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Summary

One of the major goals of the automotive industry in recent years
has been the improvement of the energy efficiency of vehicles, due to
the restrictions on emissions and the increasing energy costs. The
EU is aiming to achieve by 2050 a reduction of transportation green-
house gas emissions of 90% compared to 1990. To reach this objective,
electrification and automation are becoming the main trends in the
automotive field. The growth of autonomous vehicles is important not
only for the reduction of car accidents, but also for the improvement of
fuel economy. Fuel consumption strictly depends on driving behavior,
therefore technologies for autonomous vehicles such as Advanced Driver
Assistance System (ADAS) are used to adjust the driving style enhanc-
ing eco-driving. ADAS technologies are a set of features that reduce
human duties in driving, improving safety, comfort and emissions. In
particular, high acceleration and deceleration values correspond to high
torque requests, which can be satisfied by the system at the expense of
emissions. To overcome this problem, Adaptive Cruise Control (ACC)
can be exploited. ACC is an ADAS application that manages and
optimizes the acceleration values of the system, based on the velocity
profile of a preceding vehicle (called "lead vehicle"). A car equipped
with ACC can work in two modes: car-following, in which the vehicle
follows the preceding one, and cruising, in which the vehicle travels at a
set speed. The car-following mode is the most significant for eco-ACC
employment since the driving profile of the lead car can be used for
prediction and optimization of the behavior of the ego car.
This thesis work investigates the benefits of using Eco-Adaptive Cruise
Control in a mild-hybrid P1 IVECO Daily vehicle. In addition to the
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verification of car-following performances, the work focuses on study-
ing the potential for fuel consumption reduction and energy efficiency
enhancement.

In this thesis Eco-ACC was integrated with a forward vehicle model de-
veloped in Matlab/Simulink. In literature many examples of eco-ACC
algorithms are reported. The one exploited in this work evaluates the
acceleration command based on a minimization problem. The controller
receives as input the relative speed and distance from the lead vehicle,
obtained through the use of radars and camera sensors, and finds the
optimal acceleration command to satisfy two main objectives: travel
at a set velocity when the lead vehicle is far enough, or slow down
when the safety distance is not respected anymore. The car-following
performance depends on some tuning parameters which are the desired
time gap and the error gains on the relative distance, relative speed
and set speed. The time gap is defined as the time that passes between
the lead and ego vehicles as they go through the same point. The set
speed and the minimum safety distance are fixed parameters. Since
the objective is to use the eco-ACC exploiting the car-following mode,
the set speed has been put very high (50 m/s) and the relative error
gain very low, to minimize the effect of this constraint. In this way,
the ego vehicle can follow the lead car even at high speeds. To test the
system, it was supposed that the lead car followed the speed profiles
of standard driving cycles, used by automotive organizations for the
verification of emissions. The considered driving cycles were the WLTC
and RDE, developed by the United Nations Economic Commission for
Europe, and the FTP75 and US06 developed by the Environmental
Protection Agency of the United States of America. Firstly, the tests
were performed to verify the car-following performances. It was required
that the speed of the ego car was in the 10% range of the lead car
velocity. In addition, the relative distance needed to be higher than the
minimum safety distance, but low enough so that the lead car could
be in the view range of the sensors. This upper threshold was decided
based on the scenario, so for speeds typical of urban roads the limit
was 50 meters, 150 for suburban and 250 for motorways. The time gap
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was tuned to satisfy these requirements. The minimum safety distance
was fixed at 10 meters for all scenarios. In addition, the gains were
tuned to obtain a stable acceleration reference command as the output
of the controller. In fact, an aggressive controller led to a saturated
and unstable command, because it could not achieve the requested
performances. After the verification of the car-following behavior, it
was possible to evaluate the benefit of the controller in terms of fuel
economy and comfort. To analyze the advantages of eco-ACC, the
results were compared to the ones obtained from the simulations of
the vehicle model not equipped with ACC, traveling using the same
driving cycle as reference speed. The simulations showed that for low-
speed scenarios with low values of acceleration, a time gap of 3 seconds
resulted in good performances. The fuel consumption reduction was
between 9% and 14% for urban scenarios and between 5% and 10 %
for rural scenarios, with time gap increased to 4 seconds. Analyzing
the BSFC map of the ICE, it was possible to notice that the model
equipped with eco-ACC worked with lower torques and therefore higher
efficiency, and the working points area decreased with the increasing
time gap. For highways scenarios, the results did not show any signifi-
cant improvement in fuel consumption. The BSFC map showed that
the system was working with high torques, and the eco-ACC could not
bring any optimization in the torque management logic.
Then, the controller was modified introducing a function to obtain an
adaptive time gap depending on the actual velocity of the vehicle. This
function calculates the moving average of the last n values of the actual
speed and compares it to velocity thresholds obtained while tuning the
constant time gap controller. The time gap of the controller is then
changed based on the comparison. This new controller was tested on
the RDE complete, which is a driving cycle representative of all the
different scenarios. It was possible to observe that thanks to this new
function, the velocity speed was kept in the 10% range of the lead
velocity and the relative distance was in the desired interval through
the entire cycle. Moreover, this control logic introduces an additional
improvement in fuel consumption, with respect to the constant time
gap ACC.
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Chapter 1

Introduction

1.1 Background

The automotive field has a major impact on global pollution. According
to the report of the European Environment Agency, the transportation
sector was responsible for almost 25% of the total greenhouse gas
emissions in the European Union in 2019, with road transportation
contributing to 72% of it [1]. Greenhouse gases include CO2 and NOx.
The increase of these elements in the air has an impact not only on
climate change (due to the greenhouse effect that contributes to the
increase of global temperatures), but also on human health, leading to
respiratory diseases. Therefore, the minimization of vehicles emissions
has become a key point for governments and automotive industries.
The EU is aiming to achieve by 2050 a reduction of transportation
greenhouse gas emissions of 90% compared to 1990.
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Figure 1.1: Evolution of CO2 emissions in the EU for each sector
(1990-2019) [2]

1.1.1 Electrification
Electrification has a big role in the minimization of vehicles emissions.
The term electrification refers to the substitution of thermal power
(obtained with fuel) with electric power. This can happen in the form of
pure electric vehicles or in hybrid electric vehicles, where a combustion
engine is still present.
According to the "Electric vehicles from life cycle and circular economy
perspectives" report of the European Environment Agency [3], electric
vehicles’ greenhouse gas emissions on their entire life cycle are up to
30% lower with respect to petrol and diesel cars. Considering that the
EU is also going through a decarbonization of the energy mix, this
percentage is predicted to reach 73% by 2050 [4].
The electric cars market has seen an important growth of sales, from
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4% of total car sales in 2020 to 14% in 2022. This is due not only
to government incentives for electric vehicles purchase, but also to
the constantly increasing fuel costs. In addition, electric vehicles also
reduce noise pollution and therefore contribute to a better environmental
quality.

Figure 1.2: Electric cars sales (2016 - 2023 )

1.1.2 Automation

The growth of autonomous vehicles is an important field in the auto-
motive industry especially for its great impact on the decreasing of car
accidents.
In fact, a survey conducted by the National Highway Traffic Safety
Administration (NHTSA) demonstrated that 94% of car crashes are
due to human errors. [5]
Therefore, increasing the automation levels means reducing the driver’s
responsibility, obtaining an optimized driving behaviour and conse-
quently also reducing accidents.
The Society of Automotive Engineers (SAE) has defined a scale of six
levels of automation, specified in Figure 1.3. These guidelines have
been updated in 2021 and are adopted by the United Nations.[6]
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SAE J3016TM LEVELS OF DRIVING AUTOMATIONTM

DRAFT- Stand alone

• lane centering

 OR

• adaptive cruise 
control

• local driverless 
taxi

• pedals/
steering 
wheel may or 
may not be 
installed

• lane centering

  AND

• adaptive cruise 
control at the 
same time

• same as 
level 4, 
but feature 
can drive 
everywhere 
in all 
conditions

• automatic 
emergency 
braking

• blind spot 
warning

• lane departure 
warning

• traffic jam 
chauffeur 

You are driving whenever these driver support features 
are engaged – even if your feet are off the pedals and 

you are not steering

You are not driving when these automated driving 
features are engaged – even if you are seated in 

“the driver’s seat”  

These automated driving features 
will not require you to take 

over driving

You must constantly supervise these support features; 
you must steer, brake or accelerate as needed to 

maintain safety

What does the 
human in the 
driver’s seat 
have to do?

Example
Features

When the feature 
requests,

you must drive

These are automated driving features
These features 

provide 
steering 

OR brake/
acceleration 
support to 
the driver

These features 
provide 
steering 

AND brake/
acceleration 
support to 
the driver

These features can drive the vehicle 
under limited conditions and will 

not operate unless all required 
conditions are met

This feature 
can drive the 
vehicle under 
all conditions

These features 
are limited 

to providing 
warnings and 
momentary 
assistance

These are driver support features

What do these 
features do?

SAE 
 LEVEL 0TM

SAE 
 LEVEL 1TM

SAE 
 LEVEL 2TM

SAE 
 LEVEL 3TM

SAE 
 LEVEL 4TM

SAE 
 LEVEL 5TM

Copyright © 2021 SAE International. 

Copyright © 2021 SAE International. The summary table may be freely copied and distributed AS-IS provided that SAE International is acknowledged as the source of the content.

