrated in Figure 6,
it was concluded that the requirements were satisfied. The Validation box explains each
case separately.

5. Software-In-the-Loop — SIL. After the Model-In-the-Loop phase verified the con-
troller against the requirements, it was possible to implement the controller. In the
Software-In-the-Loop phase, the controller was no longer running as a Simulink® model.
Instead, it was replaced by a software code execution in the simulation, such that this
case delivered a more realistic controller, and a C code was tested instead of a system
model.

Matlab® was used again to build the code and embed in a Simulink® block, called
S-Function. The same Test Case, used in the Model-In-the-Loop phase, was used to
verify the controller. Since in Model-In-the-Loop phase, the controller logic was already
verified, now to verify with Software-In-the-Loop it was possible to verify its logic by
simply comparing the outputs of both phases. Figure 7 shows a comparison between
Model-In-the-Loop and Software-In-the-Loop outputs. It is possible to observe that every
output behaved as expected, showing that the controller was working properly.

6. Rapid Control Prototyping — RCP. With the Rapid Control Prototyping, it was
possible to design the control algorithm and perform an offline simulation on a computer.
In order to perform RCP, it was necessary to perform some changes on the model de-
veloped in Simulink® during the Model-In-the-Loop phase. In order to verify the first
model, the outputs were observed with Simulink® scopes, since the process was validated
with software simulation. For the RCP, it was necessary to embed the code in an external
hardware, the MicroAutoBox® from dSpace®. This required changing the normal outlets
for Simulink® blocks of Digital Inputs and Outputs (DIO) of MicroAutoBox®. Figure 8
shows a part of the modified model in Simulink®.
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Validation

e Battery is in a satisfying level from T = 0s to T = 730s;
e Ignition position is at least in Acc from T = 60s to T = 800s.

Position Light:

REQ-01 and REQ-02: Position light is active during the interval from T = 50s to T
= 900s. The output shows that this case is active from T = 60s to T = 730s.
Dipped Beam:

REQ-03 and REQ-04: Dipped beam is active from T = 300s to T = 400s and from
T = 700s to T = 800s. The outputs shows that this case is active from T = 300s to
T = 400s and from T = 700s to T = 730s.

Full Beam:

REQ-05 and REQ-06: Full beam is active from T = 150s to T = 400s and from T
= 850s to T = 900s. The outputs shows that this case is active from T = 150s to T
= 400s and from T = 600s to T = 730s.

Left Indicator Light:

REQ-07 and REQ-08: Left indicator is active from T = 500s to T = 600s and from
T = 850s to T = 900s. In addition, the warning-hazard is active from T = 100s to T
= 250s and from T = 550s to T = 650s. The outputs shows that this case is active
from T = 100s to T = 250s and from T = 500s to T = 650s.

Right Indicator Light:

REQ-09 and REQ-10: Right indicator is active from T = 300s to T = 350s and from
T = 600s to T = 700s. In addition, the warning-hazard is active from T = 100s to T
= 250s and from T = 550s to T = 650s. The outputs shows that this case is active
from T = 100s to T = 250s, from T = 300s to T = 350s and from T = 550s to T =
700s.

REQ-11: As observed when the hazard warning is active, both indicator lights are
active.

Reverse Light:

REQ-12 and REQ-13: Full beam is active from T = 400s to T = 600s. The outputs
shows that this case is active from T = 400s to T = 600s.

Brake Light:

REQ-14: Brake pedal is active from T = 100s to T = 200s, from T = 400s to T =
500s and from T = 700s to T = 800s. The outputs shows that this case is active
from T = 100s to T = 200s, from T = 400s to T = 500s and from T = 700s to T =
730s.

Battery:

REQ-15: All cases are only operation from T = 0s to T = 730s.

In order to perform RCP simulations, the same test case was used, but since Simulink®
does not allow the Signal Builders block to run repeatedly, the inputs were replicated in
LabView®. In order to connect with the MicroAutoBox®, a Data Acquisition hardware
from National Instruments was used. In order to provide a better illustration of the
comparison between inputs and outputs, the cases were divided into two groups. The
first group included the Position Lights case, the Low Beam case, the High Beam case
and the Brake Light case. The second group included both Indicator Lights cases and the
Reverse Light case. Figure 9 compares the first group of test case inputs with the same
case MicroAutoBox® outputs, and Figure 10 compares the second group of inputs and
outputs for RCP.
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This comparison allowed concluding that, equivalent to the phases of Model-In-the-
Loop and Software-In-the-Loop, the system behaved correctly. The requirements were all
met, including battery level and the Hazard Warning.

7. Conclusion. In this study, the control design and implementation for an External
Lighting System are largely supported by Model Based Design via Matlab® /Simulink®
and rapid control prototyping system using MicroAutoBox® from dSpace. The perfor-
mance of the system was easily tested using those tools with computer simulations. Model
Based Design offered a significant improvement compared to the traditional approach and
RCP proved to be a powerful development tool.
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Another advantage in this process is demonstrated in the Software-In-the-Loop phase.
The automatic coding can also save development time and due to MBS characteristics, if
requirements are not met, it is possible to perform changes in the Simulink® model and
a new C code could be built rapidly.
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