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ABSTRACT

Advanced Driving Assistance Systems (ADAS), such as collision avoidance systems and adaptive cruise
control, are important features of autonomous driving and are gaining importance day by day in terms of
increasing road safety. To increase the reliability of the system, virtual simulation environments are used
during the design and development stages. This study examines the effect of ADAS features on energy
parameters during the driving cycle in a virtual simulation environment. The discussion focuses on the
simulation of an electric vehicle and the relationship between energy use and ADAS functions. For ADAS
modeling and simulation, a dynamic model was developed in MATLAB and examined throughout the

NEDC drive cycle.
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I.  INTRODUCTION

To increase safety, many leading automakers develop and
evaluate Advanced Driving Assistance Systems (ADAS). One
of the ADAS modules that is typically available as an add-on in
contemporary cars is the collision avoidance system. ADAS
modules use a variety of sensors to sense the surroundings of
the vehicle. Sophisticated software can predict risky situations
based on sensor input and provide control signals to prevent an
accident [1, 2]. A highly realistic simulation environment is
required to save time and reduce risks throughout the early
phases of ADAS design, development, and evaluation. Various
simulation tools are used for environments, sensors, and
vehicles to reduce development time and expenses and ensure
the proper operation of complex software [3]. Software-In-the-
Loop simulation (SIL) is a useful technique for testing
complicated software systems before putting them to use in
real-world scenarios. To provide an efficient platform for
software testing, the SIL simulation concept incorporates real
production software (or algorithms) into a virtual environment
(mathematical simulation) that contains models of a physical
system. In this case, a simulation of the car and its interactions
with the real environment is required [4, 5].

The Autonomous Emergency Braking (AEB) system aims
to prevent an imminent collision if the driver is unaware of the
incident or does not respond quickly enough. This system uses
a mix of sensors, including vision, radar, ultrasonic, camera,
and GPS, to successfully detect obstructions in the vehicle's
path, including pedestrians and other cars [6]. The AEB system
receives real-time data from these sensors about the vehicle's
surroundings. The AEB system uses three main systems, brake,
acceleration, and steering control, to keep the vehicle under
control [7]. AEBs are designed to alert drivers to approaching
collisions, recognize potentially dangerous situations, and help
prevent collisions or reduce their impact. Combining many
sensors has become necessary to handle large amounts of data
due to the growing number and variety of sensors. To gain
more accurate information about the surroundings, the system
may integrate and merge data from several sensors, including
cameras, LIDARs, and RADARs, thanks to sensor fusion
technology [8]. This technique offers many benefits, including
increased image resolution, increased dependability, and
expanded parameter coverage. The system can operate more
effectively when multiple inputs from many sensors are used,
as opposed to only one sensor. Since AEB systems rely on a
variety of sensors, integrating sensor fusion technology
improves vehicle safety [1].
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Passenger vehicles with Adaptive Cruise Control (ACC)
can adjust their speed to match the traffic flow [9]. This system
focuses on driving in congested traffic while maintaining a safe
distance from the vehicle in front. By keeping a preset
minimum distance from the vehicle ahead and regulating the
ego vehicle's speed automatically, ACC can help drivers feel
less stressed. As a result, the driver is more comfortable and
can focus on the road slightly better. ACC is often based on a
radar sensor [10]. This equipment is mounted in front of the car
and continuously scans the road ahead. ACC maintains the
driver's selected speed as long as the road ahead is clear. If the
system detects a slower vehicle within its range, it softly
reduces speed by depressing the accelerator or aggressively
activating the brake control system. ACC automatically
increases speed to the driver's selected level if the car in front
accelerates or changes lanes. When traveling at speeds greater
than 30 km/h, standard ACC can be activated to assist the
driver, especially when traveling cross-country or on highways.
When traveling at less than 30 km/h, the ACC stop-and-go
version is in operation. Even at very low speeds, it can keep the
predetermined distance from the leading vehicle or even stop
the ego vehicle.