Learn more here:  sae.org/standards/content/j3016_202104

Figure 1.3: SAE automation levels

The automation levels are classified from Level 0 (no automation) to
Level 6 (full automation), based on the duties of the driver.
Levels 0 to 2 require the driver to have full attention on the road, but
the vehicle is equipped with some support features that assist him
during driving. In levels 3 to 5 the driver is not required to drive,
except for some situations that may be requested by the automated
features in Level 3.
The majority of vehicles that are on the market right now only reach
Level 2 automation, such as the Tesla Autopilot.
For what concerns Level 3, Mercedes-Benz EQS and Class S equipped
with Drivepilot have been approved on the market in Germany and
in some states in the USA. Under specific conditions, the drivers of
these vehicles are allowed to legally travel without watching the road
or touching the commands at all.
Level 4 vehicles have been successfully tested on the road but they
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have not been approved for consumer use anywhere in the world yet.
Some Level 4 vehicle for taxi use are approved, such as Waymo One in
California.
Level 5 has not been reached yet, and it is a great challenge that some
experts believe we will never get to. The main issues about a complete
autonomous driving experience are mainly due to external factors such
as roads, culture and environmental conditions.

1.2 Project overview
This thesis work is part of the "AutoEco" project funded by Pi.Te.F.
(Piattaforma Tencologica di Filiera) of the Piedmont region in col-
laboration with Politecnico di Torino, Dayco Europe S.r.l, Podium
Advanced Technologies and other companies. The aim of this project is
the hybridization and automation of a light-duty hybrid electric vehicle,
in the optic of reduction of fuel consumption and increase of energy
efficiency.

1.3 Thesis outline
This thesis work is divided into five chapters.

1. Introduction: this chapter is a contextualization of the work, iden-
tifying the motivations and the alignment with current automotive
trends for electrification and automation.

2. Theoretical background: an overview on hybrid electrical vehicles
and their energy management systems is presented, to better com-
prehend the starting model of the project. ADAS technologies
are then introduced, along with their verification and validation
methods. An overview of Adaptive Cruise Control strategies for
ecological driving is then presented, as the case of study of this
thesis work.
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3. Model and strategy: this section begins with the analysis of the vehi-
cle model, with emphasis on the energy aspects. Then the Adaptive
Cruise Control strategy adopted is presented, and the introduction
of this control system in the complete model is explained, along
with the driving scenarios used for testing.

4. Simulations and results: the objective of this chapter is to present
the simulations of the complete system and the obtained results,
with charts and tables. The results are analyzed and a new possi-
ble algorithm is formulated to overcome the flaws of the initially
adopted control strategy.

5. Conclusion: the last chapter is dedicated to an overview of the main
points of this thesis work, highlighting possible future developments.
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Chapter 2

Theoretical background

2.1 Hybrid Electric Vehicles

Hybrid Electric Vehicles (HEV) are characterized by the presence of
two power sources: an internal combustion engine (ICE) and an electric
motor (EM). The EM works both as a generator (storing energy) and
as a motor (providing energy). These types of vehicles are highly
appreciated because the EM can give extra power in the acceleration
phase, therefore the ICE can work close to its maximum efficiency. In
addition, in the braking phase, the EM can store in the battery the
energy that would otherwise be dissipated.

2.1.1 HEVs Classification

HEV can have different configurations, because the components that
compose the powertrain can be positioned in different ways. In addi-
tion, there are different levels of hybridization that can be achieved.
Therefore, HEV can be classified depending on architecture and on
hybridization.
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2.1.2 HEVs Classification based on architecture

ICE and EM can be connected in different ways, therefore there are
different topologies for HEVs architecture. In particular, three dif-
ferent categories are considered: series, parallel and series/parallel
configuration.

Series configuration

In the series configuration (figure 2.1) the ICE is not directly con-
nected to the wheels. The mechanical power produced by this motor
is converted into electrical energy by a generator. This power is then
transmitted to the EM which converts it again into mechanical power.

Figure 2.1: Series HEV configuration [7]

The big advantage of this configuration is that, since the ICE is not
directly connected to the wheels, it can operate in its narrow most
efficient rpm range even as the vehicle changes speed. Moreover, the
engine can be positioned in the powertrain without constrictions.
However, the energy from the ICE has to go through several conversions,
and this leads to losses that decrease the efficiency of the system.
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Parallel configuration
In this configuration the power sources are two: the ICE and the EM.
They are collocated in parallel and both are linked to the wheels (2.2).
As a result, this configuration is flexible to switch between ICE and
EM power sources. However, this system is more complex with respect
to the series one, and the ICE cannot operate near its high-efficiency
working points.

Figure 2.2: Parallel HEV configuration [7]

Parallel configuration is versatile in the positioning of the EM, offering
different possible configurations:

• P0 configuration: The EM is positioned in the front of the ICE,
connected through a belt. The two motors must have the same
rotation speed and they cannot be disconnected.

• P1 configuration: The EM is connected directly with the crankshaft
of the ICE. Also in this case the two motors must have the same
rotation speed.

• P2 configuration: The EM is side-attached through a belt or
integrated between the ICE and the transmission. A clutch is used
to decouple ICE and EM.
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• P3 configuration: The EM is connected through a gear mesh to
the output of the transmission.

• P4 configuration: The EM is located in the axle opposite to the
driving one, connected through a gear mesh.

Figure 2.3: Possible positions of the EM in the parallel configuration

Combined configuration
This configuration is the most complex one (figure 2.4). Through
the use of planetary gears, the different sources can be engaged or
disengaged, obtaining many layouts and flexibility to switch between
electric and ICE power. This power split capability allows to benefit
from the advantages of both series and parallel configuration.

2.1.3 HEVs Classification based on hybridization
As mentioned before, HEV can also be classified depending on the
Degree of Hybridization (DoH). The DoH is a percentage that depends
on the quantity of power delivered by the ICE and the EM. It is defined
as the ratio between the power delivered by the electric motor (PEM)
and the total power defined as the sum of electric motor and internal
combustion motor (PEM + PICE):
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Figure 2.4: Combined HEV configuration [7]

DoH = PEM

PEM + PICE
100% (2.1)

Based on the value of this percentage, HEV can be classified as
shown in the table 2.1:

Type of HEV Deegre of Hybridization
Conventional ICE 0%

Micro-hybrid 0%<DoH< 5%
Mild-hybrid 5%<DoH<10%
Full-hybrid 10%<DoH<75%

Electric vehicle 100%

Table 2.1: HEV classification based on hybridization degree [8]

• Conventional ICE: This is not a hybrid vehicle since the only
source of power is the ICE and there is no electric motor.

• Micro-Hybrid: In this configuration the Start&Stop capability of
the electric motor is exploited. During idle condition the ICE can
automatically shut off, saving fuel. In some cases, micro-hybrids
are also characterized by the regenerative braking feature.
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• Mild-Hybrid: This configuration exploits the same functions as
micro-hybrid. In addition, the electric motor has the capability
to give a power contribution in the acceleration phase and to
regenerate energy in the decelerating phase.

• Full-Hybrid: Additionally to the features of previous categories,
in full-hybrid vehicles the vehicle is able to drive in full-electric
mode for limited distances.

• Plug-in Hybrid: This category has the same configuration as Full-
hybrids, but in this case the battery can be completely discharged
and then recharged by external outlets. The advantage is that
this category of vehicles can drive in full-electric mode for longer
distances.

• Electric vehicle: The ICE is not present and the vehicle is
propelled only by the electric motor.

Each of these hybrid configurations has a potential fuel consumption
benefit, due to the fact that the ICE is required less power. The
estimated benefit is reported in the following table [9]:

Type of HEV CO2 estimated benefit [%]
Micro-Hybrid 5-6
Mild-Hybrid 7-12
Full-Hybrid 15-20

Plug-in Hybrid >20

Table 2.2: Estimated consumption benefits for the different HEV

2.2 Energy Management System
The presence of different power sources in HEVs implies the need of a
management system to determine which source will provide energy at
each instant. This task is executed by two controllers. The low-level
(or component-level) controller is responsible for the powertrain energy
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sources. Using a classical feedback-control method, its job is to ensure
that all the components deliver the requested power. On the other hand,
the high-level (or supervisory) controller is responsible for the power
splitting and energy optimization, while maintaining the battery SoC
between the desired levels. This layer of the controller is the Energy
Management System (EMS).
As we can see from figure 2.5 the power requested by the EMS comes
directly from the speed controller, which requests the amount of power
needed to follow a desired velocity profile.

Figure 2.5: Control architecture in a HEV [10]

In literature, many energy management strategies are investigated,
and they can be classified into two categories:

• Rule-based optimization methods: they are based on a set of
rules used to determine the control value at each time, but they do
not rely on explicit minimization or optimization problems. The
rules are obtained from heuristics, intuition, or from mathematical
models. The advantage of these methods is their effectiveness in
real-time implementations.

• Model-based optimization methods: they rely on the global
optimal solution obtained from the minimization of a cost function
on a driving cycle which is fixed and known. They cannot be
used for real-time implementations, but they still are a valuable
approach.
These methods can be divided into two groups:
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– Numerical approaches: the global optimal solution is derived
numerically taking into consideration the entire driving cycle.

– Analytical approaches: the solution is found analytically or an
analytical method is derived to find the solution in a faster way
than the pure numerical approach.
Equivalent consumption minimization strategy, which will be
explained in the next paragraph, belongs to this category.

