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Abstract

Today, the contribution of the transportation sector on greenhouse gases is evident. The fast
consumption of fossil fuels and its impact on the environment has given a strong impetus to the
development of vehicles with better fuel economy. Hybrid electric vehicles fit into this context
with different targets, starting from the reduction of emissions and fuel consumption, but also
for performance and comfort enhancement. Hybrid electric vehicles serve as a strong
alternative on drivability and performance to conventional internal combustion engine-based
vehicles.

Vehicles exist with various missions; super sport cars usually aim to reach peak performance
and to guarantee a great driving experience to the driver, but great attention must also be paid
to fuel consumption. According to the vehicle mission, hybrid electric vehicles can differ in the
powertrain configuration and the choice of the energy storage system. Nowadays, hybrid
electric vehicles represent one of the main solutions for the reduction of greenhouse gases in
the automotive sector.

Targeting the reduction of CO2, manufacturers are working on various electric hybrid vehicles
configurations that may differ in terms of topology (series, parallel, power-split, ...) and
architecture (PO, P1, P2, P3 and P4 if considering a parallel configuration). Most of such
solutions adopt high-voltage batteries as energy storage systems for the electric propulsion,
but other technologies could provide additional advantages, especially for specific applications
where the need for managing high electric power demands becomes crucial, both during
traction and regeneration.

Lamborghini has recently invested in the development of hybrid super sport cars, due to
performance and comfort reasons, with the possibility to reduce fuel consumption. This
research activity has been conducted as a joint collaboration between the University of Bologna
and the sportscar manufacturer, to analyze the impact of innovative energy storage solutions
on the hybrid vehicle performance. In particular, capacitors have been studied and modeled to
analyze the pros and cons of such solution with respect to batteries. To this aim, a full
simulation environment has been developed and validated to provide a concept design tool
capable of reproducing the hybrid vehicle behavior on regulated emission cycles and real
driving conditions, allowing to compare the effects of different energy storage solutions,
considering also “hybrid” systems, where both batteries and capacitors are employed on the
same vehicle.

The target is to dispose of a reliable tool capable of precise results and able to foresee the
performance and behavior of future vehicles, with a particular focus on fuel consumption and
longitudinal performance, based on a minimal amount of data while achieving good accuracy.
Therefore, this work intends to give reliable instruments capable of shortening the times
associated to the vehicle concept phase.

In addition, the target of the research activity is to deepen the study of hybrid electric super
sports cars in the early concept development phase, focusing on defining the control strategies
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and on choosing the energy storage system'’s technology that best suits the needs of the super
sports cars. This dissertation covers the key steps that have been carried out in the research
project.

At first, it is presented a short but necessary introduction of the topics, to point out the
fundamental characteristics of the hybrid electric vehicles and to clarify the differences
between capacitors, typically associated with high power density and low energy density, and
batteries, typically limited on the charge and discharge power. Then, a longitudinal dynamics
model is presented and validated, and the electric components are introduced. The longitudinal
dynamics model will be capable to reproduce the behavior of both conventional vehicles based
on an internal combustion engine, and hybrid vehicles.

In the following chapters, various controllers are explained, as they will be implemented as
energy management strategies (EMS) for the studied vehicles. Later, three hybrid vehicle
configurations are described as these represent the core of this dissertation. The vehicles
presented show an evolution in the complexity of the hybrid system, both on the powertrain
side and the control one.

At last, the results of the activity are presented along with the conclusions. The research project
demonstrates how hybrid electric super sport vehicles based on energy storage systems
consisting solely of capacitors or “hybrids”, can meet demands for comfort, performance and
even fuel economy.
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Introduction

Earth’s climate has changed throughout history, and most of the climate changes are attributed
to variations in Earth’s orbit that change the amount of solar energy the planet receives. The
current warming trend is of particular significance because most of it is extremely likely to be
the result of human activity since the mid-20t% century, and proceeding at a rate that is
unprecedented over millennia [1].