II.  SYSTEM DESCRIPTION

Since real testing and experimentation are costly,
simulation programs are widely used. Designing and analyzing
systems in this way is called model-based system design. This
study analyzes a system using a mathematical model with the
help of Matlab/Simulink, focusing on measuring the charge
rate of a battery at certain voltage values and its relationship
with ADAS. Figure 1 shows the simulation framework.
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Fig. 1. General system model.

A. Overall System Modeling

MATLAB Simulink 2020a was used for the entire
modeling process. Utilizing the sensor fusion algorithm, AEB
was implemented using an Automated System Driving
Toolbox. Using Driving Scenario Designer software, test
scenarios were developed after the system was designed. Test
scenarios recommended by EURO NCAP were developed.
Different fusion algorithms were developed based on the level
of fusion involved to accomplish sensor fusion. This study used
a multi-object tracking framework, motion models, assignment
algorithms, and Kalman filtering to realize sensor fusion.

In the modeling phase, the driving cycle model was first
created. Subsequently, the vehicle dynamics model and the
transmission model were created. A controller was added to
follow the vehicle cycle. In the next stage, vehicle and
environment parameters, such as the torque, speed, and power
outputs that the wheels need to achieve the desired speed, were
entered into the vehicle dynamics model. After creating the
transmission model and entering the parameters, the torque,
speed, and power outputs that the engine should provide were
calculated. Then, an electric motor model was created,
printouts were taken, electric motor parameters were added,
and the electric power that should be provided was determined.
By creating a battery model, parameters and values from the
previous model were defined as input. At this stage, the electric
power that needs to be drawn from the battery was determined.
The energy analysis aimed to determine the State Of Charge
(SOC) modeling.

B. Driving Cycle

In the EU, two types of driving cycles are typically used to
evaluate vehicles. The first is the 1999 ECE-15, also known as
the urban driving cycle. This was designed to simulate urban
driving conditions in Rome or Paris. It replicates a 4052 m
urban ride with a maximum speed of 50 km/h and an average
speed of 18.7 km/h, as shown in Figure 2. This is especially
helpful for evaluating an EV's performance when driving in
cities [11].
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Fig. 2. ECE-15 driving cycle.

C. Simulation Software

The simulation was performed in Matlab, including the
vehicle dynamics, SOC, battery, electric motor, and ADAS
models. Improvements can be made by adding new
components to the model. The equations used for modeling
were analytical or semi-empirical, as described below. The
theoretical results were validated against bulk data, and the
ECE-15 driving cycle produced by this model matches the
corresponding bulk data very well. The presented model can be
used for any ADAS model by changing the parameters detailed
below [11].

III.  ADAS MODEL AND BASIC EQUATIONS

A. Development of Vehicle Model

Lead vehicle and ego vehicle dynamics were modeled in
Simulink. Figure 3 shows the leading vehicle dynamics model
used for ACC modeling. This modeling is important for
distance and speed control.
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Fig. 3. Leading vehicle dynamic model.

To approximate a realistic driving environment, the
acceleration of the front vehicle varies according to a sine wave
during the simulation. The ACC system block provides an
acceleration control signal for the car. The sampling time T
and the simulation time 7T are defined in s. Figure 3 shows the
basic vehicle tracking graph obtained with these sampling and
simulation times, showing the positions of vehicles starting
from different points with the same speeds.
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B. Configuration of Adaptive Cruise Control (ACC) Block

The ACC system is used in addition to the AEB system.
When using this ADAS feature, the ego vehicle slows down as
it approaches a vehicle in front and accelerates to cruising
speed if the front vehicle moves a safe distance away. To
initiate the development of ACC, the initial stage involves
collecting data from sensors that are installed on the ego
vehicle. Two essential components are required to implement
ACC: a camera and a radar sensor. The camera identifies
various items within the frame, such as vehicles, pedestrians,
and trees. Meanwhile, the radar determines the precise distance
between the ego vehicle and each detected object [12]. The
output of the ACC system is the desired acceleration of the ego
vehicle. The safe distance between the vehicles is a function of
their speed. Given the physical limitations of vehicle dynamics,
acceleration is limited to the range of -3 to 2 m/s>. This
situation is shown in the block parameters in Table I. Figure 5
shows the addition of the ACC block to the system [13].