2.2.1 Equivalent Consumption Minimization Strat-
egy

Equivalent Consumption Minimization Strategy (ECMS) is a strategy
used for EMS, based on the idea that the difference between the initial
and final State of Charge of the battery must be negligible with respect
to the total energy used in a cycle.
The State of Charge (SoC) of a battery is a percentage that indicates
the level of remaining electrical charge of a battery in use.
The electrical energy used by the battery must be restored using the fuel
tank or through regenerative braking. This principle relies on the defi-
nition of a cost assigned to the electrical energy. The determination of
this value depends on future driving behaviour and on the driving cycle.

Given an operating point, there are two possible cases:

• Discharge case: if the battery power is positive it means that
at some future point it will discharge, therefore there will be an
additional fuel consumption to recharge the battery. The amount
of needed fuel depends also on the capability to restore energy
through regenerative braking.

• Charge case: if the battery power is negative it means that at
some future point this energy will be used to contribute to the
total energy requested by the powertrain. This will result in an
instantaneous fuel saving.

The fundamental idea of ECMS is that electrical energy can be
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associated with an equivalent value of fuel consumption, in both charge
and discharge phase. This principle is illustrated in figure 2.6

Figure 2.6: Energy path in the discharging phase (a) and in the
charging phase (b) for a parallel HEV. [10]

The instantaneous equivalent fuel consumption associated to the
electric energy is defined as:

ṁf,eqv(t) = ṁf(t) + ṁress(t) (2.2)

Where the real instantaneous total fuel consumption of the engine is:

ṁf(t) = Peng(t)
ηeng(t)Qlhv

(2.3)

Qlhv is the fuel lower heating value, ηeng(t) is the engine efficiency,
and Peng(t) is the power produced by the engine when it operates at a
certain efficiency.

The virtual fuel consumed by the electric machine is:

ṁress(t) = s(t)
Qlhv

Pbatt(t) (2.4)
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Pbatt(t) is the battery power, which can be positive or negative,
depending on whether the battery is in charge or discharge mode. s(t)
is an equivalence factor that assigns a cost to the use of electrical power.
It is a vector composed by scharge and sdischarge, two terms correlated
by the relationship:

scharge(t) = (ηbatt)2sdischarge(t) (2.5)

where ηbatt is the battery charge/discharge efficiency.

The minimization problem is now reduced to a local problem (minimiz-
ing ṁfeqv

(t)) instead of the problem of minimizing the total cost.
minPbatt∈UPbatt

s tf

t0 ṁf,eqv(t)dt

SOCmin ≤ SOC ≤ SOCmax

(2.6)

To assure that the SOC does not exceed the limits, a multiplicative
penalty function (p(SOC))is used, defined as:

p(SOC) = 1 −
3 SOC(t) − SOCtarget

(SOCmax − SOCmin)/2

4a

(2.7)

This factor takes into account the deviation of the actual SOC from
the target one and compensates for it. There are three possible cases:


SOC(t) = SOCtarget =⇒ p(SOC) = 1
SOC(t) > SOCtarget =⇒ p(SOC) < 1
SOC(t) < SOCtarget =⇒ p(SOC) > 1

The behaviour of p(SOC) depending from the choice of the exponent
a is shown in the picture 2.7:

Finally, the total instantaneous equivalent fuel equation 2.2 can be
rewritten as:

ṁf,eqv(t) = ṁf(t) + s(t)
Qlhv

Pbatt(t)p(SOC) (2.8)
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Figure 2.7: Penalty factor in function of battery SOC and exponent
a [10]

The choice of the factor s is one of the main critical points of
ECMS, since its definition directly affects the battery SOC and the fuel
consumptions, as shown in figure 2.8.

Figure 2.8: Dependency of SOC variation and fuel consumption with
respect to scharge and sdischarge factors [10]

In the standard ECMS the value of the equivalence factor s is
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constant, and it is calibrated offline based on the a priori knowledge of
the driving cycle. There is a variant of the ECMS method, the so-called
Adaptive ECMS, in which the value of s is updated online in real-time,
adapting itself to the driving behaviour. This application is better
described in the next paragraph.

2.2.2 Adaptive ECMS
Adaptive ECMS (A-ECMS), as mentioned in the previous section, is
an online optimization strategy that constantly updates the value of
the equivalence factor s, depending on the desired driving target.
There are three different categories of adaptation techniques:

1. Adaptation based on driving cycle prediction:
The ECMS is integrated with a module that relates the current
speed profile with the estimation of parameter s. Different ap-
proaches are adopted.
In [11] the algorithm builds the driving mission based on infor-
mation obtained by GPS data, combined with past and predicted
velocity values. The equivalence factor is estimated keeping into
account fuel consumption and SOC constraints. In addition, in
this paper the algorithm is sped up using a single factor s for
both charge and discharge phase, to reduce the problem to a one-
dimensional optimization problem.
In [12] the strategy is built up on the employment of Model Pre-
dictive Control (MPC) integrated with Intelligent Transportation
Systems (ITS) information. In this way a prediction-based real-time
controller is established.

2. Adaptation based on driving pattern recognition:
This technique is based on the assumption that similar driving
cycles correspond to similar values of s. In [13] an algorithm
recognizes the driving pattern and selects the most appropriate
equivalence factor from a set of precalculated values corresponding
to similar driving conditions.
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3. Adaptation based on feedback from SOC:
This approach is built up on the idea of changing the value of
the equivalence factor depending on the variation of SOC with
respect to the target value. The computation is made without past
information or driving pattern prediction. An example of adoption
of this approach is reported in [14].

2.3 Advanced Driver Assistance System
Advanced Driver Assistance System (ADAS) is a set of technologies
that have been introduced in vehicles to reduce the driver’s duties,
with the aim of obtaining a more efficient, safe and comfortable driving
behaviour. Therefore, ADAS are used both in normal driving conditions
and in emergency situations.
These systems obtain information from the external world through
sensors.
The main sensors used by ADAS are: [15]

• Cameras: mostly used to detect lanes, vehicles, pedestrians and
objects, but they cannot estimate the distance from the detected
element.

• Radars: emit high frequency waves and measure the change of
frequency in the wave reflected from the object. This measurement
is used to estimate the object’s distance.

• Light Detection And Ranging (LIDAR): also this type of
sensor is used to detect the distance from an object. Lidars emit a
laser signal and use the reflected signal to estimate the distance of
an object.

• Ultrasound sensors: mostly used for short distances, they can
detect the presence of objects using ultrasound waves.

There are many ADAS applications that have been developed. Some
of them are:
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Figure 2.9: ADAS equipment on a vehicle

• Adaptive Cruise Control (ACC): ACC is able to regulate the
speed of the vehicle based on the velocity and distance of the
preceding one.
Therefore, it is useful to prevent accidents because it helps keeping a
safe distance. In addition, this technology controls the acceleration
and deceleration values, resulting in more efficient and comfortable
driving behaviour.

• Autonomous Emergency Braking (AEB): AEB can measure
the distance from the objects ahead of the vehicle and it can act
on the braking sensors to decelerate to avoid a potential crash.

• Blind Spot Detection: through the use of cameras and ultra-
sound sensors the system is able to detect the presence of objects
in the so-called blind spots of the vehicle. The system can alert
the driver.

• Automatic Parking: a development of Blind Spot Detection, it
helps the driver in parking maneuver detecting objects and dis-
tances. In some vehicles the maneuver is completed autonomously
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by the vehicle.

• Lane Departure Warning: this application uses cameras to
detect whether the vehicle is within the marked lanes. In case of
departure from the lane, the system alerts the driver.

2.3.1 ADAS regulation in Europe
In the Vehicle General Safety Regulation of November 2019 [16] the
European Parliament introduced a range of mandatory ADAS to im-
prove road safety for passengers, pedestrians and cyclists. These rules
will apply on all the new vehicles from July 2024.
The mandatory ADAS established in this document are:

• For all road vehicles: intelligent speed assistance, alcohol interlock
installation facilitation, driver drowsiness and attention warning,
emergency stop signal, event data recorder and reversing detection.

• For cars and vans: additional technologies such as lane-keeping
systems and automated braking.

• For buses and trucks: additional features for the prevention of
collisions with pedestrians or cyclists and for recognizing blind
spots, and tire pressure monitoring systems.

2.4 Verification and validation of ADAS
A major part of the development process for automotive safety-critical
systems consists in the verification and validation. In the automotive
business, the management of the production steps follows a V-shape
diagram, as shown in figure 2.10. [17]

Verification is needed to confirm that the outputs of the system
comply with the specifications. Therefore, if there is an error in the
requirements, this cannot be noticed in this phase and the result is a
faulty product. For this reason it is important to have a validation
phase against the specifications, especially for certification purposes.
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Figure 2.10: V-Shape diagram for the design and validation phases
in the development of automotive safety-critical systems

Usually the verification and validation phases are iterated several times
and the result of each iteration is used to modify the design of the
system.
For this aim, In-the-loop simulation tools are always more appreciated
for their fast and flexible results in the early-stage design of automotive
control systems.

2.4.1 In-the-loop simulations
For the design and validation of ADAS control systems, different In-
the-loop simulations are exploited.

The initial design of the system is performed with the support of
Model-in-the-loop (MIL) simulations. For this purpose, there exist some
off-line softwares that contain different modules that can be simulated
in a run-time environment. An example of software that implements
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these applications is Matlab.

• Control logic module: The ADAS control logic can be implemented
taking also into account the sensors information. The parameters
of the controller can be tuned to achieve the desired requirements.
This can be done on the Matlab/Simulink environment.

• Vehicle dynamic module: The dynamics of the vehicle components
(tyres, powertrain, sensors...) are implemented in the software.
This can be done on Matlab/Simulink with the Simscape add-on.