Certain gases in the atmosphere block heat from escaping and “force” climate change causing
longer and more intense heat waves, loss of sea ice, accelerated sea level rise, global
temperature rise, ...

The current and projected implications of climate change for the society and the sustainable
development are such that actions are required, as energy consumption mitigation and a shift
to a lower-carbon economy [2].

Some of the gases participating to the greenhouse effect are [3]:

e Water vapor,

e (Carbon dioxide (CO2),

e Methane,

e Nitrous Oxide,

e Chlorofluorocarbons (CFCs),

The transportation sector contributes to the greenhouse gas emissions especially through
carbon dioxide (CO2). The emissions are the product of the combustion of hydrocarbons-based
products, like gasoline, in internal combustion engines (ICEs) [4,5]. Also, small amounts of
methane, nitrous oxide and hydrofluorocarbon are emitted. Solutions need to be adopted to
actively reduce greenhouse gas emissions, as the global heating must be limited. A variety of
opportunities associated with transportation could be adopted and are nowadays explored.

The automotive sector has focused on the improvement of existing technologies and on new
proposals related to the reduction of CO2 emissions [6-9]. Now, the electrification process is
trending since electric vehicles (EVs) or hybrid electric vehicles (xHEVs) can reduce the fossil

fuels consumption while maintaining performance comparable to the ones of conventional ICE
vehicles [5,10].

On one side, electrification is seen as a great opportunity to challenge climate change, especially
in some aspects of road transportation [11]. On the other side, it brings along some issues
related to the technologies, that have not yet been overcome [5,12].
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A hybrid powertrain uses two or more distinct power sources to move the vehicle. The term
refers to various hybrid topologies that could combine an ICE as a primary energy source and
a secondary energy source of various nature. The most common topologies are [13]:

e Electrical, that typically includes a battery for the energy storage and an electric
motor/generator as energy converter,

e Mechanical, that foresees the usage of a high-speed flywheel both to accumulate and provide the
recovered energy,

e Hydraulic, where the auxiliary energy storage system is a hydraulic accumulator and the energy
converter is a hydraulic motor/pump; this solution is suitable for specific applications such as
construction equipment, garbage trucks, ..., because of the weights and sizes of the additional
components,

According to the size of the electric energy storage system and Electric Machines (EMs),
different hybridization levels can be defined [11,14,15]:

e Micro Hybrid, in which the electric machine is an integrated starter generator (only Stop/Start
and recuperation capabilities),

e Mild Hybrid, where the small size of the electric components allows limited maneuvers in pure-
electric mode,

e Full Hybrid, which includes powerful motors and large battery sizes; in this case pure-electric
mode is admissible,

e Plug-in Hybrid Electric Vehicle (PHEV), the powertrain architecture is similar to the full hybrid,
but the battery can be externally recharged and is typically larger,

o Range-extender electric vehicles, for which the electric propulsion is the main contribution to
the propulsion and the engine is the auxiliary energy converter.

Table 1. Overview of HEV characteristics.

Functions Start/Stop Regenerative Boost Electric External
Braking Drive Charge
Conventional Possible 0 0 0 0
Micro Hybrid 1 Minimum 0 0 0
Mild Hybrid 1 1 Minimum Limited 0
Full Hybrid 1 1 1 1 0
Plug-in Hybrid 1 1 1 1 1
Extended Range 1 1 1 1 1
Battery Electric 1 1 0 1 1
Vehicle

Moreover, various powertrain architectures can be defined depending on the architecture
[5,11,14,15]:

o Series, where the wheels are powered only through the EM, while the ICE is connected to a
generator and provides energy to the battery. Typically Full, Plug-in and Extended Range

Hybrids.
13
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Figure 1. Series HEV energy flow.

Parallel, that allows to have the summation of the torques derived from the ICE and the EM
before or after the transmission. Typically Micro, Mild, Full and Plug-in Hybrids.

Chemical Mechanical
Fuel —>| ICE b@ | Vehicle
EM
Battery T
Electrical

Figure 2. Parallel HEV energy flow.