TABLE L. PHYSICAL LIMITATIONS OF VEHICLE
DYNAMICS
Parameters Values

Initial condition for longitudinal velocity (m/s) 30
Default spacing (m) 10
Maximum velocity (m/s) 50
Minimum longitudinal acceleration (m/s?) -3
Maximum longitudinal acceleration (m/s”) 2
Sample time (s) 0.1
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Fig. 5. Integrating the ACC block into the system.

C. Calculating the Stopping Time

The braking controller subsystem utilizes the Forward
Collision Warning (FCW) and AEB control algorithm, which is
based on a calculation approach that determines the stopping
time [13]. T,, is the duration from when the ego vehicle
initially engages its brakes, with @y, deceleration, until it
stops. The following equation determines the stopping time:

Tstop = Vego/abrake (1)

where V,,, is the velocity of the ego vehicle, and T, is the
duration it takes to stop. The FCW system notifies the driver of
an imminent collision with a vehicle ahead. The driver is
expected to respond to the alert and use the brake with a T,
delay time. The total travel time of the ego vehicle before
colliding with the vehicle in front can be expressed as:

Teew = Treact T+ Tstop = ITyeqct T Vego/abrake ()

A comparison is made to determine whether the AEB
system will be active or not. With data from sensors, the Total
Collision Time (TTC), which refers to the time before the ego
vehicle hits any obstacle, is evaluated. If the Trcy value is
higher than the TTC value, the FCW warning is activated. If
the driver does not react under these conditions, the AEB
system 1is activated, and autonomous braking is applied to the
ego vehicle. In this way, even if the accident is inevitable, the
impact of the collision will be minimized by reducing the speed
of the ego vehicle as much as possible. Gradual braking can
also be applied at this stage.

IV. RESULTS AND DISCUSSION

The simulation model was analyzed using the above
formulations and modeling systems. An ADAS system was
simulated in MATLAB, and the results were evaluated. The
blocks used to make the above modeling are necessary to
analyze the ADAS system. Figure 6 shows the speed graph for
the leading and the ego vehicle. The results show that the
velocity of the ego vehicle fluctuates to reach the desired speed
value. This will have negative consequences in terms of driving
comfort, safety, and energy consumption. Therefore, the block
parameters were rearranged to reduce this fluctuation with
MPC. Table II shows the edited parameters. By adjusting the
block parameters, the ego vehicle reached the desired speed
more efficiently. The fluctuation was less and therefore, the
desired speed was achieved in a shorter time, as shown in
Figure 7 [12].
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While the vehicle moves based on the ECE-15 cycle, the
electric motor speed and the driving cycle are similar. This is
because there is no need for a gearbox for using the electric
motor. The torque required by the vehicle during acceleration
can be met even if the electric motor efficiency is low, due to
the high differential ratio. The electric motor operates with 74-
90% efficiency during the ECE-15 cycle. Since the ECE-15
cycle has an idle rate of almost 25%, the average efficiency of
the electric motor is decreased. Figure 8 shows the acceleration
and speed graph of the vehicle wh11e followmg the cycle. The
vehlcle acceleration reaches 1.1 m/s” in acceleration and -1.4
m/s” in deceleration.
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Fig. 6. Speed graph of the leading and the ego vehicles.
TABLE II. REGULATED PARAMETERS
Parameters Values
Initial condition for longitudinal velocity (m/s) 30
Default spacing (m) 5
Maximum velocity (m/s) 50
Minimum longitudinal acceleration (m/s?) -3
Maximum longitudinal acceleration (m/s’) 2
Sample time (s) 0.5
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Fig. 7. Speed graph of the leading and ego vehicles after regulated
parameters.
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Fig. 8. Vehicle acceleration and velocity graph.