• Environment module: The environment composed of buildings and
roads, as well as actors such as cars and pedestrians, needs to be
designed to test the system. On Matlab/Simulink the environment
can be designed with the add-on Driving Scenario Designer.

When the results of the MIL tests are satisfying, the final product
must be run in a real-time simulation to synchronize the tested compo-
nents with hardware and software modules.
For the real-time test of the software, it is necessary to obtain the
controller code using the automatic code generator of the MIL software.
This code is then run in Software-in-the-loop (SIL) simulations, where
it can be tested depending on the FPGA or processor used in the final
hardware.
For the real-time test of the hardware, Hardware-in-the-loop (HIL)
simulations are used. In this phase a combination of real and emulated
components is tested. HIL simulations are well appreciated for their
safe and flexible characteristic.
However, HIL tests have some flaws in the validation of the entire
vehicle system due to the high cost and difficult repeatability of the
conditions. In addition, the high system complexity reduces its control-
lability.[18]
To overcome these challenges, Vehicle-Harware-in-the-loop (VeHIL)
simulations are introduced. In VeHIL a real vehicle prototype is tested
in laboratory integrated with a HIL environment. The Vehicle Under
Test (VUT) is placed on a chassis dynamometer that can emulate the
road forces action on the actuators. Robot vehicles can be used to
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simulate traffic scenarios.
VeHIL presents many advantages, especially for the lower cost since
only one prototype vehicle is needed. In addition, since the environment
is controlled through simulations, the repeatability of tests is assured.
The benefit of this application is also the safety, because no humans is
physically needed in the tests. [18]

Figure 2.11: Vehicle under test in VeHIL [17]

2.4.2 European New Car Assessment Programme

The European New Car Assessment Programme (NCAP) is an orga-
nization that rates the safety of new vehicles in Europe. It has many
branches of testing and one of them is dedicated to ADAS. The system
is tested on specific highway scenarios studied to prove the efficiency of
the assistance technology in normal and critical situations.
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2.5 Testing methodology: scenarios
In the development of ADAS it is important to verify the consistency
of the system in the majority of possible traffic situations. To do this,
it is useful to test the system on different scenarios as well as some
driving cycles that represent typical speed profiles.
The testing of ADAS on critical scenarios is extremely important to
understand the system behaviour especially in situations of potential
accidents. The scenarios can be built taking into consideration different
environment elements, that are subdivided into three categories by
AIDE (Adaptive Integrated Driver-vehicle InterfacE) consortium [19]:

• Environment conditions: this category includes road type (urban,
rural, highway...) and conditions (smooth, icy, bumpy...), as well
as weather and visibility.

• Traffic conditions: this category includes the traffic situation and
actors’ presence, meaning vehicles but also pedestrians.

• Driving behaviour trajectories: this category includes the following
of a trajectory related to specific driving actions, such as car
following, overtaking etc.

For what concerns Adaptive Cruise Control, which will be the case of
study of this work, the most relevant test scenarios are usually the ones
that examine the system behaviour in the presence of other vehicles.
These test cases can be used to verify that the ACC system satisfies
safety and car-following requirements, such as for the NCAP Car-to-car
tests [20], but also to show that fuel-economy and comfort are improved
[21].
The most significant scenarios are reported in the following list.
The terminology used refers to "ego vehicle" (or Vehicle Under Test
VUT) as the vehicle equipped with the system under test, while the "lead
vehicle" (or Global Vehicle Target GVT) is the target preceding vehicle.
The Time To Collision (TTC) is the time that the ego vehicle would
take to strike the lead vehicle assuming that the two keep travelling
maintaining the actual speed.
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• Car-following: The system is tested on a ego car that follows a
lead car with a specific trajectory. This scenario is not meant for
the verification of critical situations but mostly for car-following
and fuel-economy performance evaluation.

• Cut-in: In this scenario the ego car is travelling at a set speed
or is following a GVT. A second vehicle changes lane and cuts-in
moving into the same lane as the VUT, becoming the new GVT.
The safety of the system can be tested in this case, verifying that
the vehicle can decelerate and keep a safe distance from the new
preceding vehicle.

Figure 2.12: Cut-in scenario from NCAP tests [20]

• Cut-out: In this scenario the lead car changes lane. The ego car
either finds a new lead car or travels at a set speed.

Figure 2.13: Cut-out scenario. In blue the ego vehicle and in red the
lead vehicle [22]

• Approach: The lead car approaches a lead vehicle that is travelling
at a lower speed or is stationary. The ability of the system to keep
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a safe distance as well as the acceleration management for fuel-
economy can be tested.

Figure 2.14: Approach of a stopped vehicle. In blue the ego vehicle
and in red the lead vehicle [22]

• Hard braking: The lead car is following the ego car and this one
suddenly brakes. The safety of the system is tested in this scenario,
to ensure that safety distance can be kept also in situations of
sudden speed decrement.

• Fading: The lead car is in car-following mode. The ego car starts
to accelerate and overcomes the maximum target speed set for
the VUT. Therefore the GVT fades away, getting out from the
area that can be reached by the VUT sensors. The ego car keeps
travelling at the set velocity without a preceding vehicle.

2.6 Case of study: Adaptive Cruise Con-
trol

ACC is a development of the more simple Cruise Control. As for this
last controller, ACC can follow a velocity set by the driver, in the
absence of other vehicles. In addition, when there is a preceding vehicle,
it can adjust the acceleration based on its position and speed.
The data of the preceding vehicle is collected by sensors such as cameras
or radars. If the system is composed of more than one type of sensor,
the collected data can be combined through sensor fusion.
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The longitudinal control system for ACC is generally based on a hierar-
chical architecture with two levels controllers. (Figure 2.15)
The upper level controller (decision-making controller) determines the

Figure 2.15: ACC hierarchical structure

desired acceleration so that the desired performances are met, based
on the driver’s settings and the driving information received by the
sensors, such as distance and velocity of preceding vehicle. The lower
level controller (underlying executive controller) determines the throttle
and brake commands required to achieve the desired acceleration.
The choice of control strategy for the upper level controller is a deeply
investigated topic in literature. Many researches focus on the best
controller solution to minimize fuel consumption or to improve comfort.

2.6.1 ACC strategies to minimize fuel consumption
(Eco-ACC): State of Art

Fuel consumption strongly depends on the values of acceleration. A
driving behaviour with high values of accelerations and decelerations
will lead to higher fuel consumption.
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For this reason, ACC is exploited to regulate the value of acceleration
taking into account efficiency objectives.
In literature there are many researches that study this application of
ACC, called eco-ACC, using different types of control strategies. A few
of them are explained below.

Model Predictive Control (MPC) is the approach preferred for fuel
management. It can use speed control or space control and switch
between the two modes based on real-time informations.
It can predict the future behaviour of preceding vehicles based on data
collected through different ways. In [23] MPC is used combined with
ECMS for a HEV. It estimates the battery energy profiles and uses it
to anticipate the control of the electrical energy profile of the hybrid
powertrain. The battery prediction profiles are calculated based on the
road elevation and the vehicle speed controller. This research resulted
in an improvement of fuel consumption of 9.6% compared to a vehicle
with standard ECMS without ACC. However, this application can be
used only in cases where the route is known a priori, otherwise it would
not be possible to have information about the road elevation.
In [24] MPC is employed to follow an energy-optimal speed trajectory
that is calculated offline by dynamic programming. Also in this case
the route needs to be known a priori, so that the cloud can obtain
the information about speed limits and road altitude to calculate the
speed trajectory. In the online part the controller has to follow this
trajectory while ensuring a safe distance from the preceding vehicle.
(Figure 2.16). The demonstrated improvement expressed as energy
consumption reduction with respect to a vehicle without ACC is 7.8%.

In [25] an MPC based ACC is exploited to achieve multiple objectives
in vehicle-following mode. A quadratic cost function is developed to
fulfill desired driver response, minimal fuel consumption and minimiza-
tion of car following error. In addition, longitudinal ride comfort, driver
permissible tracking range and rear-end safety are formulated as linear
constraints. This method proved a fuel consumption improvement of
5.9% for urban scenarios and of 2.2% for highway scenarios, compared
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Figure 2.16: Scenario of the control strategy exploited in [24]

to a vehicle equipped with a standard ACC.

Fuzzy Logic (FL) is a strategy that seeks to imitate human drivers
behaviour in car-following situations. However, this method must deal
with too many parameters, and in [26] it is shown that in real-life
driving situations it generally leads to non-optimal control. In [27] FL
is compared to MPC and it is demonstrated that the first controller
has a major fuel consumption. This is due to the fact that FL produces
higher acceleration and deceleration values.

Adaptive Linear Quadratic Regulator (LQR) is another control strategy
that has been investigated in literature. In [28] an algorithm for ACC
based on Adaptive LQR was developed using a variable weighting on
the acceleration, based on the relative distance and the acceleration of
the lead vehicle. The main weakness of this method is that it does not
put any constraint on collision avoidance. In addition, the study shows
that when the algorithm is focused on vehicle-following performance
the fuel consumption is high and vice versa.
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In [29] a new application for fuel-economy is proposed, called "Sailing-
ACC". This approach disengages the clutch when no torque is requested,
exploiting the kinetic energy of the vehicle for travelling when propulsion
is not necessary. The system switches between sailing and acceleration
mode, generating a "pulse-and-glide" pattern. An optimization algo-
rithm is developed to find the operating switch points that minimize
fuel consumption. It was proved that this method leads to a saving of
43.4% of fuel in case of car-following scenario at around 40km/h.
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Chapter 3

Model and strategy

3.1 Vehicle model overview

The starting model of this thesis work is a 48V P1 mild-hybrid IVECO
Daily vehicle, implemented on MATLAB/Simulink/Simscape.
The modelization of a hybrid vehicle can be done following different
approaches to predict power management. These methods can be clas-
sified based on the direction of the calculation, distinguishing between
backward and forward.