The electric energy produced is directly proportional to the
energy consumed. Figure 9 shows the remaining battery charge
status and total distance data after performing the ADAS
modeling with the driving cycle mentioned above. Since the
power consumed by low- and high-voltage accessories is
included in the model, energy consumption continues even
when the vehicle is stationary [14]. The charge rate of the
battery drops to 92% in one cycle, that is, in 1180 s. The
battery SOC is decreasing, but not linearly. While it decreases
at some points, it increases at other points. On examination of
the places it rises, it is observed that it is related to regenerative
energy. This situation is examined separately in the graph
regarding battery power [15].
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Fig. 9. Battery charge status and total distance after ADAS model.

Figure 10 shows the data obtained by applying ADAS
modeling to the general system model, including the driving
cycle, vehicle dynamic model, battery model, and controller.
During the first 3 s, the ego vehicle accelerates at maximum
throttle to achieve the desired speed chosen by the driver [16].
Between 3.2 and 12.9 s, the leading vehicle experiences a
gradual increase in acceleration. Consequently, to ensure a safe
distance from the vehicle in front, the ego vehicle increases its
speed at a reduced pace. Between 13 and 25 s, the ego vehicle
maintains the speed selected by the driver, as indicated in the
velocity plot. However, when the leading vehicle decreases its
speed, the discrepancy in spacing gradually diminishes and
eventually reaches zero after 20 s. Between 25-45 s, the leading
vehicle decelerates and then accelerates once more. During the
simulation, the controller ensures that the real distance between
the two cars is always larger than the predetermined safe
distance [17].
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Fig. 10.  Data obtained through ADAS modeling.
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Figure 11 shows the engine power, battery power, and
electric power data that must be given to the engine for the
system to which ADAS modeling is applied.
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Fig. 11.  Speed, power, and charge status data after ADAS modeling.

Examining from the beginning of the cycle, when the speed
is zero, the engine and mechanical power are also zero. Then,
when the vehicle starts to accelerate, the mechanical-electrical
power required for the engine also increases. In this case, the
electric power coming out of the battery is more. When the
vehicle slows down, that is, during braking, this braking power
is seen to be negative. It is possible to store this power in the
battery. While the motor's electrical and mechanical power is
zero, the battery power is around 0.4 kW. This is because the
resistor and accessory forces are included in the modeling.
Figure 12 shows the most prominent points of the cycle in
detail [18].
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Fig. 12.  Salient points of the cycle.

Distinct points of the cycle provide more detailed
information about modeling. These points are the points where
the vehicle is fastest and slows down with great acceleration [4,
19]. Depending on the ADAS model, a negative power appears
on the engine power graph during braking, and this power is
recovered by regenerative braking and stored in the battery as
seen in the SOC graph. Figure 13 shows the energy that must
be drawn from the battery to ensure the driving cycle if the
advanced driving assistance systems are active, the energy
provided by regenerative braking, and the energy consumed
from the battery.
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Fig. 13.  Required energy, consumed energy, and regenerative energy.

V. CONCLUSION

This study performed ADAS modeling to examine the
energy consumption effects of a system that includes dynamic
vehicle, battery, electric motor, and SOC models. When the
ADAS model is active, reducing the distance between vehicles
has a positive effect on the battery charge status. In this, the
effect of regenerative braking can be seen. Values below zero
in the power curve graphs support this. Toward the end of the
driving cycle, as the vehicle speed increases, there is a sharp
decrease in the battery charge state, while the intense braking
effect and the effects of regenerative power increase the charge
state again. While the energy required to complete the driving
cycle was 2.8 kW, the energy consumed was found to be 2.64
kW. The difference, 0.16 kW, is provided by regenerative
braking. With the effect of the ADAS model, 5.71% of the
energy is recovered. Various improvements can be made to the
ADAS or vehicle dynamics models. With a more developed
dynamic model, the energy consumption of the ADAS model
can be evaluated during different driving cycles.
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