• Backward approach: In this approach a driving cycle provides
the target velocity, which is assumed to be followed perfectly. The
vehicle’s parameters evolve in time and the vehicle speed flows
through the powertrain to the driver in an inverse way.

• Forward approach: In this approach the target speed passes
through the driver and is given to the model as a torque request
that tries to satisfy the desired velocity profile. This torque request
propagates through the powertrain to the wheels in a forward way.
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Figure 3.1: Forward scheme (on top) and backward scheme (on
bottom) [30]

The model considered in this work is implemented following the
forward approach, as shown in figure 3.2.

Figure 3.2: Forward model of the vehicle on Matlab/Simulink
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3.1.1 Plant

The plant of the model, implemented on Matlab Simulink with Simscape
add-on, is shown in figure 3.3. It contains blocks that represent the
vehicle model and the tire model in a two-dimensional way, and the
powertrain.
The longitudinal dynamics of the vehicle are schematized through a
two-axle vehicle body accounting for body mass, road incline(which is
considered null in this work), aerodynamic drag, and weight distribution
between axles.

Figure 3.3: Plant of the model

Powertrain

In the powertrain model, shown in figure 3.4, it is possible to observe
that the electric motor is positioned at the crankshaft of the ICE.
Therefore, the powertrain layout is a P1 configuration.
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Figure 3.4: Powertrain model

3.1.2 Energy analysis of the powertrain
The focus of this thesis work is to improve the efficiency of the vehicle,
decreasing the total fuel consumption. Therefore it is fundamental to
analyze the powertrain energy flow to understand the actual losses and
the total potential of energy recovery. Hence it is possible to know in
which way the efficiency can be improved, and the best strategy can be
found.

The considered vehicle is a mild-hybrid. This means that the pri-
mary source of energy is the ICE. The electric motor, connected to a
small battery pack, is used to assist the engine in reducing fuel usage.
These two motors have to satisfy the total energy requested for traction
from the controller. For positive torque requests the EM operates in
motoring mode, while for negative torque requests the EM operates
as a generator and produces an electric energy that is stored in the
battery. The total energy produced in the powertrain is given by the
sum of the energy from the ICE and from the EM working in motor
mode:

Epowertrain = EICE + EEM,motor
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This energy flows through the driveline to the differential. The
driveline is composed of all the rotating elements and gears, and it
transmits the power from the motors to the axle and thus to the
wheels. However, the driveline’s components dissipate some power
due to internal losses, therefore the output energy is lower than the
energy coming from the motors. These losses are represented by the
following relationship, where Edifferential is the energy at the differential:

Epowertrain − Edifferential = Edriveline,losses

The energy from the differential is transferred to the wheels and
transformed into energy of motion, which is the energy needed by the
wheels to move the vehicle. This energy should also compensate for the
energy dissipated due to aerodynamic resistance, rolling resistance and
potential energy, caused by the respective forces:

Faerodynamic = 1
2ρairAfCdv2

veh

Frolling = croll(vveh, ptire, ...)Mvvehgcosδ
Fgrade = Mvehgsinδ

Where croll = cr0 + cr1vveh is a rolling resistance coefficient, ρair is
the air density, Af is the vehicle frontal area, Cd is the aerodynamic
drag coefficient, g is the gravity acceleration, δ is the road slope angle.
The values of these coefficients are reported in table 3.1

ρair 1.225
croll 0.0107
Af 4.614
Cd 0.46
δ 0

Table 3.1: Values of dissipation forces coefficients in the model

The value of the losses strictly depends on the vehicle velocity, as it
is possible to notice from the formulas. This behaviour can be observed
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Figure 3.5: Energy losses related to speed

in the histogram (figure 3.5)where the energy dissipations related to
the speeds of a complete driving cycle are reported.

The aerodynamic losses increase with high velocities, while at low
speeds they are almost zero because the aerodynamic force is propor-
tional to the square of the vehicle velocity. A similar behaviour is
followed by the driveline losses that increase with the increase in speed.
The losses due to rolling resistance are less relevant compared to the
others.

Battery analysis
The battery is characterized by the following specifications 3.2:

Nominal voltage [V] 48
Cell capacity [Ah] 32

Nominal power [kWh] 1.5

Table 3.2: Battery specifications

The battery losses are computed as the difference between the output
and the input power of the battery, where the input power is the electric
power coming from the P1 motor:
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Pbattery = PP1,el = Plosses

where Pbattery = V I
The power of the P1 motor can be divided between electric and me-
chanical, defined as:

PP1,el = PP1η
sign(−PP 1)
EM

PP1,mech = TP1ωP1,mech

The difference between the mechanical and electric power of P1 are
the losses of the electric motor:

PP1,mech − PP1,el = Ploss,EM

An important parameter for the battery analysis is the C-rate, which
is a measure of the rate at which a battery is discharged, relative to its
maximum capacity.
Knowing that the considered battery has a capacity of 32 Ah, it can
discharge 32 A of current in 1 hour. Considering the nominal energy of
1.5 kWh, it can discharge 1.5 kW in 1 hour.
However, power electronics limitations must be taken into consideration.
In this case, the components limit the current to around 400A, so a
maximum C-rate of 15C can be considered.
The battery current of the considered vehicle has been analyzed on a
complete driving cycle that takes into account urban, rural and highway
driving situations. The profile, reported in figure 3.6, shows that there
are some points where the current goes beyond the limits of 15C. These
points correspond to sudden changes in the slope of the acceleration,
that cause high torque requests.
Therefore, from this analysis it emerges that a better control of acceler-
ation profiles would benefit the efficiency of this model also in terms of
electrical energy management, as well as fuel usage reduction.
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Figure 3.6: Battery current profile. The black lines indicate the
current limit due to C-rate and power electronics restrictions.

3.1.3 Controller

Figure 3.7: Controller model

The controller of the model, shown in figure 3.7, is composed of a high-
level controller and a control strategy block for power management. In
the high-level controller, the reference speed profile of a driving cycle is

39



Model and strategy

given to the driver block.
The driver is modeled as a simple PI controller (figure 3.8) that needs
to regulate the throttle to follow the speed profile. The equation
that controls the output command is the one of a PID (Proportional,
Integrative, Derivative) with the derivative term set to zero and the
other parameters tuned to reach the desired output.

C = KP + KI

s
+ KDs

s + 1

Gain Value
Derivative KD 0

Proportional KP 0.54
Integral KI 0.03

Table 3.3: PID parameters

Figure 3.8: Driver PI controller

The output throttle command from the driver is then transformed
into a torque request to be managed by the control strategy block to
handle the power splitting method of the powertrain. For this scope,
the model can work either in ICE only mode or in hybrid mode.
In the ICE only mode, the torque request is entirely fulfilled by the
heat engine so there is no need for a power split strategy.
On the other hand, in the hybrid mode the torque request is fulfilled
by both the ICE and the EM, therefore a management strategy for the
power splitting is necessary. Among the several possible strategies, the
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ECMS is the one chosen in this work.
This strategy handles the torque request by identifying two possible
cases:

• If the torque request is negative, the EM works as a generator and
produces an electric energy that is used to recharge the battery.
This happens when the vehicle is braking.

Trequested ≤ 0 ⇒ Trequested = TP1,generator

• If the torque request is positive, the EM works as a motor and
together with the ICE it contributes to supplying the total requested
power.

Trequested > 0 ⇒ Trequested = TP1,motor + TICE

This strategy also controls the management of the battery energy
flow. Batteries can work in two different modes: Charge Depleting
(CD) and Charge Sustaining (CS).
The Charge Depleting mode is mostly used in plug-in hybrid vehicles.
At the beginning of the driving cycle, the battery is fully charged, while
at the end the SoC is lower and the battery can be recharged from the
grid.
In Charge Sustaining mode the battery SoC is maintained between
an upper and a lower limit. The battery is discharged when the EM
is working in motor mode, while it is recharged through regenerative
braking while the EM is in generator mode.
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Figure 3.9: Charge Depleting and Charge Sustaining modes of a
battery. [31]

In the model considered in this work the battery is in Charge Sustain-
ing mode. The lower and upper limits for the SoC are set respectively
at 56% and 64%, and the target level is 60%.
As mentioned in paragraph 2.2.1 the key point of ECMS is the choice
of factor s. Here the equivalence factor has been designed keeping into
account the limits for CS mode, defining a relay block that has as input
the SoC and as output s.

Figure 3.10: Relay block for equivalence factor evaluation

This relay turns on when the SoC overcomes the upper limit of 64%.
After this, the relay remains on until the switch-off point is reached,
meaning 56% SoC. The relay will stay off until the switch-on point is
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reached again.
The equivalence factor evaluated in this way is given as input to the
ECMS, which can manage the torque split also based on the SoC.
If the SoC is higher than 64% the torque is given only by the P1 motor
so that the SoC can be brought between the desired limits. On the
other hand, if the SoC is below 56% only the ICE contributes to the
torque so that the battery can recharge.

3.1.4 Efficiency maps
Efficiency maps are used to understand the performances of the motor in
different operating points in the torque-speed plane. They are employed
for both internal combustion engine and electric motor.

ICE efficiency map
For the internal combustion engine, the efficiency map is represented in
terms of brake specific fuel consumption (BSFC). The efficiency of the
engine is evaluated by dividing the total fuel consumed ṁf , measured
with a dynamometer as mass flow rate, by the engine input powerPe:

BSFC = ṁf

Pe
(3.1)

Since the engine power is the product of engine speed we and torque
Te, equation 3.1 can be rewritten as:

BSFC = ṁf

weTe
(3.2)

The BSFC can be represented as a contour plot in the speed-torque
plane. Usually, the lowest BSFC can be found at mid-engine speeds
and high torque.
In figure 3.11 it is reported the BSFC map of the ICE motor used for
this work.
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Figure 3.11: BSFC map

EM efficiency map

Figure 3.12: EM efficiency map

For the electric machine, the efficiency map is a plot of the maximum
efficiency values in the speed-torque plane. The torque can either be
positive (when the machine is working in motor mode) or negative
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(when the machine is working in generator mode).
The efficiency map of the EM used in this work is represented in figure
3.12, where the represented data was obtained experimentally:

3.2 ACC controller

The focus of this thesis work is to exploit ADAS to reduce fuel consump-
tions. In particular, the chosen case of study is the ACC technology.
This ADAS application can regulate the acceleration values resulting
in a more efficient driving behaviour, as better explained in section 2.6.
Therefore, the Driver block in the Simulink model needs to be sub-
stituted with an ACC block that, given the reference velocity of the
preceding vehicle, calculates the optimal value of acceleration.

3.2.1 Starting model: Mathworks ACC with Sen-
sor Fusion

The ACC designed in this work starts from a Mathworks example that
models Adaptive Cruise Control with sensor fusion [32]. This example
was then modified and integrated in the IVECO Daily model.

The starting model is composed by two main blocks, one with the
design of ACC with sensor fusion and the other one that models the
vehicle dynamics and environment. (Figure 3.13)
The first block integrates the data obtained with camera and radar
sensors to detect the preceding vehicle, and calculates the relative dis-
tance and velocity. These values are then given to the ACC algorithm
block to evaluate the desired acceleration for the ego vehicle. This
algorithm was suitably modified, as it will be explained in the next
section, to obtain an improvement in fuel-economy and car-following
performances.
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Figure 3.13: ACC with Sensor Fusion Mathworks model testbench

Figure 3.14: ACC with Sensor Fusion Mathworks model

The Vehicle and Environment block models the vehicle as a bicycle
model, while for the environment it considers a curved road with
different actors, with a scenario designed on the Matlab Driving Scenario
Designer add-on.

46



Model and strategy

3.2.2 Integration in the IVECO Daily model

To exploit the function of the ACC, the controller with sensor fusion has
been integrated in the model substituting the driver in the high-level
controller.

Figure 3.15: High-level controller with ACC

The new high-level controller is composed of two main different mod-
ules(Figure 3.15). The first one, which can be considered a high-level
controller, is composed of the ACC model adapted and modified from
the Mathworks example. The second one is a low-level controller that
converts the reference acceleration command into a throttle command.
The first block (Figure 3.16) is formed by a "scenario" reader block and
by the actual Adaptive Cruise Control algorithm. The scenario module
reads the data from the sensor and evaluates the distance and velocity
of the preceding vehicle. The estimated values are used as input for
the ACC system. This second block implements the actual high-level
control algorithm. There are several algorithms that can be used for
this application. This work focuses on the so-called Classical ACC
strategy.
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Figure 3.16: High-level controller with ACC and scenario reader.

3.2.3 Classical ACC

The Classical ACC develops an algorithm to maintain a constant time
gap from the preceding vehicle during car-following mode. The ego
vehicle travels at a driver-set velocity while maintaining a safety distance,
defined as:

Dsafe = Ddefault + VactualTgap (3.3)

Where Tgap and Ddefault are fixed values, defined in the Matlab script.
The time gap Tgap represents the time that passes between the lead and
ego vehicles as they go through the same point. It is measured between
the front axle of the ego vehicle and the rear axle of the lead vehicle. If
it is measured between the same axle it is called headway time.
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Figure 3.17: Time gap and headway graphic representation [33]

The default distance Ddefault is the minimum desired distance that
should be kept from the preceding vehicle.
Vactual is the actual longitudinal velocity of the ego vehicle.
The classical ACC implements a minimization problem to find the
optimal value of acceleration to satisfy two main objectives: travel at a
set velocity when the lead vehicle is far enough or slow down when the
safety distance is not respected anymore.

min =

Vrelvx,gain − [Dsafe − Drel]xerr,gain

(Vset − Vact)verr,gain

Vrel and Drel are respectively the value of relative velocity and dis-
tance of the preceding vehicle obtained from the sensor data.
The tuning parameters of this algorithm are the three gains:

• vx,gain is the gain on the relative velocity between the two vehicles.

• xerr,gain defines the weight of the difference between the actual
relative distance and the desired safety distance.

• verr,gain is the gain on the difference between the actual velocity
and the set velocity

These gains can be tuned to give more or less importance to the relative
parameter, based on the objective of the algorithm. The Classical ACC
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can be tuned to satisfy car-following performance, or it can be less
aggressive on that goal, leading to fuel-economy. In fact, the aim of
this thesis work is not to follow perfectly the trajectory of the leading
vehicle, but to use the information about its driving profile to optimize
the driving efficiency of the ego vehicle. However, an equilibrium in
the design of these parameters should be found to obtain acceptable
performances on both sides.

Figure 3.18: Classical ACC Simulink model

3.3 Tested scenarios

3.3.1 Driving cycles
Driving cycles are standard speed profiles that are used to test the
behaviour of a system, especially for emissions verification. In this work
they have been also exploited also to test the car-following behaviour, as
they are a good representation of real-life driving situations, assuming
that the leading car is following a standard driving cycle profile.
The United Nations Economic Commission for Europe (UNECE) has
developed an approval procedure for light-duty vehicles with driving
cycles based on statistical speed data on a flat road with no wind or
other specific weather conditions. The tests are performed to obtain
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information about fuel consumption and CO2 emissions.
Three different cycles are used for these scopes: NEDC (New European
Driving Cycle), WLTC (Worldwide harmonized Light vehicles Test
Cycles), RDE(Real Driving Emissions).
Also in the United States, the Environmental Protection Agency (EPA)
developed driving cycles for emissions evaluation. The Federal Test
Procedure (FTP) and the US06 are two examples.

NEDC cycle

The New European Driving Cycle (NEDC) was introduced in 1992. It
is composed by the repetition of an urban cycle (ECE-15 driving cycle)
for four times, followed by a more aggressive Extra-Urban driving cycle.
The first segment has a maximum speed of 50 km/h, while for the
second one the maximum value is 120 km/h.

Figure 3.19: NEDC speed profile

The cycle parameters are reported in the following table [34]:
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Distance [km] 10.9314
Total time [s] 1180

Average speed [km/h] 33.35
Maximum speed [km/h] 120

Average acceleration [m/s2] 0.506
Maximum acceleration [m/s2] 1.042

Table 3.4: NEDC parameters

WLTC cycle

The Worldwide harmonized Light vehicles Test Procedure(WLTP) is
a set of procedures developed by the UNECE. It was introduced in
2017 to substitute the NEDC cycle, considered not realistic enough,
especially in the acceleration values. WLTP includes different WLTC
cycles mandatory in Europe for the emission tests of the categories
of vehicles, sorted by power-to-mass (PMR) ratio. The considered
categories are three:

• Class 1: low-power vehicles with PMR ≤ 22 W/Kg

• Class 2: vehicles with 22 W/Kg < PMR ≤ 34 W/Kg

• Class 3: high-power vehicles with PMR > 34 W/Kg

The cycle can be subdivided into four parts of increasing speed, for
urban, suburban and highway scenario:

52



Model and strategy

Figure 3.20: WLTP cycle

The cycle parameters are reported in the following table [34]:

Parameter Low Medium High Extra-high Total
Distance [km] 3095 4756 7162 8254 23266
Total time [s] 589 433 455 323 1800

Average speed [km/h] 18.9 39.5 56.7 92.0 46.5
Maximum speed [km/h] 56.5 76.6 97.4 131.3 131.3

Maximum acceleration [m/s2] 1.47 1.57 1.58 1.03 1.58

Table 3.5: WLTC parameters

It is possible to notice that the total distance is more than doubled
with respect to the NEDC cycle. Moreover, the maximum speed is
131 km/h, against the 120 km/h of the NEDC cycle, which were not
an exhaustive enough test. Also the average speed and maximum
acceleration are increased in the new testing cycle.

RDE cycle
Real Driving Emission (RDE) cycle are introduced to test the vehicle
emissions in real driving, and not only in test benches as in WLTC
or NEDC. The cycle characterizes three different driving scenarios:
urban, rural and highway. The urban one has a maximum speed of 60
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km/h, the rural is between 60 km/h and 90 km/h and the highway is
for velocities above 90 km/h up to 130 km/h. The specifications are
reported in the table of figure 3.21 [35].

Figure 3.21: RDE specifications

FTP-75 cycle

The Federal Test Procedure driving cycle was first introduced in the
United States in 1978 to evaluate the emissions of light-duty vehicles.
The FTP-75 driving test is a variation of the EPA Urban Dynamometer
Driving Schedule (UDDS), which is a cycle that represents urban
conditions. In the FTP-75 a phase of 505 seconds of urban cycle is
added to the UDDS. The entire cycle is composed of 4 phases:

1. Cold start transient phase

2. Stabilized phase

3. Hot soak

4. Hot start transient phase
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Figure 3.22: FTP-75 cycle [36]

The parameters of this driving cycle are reported in the following
table :

Distance [km] 17.77
Total time [s] 1877

Average speed [km/h] 34.12
Maximum speed [km/h] 91.25

Maximum acceleration [m/s2] 0.64

Table 3.6: FTP-75 parameters

US06 cycle

The US06 driving cycle was introduced as an integration of the FTP75
cycle, to represent a more aggressive driving behaviour, with higher
accelerations and speed. The objective of this driving cycle is to evaluate
performances and emissions also in non-urban scenarios.
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Figure 3.23: US06 cycle [37]

From the parameters of this driving cycle, reported in table 3.7, it is
possible to notice that the maximum acceleration value is increased to
1.69 m/s2, against the 0.64 m/s2 of the FTP75.

Distance [km] 12.8
Total time [s] 596

Average speed [km/h] 77.9
Maximum speed [km/h] 129.2

Maximum acceleration [m/s2] 1.69

Table 3.7: US06 parameters
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Simulations and results

4.1 Simulations strategy

To test the system, different driving cycles were used, reported in sec-
tion 3.3.1. To study the behaviour of the system at different speeds,
the RDE cycle was analyzed separating urban, rural and motorway
segments. It was supposed that the ego car was following a lead car
that travels according to the speed profile of the driving cycle. To
evaluate the benefit of ACC, the results needed to be compared with
the ones of the lead vehicle. To do so, the same speed profile was used
as a reference for the ego car model not equipped with ACC, and the
performances were compared.

Figure 4.1: Simulation strategy
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The ACC parameters were tuned to obtain good performances in
terms of car-following behaviour, command stability and fuel consump-
tion.
In particular, from the choice of the time gap derives the relative dis-
tance, so this parameter was tuned to respect the safety distance but
also to stay within an acceptable maximum distance. In fact, if the
lead vehicle is too far, it is outside the range of the ego car sensors and
therefore it cannot be used as reference.
For all the simulations, the minimum safety distance was fixed, while
the maximum acceptable value was established based on the speed:

Scenario dmin [m] dmax [m]
Urban 10 50
Rural 10 150

Motorway 10 250

Table 4.1: Safety distance thresholds

The testing strategy for all the simulations with ACC follows this
flow:

1. Verification of car-following parameters: the ego and lead car
should cover the same distance at the same time, so it is necessary
to verify that:
∆xlead=∆xego

∆tlead=∆tego

This means that the average speed of the two cars should be in the
same range. The velocity of the ego car should be in the range of
±10% of the lead car speed profile.

2. Evaluation of performances: the performances of the system is
evaluated in term of acceleration profiles and fuel consumption. In
addition, the BSFC map of the ICE and the efficiency map of the
EM are evaluated, to analyze the working points of the motor.
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In section 4.3 the Classical ACC was integrated with a function that
adapts the time gap based on the velocity.

4.2 Simulations on the system equipped
with Classical ACC

The parameters of the ACC algorithm can be divided in two categories:
fixed and tuning parameters. The fixed ones were chosen a priori, as
reported in the following table:

Parameter Value
Dsafe[m] 10
vset[m/s] 50

Table 4.2: Fixed parameters

The set velocity was established in order to ignore that parameter,
so that the ego car can follow the lead car even at high speeds.
The gains were tuned after carrying out many tests to find the most
suitable values to obtain a stable acceleration reference command.

Gain Value
verr,g 0.02
vx,g 0.5

xerr,g 0.2

Table 4.3: Gains values

The gain verr,g was kept low to give a non-relevant weight to the set
speed.
The value of time gap was tuned for each cycle to ensure the conditions
explained in the previous section. This parameter should be low (around
2 seconds) to maintain good car-following behaviour. However, the
results show that it is necessary to increase it for high speeds so that
safety distance can be respected.
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WLTC
For the WLTC cycle, the simulations were performed with time gap
equal to 1.5 and 3 seconds, which were found as the best fitting choice,
and the results were then compared.
The resulting speed profiles are reported in figures 4.2 and 4.3:

Figure 4.2: Speed profile for WLTC cycle, time gap = 1.5 s

Figure 4.3: Speed profile for WLTC cycle, time gap = 3 s
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The total covered distance and the deviation of speed from the lead
vehicle profile are reported in table 4.4.
From these data it is possible to observe that for time gap equal to
3 seconds the car-following behaviour is in line with the expectations,
while for time gap equal to 1.5 seconds there are some deviations
from the lead car velocity. In fact, the acceleration profiles reported
in figures 4.4 and 4.5 show that a lower time gap leads to a more
aggressive controller, and this can result in some instabilities. The
profile of accelerations is shown compared to the velocity, to better
understand the controller behaviour.

Parameter Time gap = 1.5 s Time gap = 3 s Lead vehicle

Covered distance [km] 23.27 23.27 23.27

Maximum deviation [m/s] 11.42 5.97 -

Average deviation [m/s] 1.02 0.62 -

Table 4.4: Car-following parameters in WLTC cycle

Figure 4.4: Acceleration and speed profile in WLTC cycle, time gap
= 1.5 s
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Figure 4.5: Acceleration and speed profile in WLTC cycle, time gap
= 3 s

The relative distance is shown in figure 4.6.

Figure 4.6: Relative distances in WLTC cycle

It is clear from these figures that the controller with time-gap equal to
3 seconds is more stable and leads to better car following performances.
After verifying the satisfaction of these criteria, the efficiency of the
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two controllers is evaluated, comparing it with the lead vehicle.

Time gap = 1.5 s Time gap = 3 s Lead vehicle
Fuel consumption [l] 2.56 2.35 2.58

Improvement [%] 0.8 9 -

Table 4.5: Fuel consumption in WLTC cycle

The controller with time gap 3 seconds shows better behaviour also
for what concerns the consumption, with an improvement of 9% with
respect to the lead vehicle.
The BSFC map of the ICE (figure 4.7) shows that the working points
of the controller with 3 seconds time gap are focused in an area with
lower torque, and this also explains the lower fuel consumption.

Figure 4.7: BSFC map in WLTC cycle

FTP75
The FTP75 cycle is a scenario that mixes urban and suburban speed
profiles. However, from the tests it was proven that the minimum
time gap that could respect the car-following requirements is 3 seconds,
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especially for the safety distance upkeep. Therefore, the analysis of the
system were all carried out considering 3 seconds time gap.
The velocity profile is within the desired range, and the relative distance
is between the requested thresholds. The car-following parameters are
satisfied.

Parameter Time gap = 3 s Lead vehicle

Covered distance [km] 17.77 17.91

Maximum deviation [m/s] 5.94 -

Average deviation [m/s] 1.04 -

Table 4.6: Car-following parameters in FTP75 cycle

Figure 4.8: Acceleration and speed profile in FTP75 cycle, time gap
= 3 s

Also the acceleration command has a stable profile, good for the
efficiency of the system, which shows an improvement in the fuel
consumption reported in table 4.7.
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Time gap = 4 s Lead vehicle
Fuel consumption [l] 1.63 1.72

Improvement [%] 5.2 -

Table 4.7: Fuel consumption in FTP75 cycle

The efficiency map of the motor shows that the ego vehicle’s working
points are concentrated in a more restricted area, with lower torque
requests and fuel consumption.

Figure 4.9: BSFC map in FTP75 cycle

RDE urban
The RDE urban cycle, like the WLTC and the FTP75, is characterized
by smooth speed profiles that do not require high accelerations and
decelerations, therefore also in this case a low time gap can be used.
Also in this case the tests were performed with 1.5 and 3 seconds time
gaps.
The resulting speed profiles are reported in figures 4.10 and 4.11.

The total covered distance and the deviation of speed from the lead
vehicle profile are reported in table 4.8. The speed profiles are within
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Figure 4.10: Speed profile for RDE urban cycle, time gap = 1.5 s

Figure 4.11: Speed profile for RDE urban cycle, time gap = 3 s

the 10% range of the lead velocity, and the covered distance is almost
the same, so the hypothesis on car following performances are satisfied.
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Parameter Time gap = 1.5 s Time gap = 3 s Lead vehicle

Covered distance [km] 8.94 8.91 8.91

Maximum deviation [m/s] 10.44 6.32 -

Average deviation [m/s] 0.55 0.69 -

Table 4.8: Car-following parameters in RDE urban cycle

The relative distance between ego and lead vehicle is reported in
figure 4.12, and it is within the maximum desired value established at
the beginning of this chapter:

Figure 4.12: Relative distance for RDE urban cycle

Also in this case the controller with time gap equal to 3 seconds
shows a better car-following behaviour.
Analyzing the acceleration profiles in figures 4.13 and 4.14 it is possible
to evince that the ACC controller results in a smoother acceleration
command with respect to the lead car not equipped with this technology.
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Figure 4.13: Acceleration and speed profile for RDE urban cycle,
time gap = 1.5 s

Figure 4.14: Acceleration and speed profile for RDE urban cycle,
time gap = 3 s

The fuel consumption improvement, reported in table 4.9, shows
a major enhancement using the controller with time gap equal to 3
seconds. A lower time gap does not show improvements because it is
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more aggressive in car-following behaviour.

Time gap = 1.5 s Time gap = 3 s Lead vehicle
Fuel consumption [l] 0.84 0.72 0.84

Improvement [%] 0 14 -

Table 4.9: Fuel consumption in RDE urban cycle

The better behaviour of the controller with higher time gap can be
seen also by the efficiency map of the motor. In particular the BSFC
map (figure 4.15) shows that increasing the time gap the working points
area is decreased and it is located at lower torques.

Figure 4.15: BSFC map in RDE urban cycle

RDE rural
The RDE rural driving cycle is characterized by higher speeds and
acceleration values. Tests were carried out with different time gaps, and
the lowest value that allowed to satisfy the car-following requirements
was 4 seconds. Lower time gaps did not respect the safety distance,
especially in the deceleration phase, or resulted in an unstable accelera-
tion command, therefore the analysis was carried out considering only
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the 4 seconds time gap.
The speed profile for the controller is reported in figure 4.16.

Figure 4.16: Speed profile for RDE rural cycle, time gap = 4 s

The car-following performances are reported in table 4.10. The
speed profile is in the desired range for the majority of the time and
the covered distance is almost the same, so the requirements can be
considered satisfied.

Parameter Time gap = 4 s Lead vehicle

Covered distance [km] 31.24 31.23

Maximum deviation [m/s] 14.10 -

Average deviation [m/s] 1.93 -

Table 4.10: Car-following parameters in RDE rural cycle

Also, the relative distance between ego and lead car is within the
required thresholds.
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Figure 4.17: Relative distance for RDE rural cycle

The acceleration command is stable and shows a smoother profile
with respect to the one of the lead car (figure 4.18).

Figure 4.18: Acceleration and speed profile for RDE rural cycle

This results in an improvement in fuel consumption:
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Time gap = 4 s Lead vehicle
Fuel consumption [l] 3.43 3.63

Improvement [%] 5.5 -

Table 4.11: Fuel consumption in RDE rural cycle

Evaluating the efficiency maps of the motors it is possible to notice
that the system equipped with ACC works with lower torque values,
improving fuel-economy.

Figure 4.19: BSFC map in RDE rural cycle

RDE motorway
The RDE motorway driving cycle is characterized by high speeds,
typical of highways scenarios, and steep accelerations and decelerations.
For this reason, low values of time gap could not maintain the safety
distance during braking, with the ego car crashing into the lead car. This
can be observed in figure 4.20, where the relative distance is negative
after 800 seconds. From the tests, it resulted that the minimum time
gap that satisfied the requirements is 8 seconds (figure 4.21). The
analysis was carried out considering this parameter value.
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Figure 4.20: Velocity and relative distance in RDE motorway with
time gap 5 seconds

Figure 4.21: Velocity and relative distance in RDE motorway with
time gap 8 seconds

The velocity profile at the end of the cycle is outside the desired
range, and the acceleration profile is slightly unstable in that interval
(figure 4.22), but it is smoother than the lead vehicle’s one. However,
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higher values of time gap would lead to a relative distance that is not
compatible with the upper limit requirements.

Figure 4.22: Acceleration profile in RDE motorway with time gap 8
seconds

The car-following performances of this controller are reported in the
following table:

Parameter Time gap = 8 s Lead vehicle

Covered distance [km] 34.7 34.0

Maximum deviation [m/s] 28.8 -

Average deviation [m/s] 3.32 -

Table 4.12: Car-following parameters in RDE motorway cycle

The controller shows a bad performance in terms of fuel consumption.
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Time gap = 8 s Lead vehicle
Fuel consumption [l] 5.76 5.44

Improvement [%] -5.8 -

Table 4.13: Fuel consumption in RDE motorway cycle

This can be explained also by looking at the BSFC map of the ICE:
a big part of the working points of the system with ACC is located at
the maximum torque, which requires higher fuel quantities.

Figure 4.23: BSFC map in RDE motorway cycle

From this analysis it is possible to evince that the considered ACC
does not bring any advantages in driving cycles with aggressive profiles,
such as the RDE motorway.

US06
The US06 is another driving cycle that represents high speed profiles.
Also in this case the tests demonstrated that a higher time gap value is
needed to maintain the minimum safety distance and to obtain a stable
acceleration command. The lowest acceptable value, as for the RDE
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Motorway, is 8 seconds. The relative speed profile and acceleration
command are shown in figure 4.24. Lower time gaps led to unstable
acceleration commands, in the attempt to satisfy the car-following
requirements.

Figure 4.24: Velocity and acceleration in US06 with time gap 8
seconds

The relative distance is between the desired thresholds, and the
car-following parameters are satisfied in addition to the stability of the
acceleration command.
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Figure 4.25: Relative distance in US06 with time gap 8 seconds

Parameter Time gap = 8 s Lead vehicle

Covered distance [km] 12.9 13.0

Maximum deviation [m/s] 10.2 -

Average deviation [m/s] 2.3 -

Table 4.14: Car-following parameters in US06 cycle

The result is an enhancement of the consumptions:

Time gap = 8 s Lead vehicle
Fuel consumption [l] 1.62 1.83

Improvement [%] 11 -

Table 4.15: Fuel consumption in US06 cycle

The motors efficiency maps show that for the ICE in the vehicle
with ACC the working points are focused in a more restricted area,
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located at lower working torques. This explains the improvement in
fuel consumption.

Figure 4.26: BSFC map in US06 cycle

4.3 Integration and test of adaptive-time
gap function in Classical ACC

The simulations of the previous section demonstrated that the most
suitable time gap value cannot be fixed, but it depends on the driving
scenario. Scenarios with higher average speeds, such as RDE Motorway
or US06, require higher time gaps, while this value can be softened for
less aggressive cycles such as FTP75, WLTC, RDE urban and rural.
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Driving cycle Average speed [m/s] Time gap [s]
WLTC 13 1.5 - 3

RDE urban 8 1.5 - 3
FTP75 10 3

RDE rural 20 4
US06 22 8

RDE motorway 27 8

Table 4.16: Time gap values for the different driving cycles

For this reason, the Classical ACC algorithm was modified to vary
the time gap during a driving cycle, according to the obtained data.
The system was integrated with a function that varies the time gap
depending on the moving average of the actual velocity of the vehicle.
The new function follows this workflow:

1. The function takes as input the actual velocity value of the ego
vehicle and stores it in an array.

2. The moving average of the actual velocities array is calculated
considering a window of fixed length n of the last n values of
speeds.

3. Based on the tuning values of preceding simulations, velocity thresh-
olds for time gap values are established.

4. The function compares the moving average to the thresholds and
sets the time gap value.

The new algorithm was tested on the RDE complete cycle, to test its
effectiveness on a speed profile that requires different time gaps. The
average speed was evaluated in a moving window of 80 seconds. The
thresholds are reported in table 4.16.

79



Simulations and results

Threshold [m/s] Time gap [s]
vavg < 12 3

12 ≤ vavg < 24 5
vavg ≥ 24 8

Table 4.17: Thresholds for adaptive time gap function

The new speed profile is respecting the car-following requirements
also at high speeds, as it is possible to observe from the zoom on the
velocity profile in figure 4.28. The speed profile and the time gap
command are reported in figure 4.27.

Figure 4.27: Velocity and time gap on RDE complete

80



Simulations and results

Figure 4.28: Velocity on RDE complete - high speeds

With the adaptive time-gap algorithm, it is possible to ensure that
the relative distance is above the minimum safe value through the entire
driving cycle, without the need to change the time gap manually. In
addition, as it is possible to notice from figure 4.29, the relative distance
is lower with respect to the one that is kept by a vehicle with Classical
ACC with constant time gap equal to 8 seconds, which is the lowest
time-gap that could respect the requirements at high-speed.
The total fuel consumption improvement evaluated is 4.2 %. This
improvement is lower with respect to the constant time gap ACC,
because in that case the controller is less aggressive and therefore
consumptions are lower.

Adaptive tg Constant tg = 8s

Improvement [%] 8.4 4.2

Table 4.18: Fuel consumption improvement with respect to lead
vehicle in RDE complete cycle
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Figure 4.29: Relative distance on RDE complete
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Chapter 5

Conclusion

The aim of this thesis work was to optimize the control logic of a Hybrid
Electric Vehicle with the introduction of Adaptive Cruise Control, in-
vestigating the benefit of such technology in terms of fuel consumption.
After tuning the parameters, the results showed that the use of ACC
leads to an improvement in the vehicle’s performance and efficiency
especially at low and medium speeds. It was observed that the ICE
was able to work with lower torque requests, and therefore the fuel
economy was improved. The percentage of fuel saving depends on
the driving cycle used as a reference. However, for high speeds and
aggressive driving profiles such as the RDE Motorway, the results were
not satisfying and the controller could not lead to a stable and efficient
response. In fact, it was not possible to improve fuel economy while
respecting the car-following requirements during high decelerations.
The torque request could not be managed in an optimizing way by the
controller and the ICE was working at high torques and low efficiency
for high speeds.
The introduction of an adaptive time gap function allowed the ve-
hicle to travel at a lower relative distance, with better car-following
performances and additional benefit on fuel consumption.
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Scenario Average speed [m/s] Fuel saving [%]

WLTC 13 9.0

RDE Urban 10 14

FTP75 10 5.2

RDE Rural 20 5.5

US06 22 11

RDE Motorway 27 -

Table 5.1: Fuel saving for each cycle with constant time gap ACC

5.1 Future works
Future improvements could focus on the investigation of a new control
logic to improve consumptions also in driving cycles that require higher
torques. The adaptive time gap function could be developed with the
use of predictive strategies such as MPC or neural networks.
A further development could take into account the presence of traf-
fic lights and road signs, and integrate ACC with V2I (Vehicle-To-
Infrastructure) communication.
The ACC could be substituted with other ADAS technologies in the
high-level controller, to compare the benefits of different technologies
on the efficiency of the vehicle.
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