Power-split, that foresees the possibility of managing the powertrain both in series and parallel
configurations through the connection of the engine and the EMs to a power split device like a

planetary gear set. Typically Mild, Full, Plug-in Hybrids.
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Figure 3. Power-split HEV energy flow.

o Series/Parallel, that sees the engagement/disengagement of one or two clutches to change the
powertrain configuration from series to parallel and vice versa. Typically, Full and Plug-in
Hybrids.
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¥

Fuel

Battery

Electrical

Figure 4. Series/Parallel HEV energy flow.

Focusing on the parallel architecture, the position of the EM defines more in detail the
characteristics of the vehicle, as shown in Figure 5 [15]:

e PO, the EM is connected directly to the ICE, typically with belts,

e P1, the EM is positioned between the ICE and the primary shaft of the gearbox, but it can be
detached from the gearbox, and it can start the engine without carrying other inertias,

e P2, the EM is positioned between the ICE and the primary shaft of the gearbox, but it can be
disconnected from the ICE to avoid the losses of the ICE itself,

e P3,the EMis positioned at the secondary shaft of the gearbox,

e P4, the EM is connected to the wheels and permanently disconnected from the ICE.
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Figure 5. Various EM positioning in parallel architecture.

The impact of hybrid electric vehicles on global warming, that would make them a good solution
for the reduction of CO2 emissions, depends on the hybrid control strategies that are adopted.
Various strategies exist that can target fuel economy, as [11]:

+ Load point shift, where the torque requested to the engine is augmented, in order to
increase its efficiency, and part of such power is used to recharge the battery,

+  Kinetic energy recuperation, that allows to recover energy during braking phases
instead of using mechanical brakes,

+ Electric driving, that allows to cover the power request uniquely with the electric
machine,

+ Start/Stop, that allows to avoid idle phases for the engine, switching it off when not
needed and restarting it using the electric machine,

Boost, that allows to downsize the engine to guarantee higher efficiency and to use the
electric machine as a booster.

The activation of these hybrid control strategies depends on the amount of energy and power
made available by the hybrid powertrain. In particular, it strongly depends on the energy
storage system that has been adopted.

Some strategies are related to high energy requirements. For example, the electrical driving
when the internal combustion engine is inefficient, or in in urban areas, is possible only when
high energy content is available. On the other hand, other strategies are strictly related to high
power requirements, both in charge and discharge, as it is for kinetic energy recuperation or
boost. To fully recover the kinetic energy available in braking phases, high charging power is
needed, while high discharge power is requested when in boost mode.

High power requirements from the energy storage system become essential if we refer to super
sports cars. Typically, this kind of vehicles shows a specific need for high power especially when
driven in sport mode or when they are driven on track, generating high accelerations and
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decelerations. Power could be needed also to target comfort, covering the torque gap that is
generated during gear shifts in single clutch transmissions.

The current dissertation deepens the study of energy storage systems, starting from batteries
and ending with Lithium-lon Capacitors (LiCs), with a particular focus on applications on super
sport cars. The contribution of this activity highlights how high-power density systems can help
to achieve the targets mentioned above, pointing out how capacitors can be an alternative to
batteries for super sports cars applications.

Referring to electrochemical batteries, they are a key component in hybrid electric and electric
vehicles, capable of transforming chemical energy in electrical energy and vice versa. As shown
in Figure 6 batteries are equipped with two electrodes of different chemical composition,
immersed in an electrolyte, and separated by a membrane. The membrane allows the passage
of small ions, which are formed if the electrodes are connected through an external electrical
circuit (Faradaic process). This circuit makes it possible to pass electrons produced by
oxygenation. The anode, electrically negative, is the electrode where the oxidation takes place
(loss of electrons). The cathode, electrically positive, is defined as the electrode where it takes
place the reduction process (electron acquisition). The batteries used in the automotive sector
are all rechargeable (defined as secondary). They can be divided into two categories depending
on the type of electrolyte adopted, the batteries working at room temperature use an aqueous
or non-aqueous electrolyte, those at high temperature an electrolyte solid or molten. The most
common technologies are [5]:

Acid lead,

Metal nickel hydride,

Lithium, including lithium ions and polymer of lithium metal,
Molten salts, including nickel-sodium chloride,

Air-metal, including air-lithium and zinc-air.
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Figure 6. Battery scheme [5].
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The power generated by a battery is given by the product of voltage and current, where the
voltage depends on the chemistry of the elements adopted. One of the main features of the
batteries is the high energy content and low power values, which result in high charging and
discharging times as it is explained in [15,16]. On the other hand, capacitors can be of various
types, starting from the simplest format of two plates consisting of conductive material and
separated by a dielectric up to capacitors formed by two plates of conductive material
separated by an electrolyte fluid and a membrane. Unlike batteries, they do not undergo
chemical changes to the structure [5,15].
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Electrical Double Layer Capacitors (EDLCs) consist of two electrodes composed of high surface
area carbon, characterized by a high polarizability and electrical conductivity, and separated by
an electrolyte. More in detail, in EDLCs charge carriers are distributed into the bulk of the
polarized carbons electrodes over a relatively large distance that is inversely related to the
charge-carrier density. Then, two layers are formed. The first is formed on the electrolyte side
and it is a compact layer of ions of the same charge (but different sign with respect to the
electrode surface), called the Inner Helmholtz Plane, at the closest distance from the electrode.
The second is a diffuse layer, that occurs in order to balance the electrode charge, called the
Outer Helmholtz Plane. The capacitance can be expressed as follows:

|

Where ¢ [%] is the dielectric permittivity, A[m?] is the electrode surface area and [[m] is the
double layer thickness. Due to the high surface areas and the low thickness, the capacitance of
EDLCs reaches values above 1000F.

One of the characteristics of EDLCs is that they are based on non-Faradaic processes, meaning
that the carbon electrodes store charge electrostatically. However, also pseudocapacitors exist,
that feature battery-like electrodes that are charged/discharged by fast and reversible redox
processes.

Lithium-ion Battery Electric Double Layer Capacitor

Graphite Electrolyte LiMO, A(“i“‘["“”" Electrolyte -‘\(C"‘l"“fd
arbon “arbon

Lithium Ion Capacitor (LIC)

Power
Life

Energy

Li-doped Electrolyte Activated
Carbon Carbon

Figure 8. Lithium lon Capacitor [17].

At last, hybrid capacitors feature positive and negative electrode materials of different nature
that are charged/discharged via different electrostatic and faradic modes. Lithium-Ion
capacitors, shown in Figure 8, belong to this group as they combine the activated Carbon
cathode of an EDLC with the Li-doped Carbon anode of Lithium-Ion Batteries, to guarantee both



power and energy. The energy density that is achieved is 3 times larger than the one of ordinary
super capacitors.

The other advantages of capacitors are represented by the high number of cycles they can run
until the end of life, and the symmetrical behavior in charge and discharge, differently from
batteries that are typically limited by the low cycle life and the asymmetry in charge and
discharge.

Both batteries and capacitors can be connected in series or parallel configurations. The word
‘cell’ can be used to describe the single electrochemical unit, and usually multiple cells are
connected together to form a pack of batteries or capacitors. When cells are connected in series
the output voltage increases while the current stays the same. High voltage configurations
require many cells connected in series and they require careful cell matching. In fact, an aged
or faulty cell will have a lower capacity than the others, hence causing imbalance and
preventing the string from reaching the nominal voltage. A single cell failing would cause a
failure on the entire string.

V=nV,

n cells in
series

1 string
Figure 9. Cell in series configuration.

On the other hand, cells connected in parallel divide the current among the cells while
maintaining the same voltage. Parallel connections allow the pack to sustain higher currents
without the need of larger cells. Moreover, a cell that develops high resistance or fails will not
change the pack, but it will reduce the total capacity. However, an electrical short would mean
that the faulty cell starts draining energy from the other cells, causing a fire hazard, making
security systems as fuses essential.
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The pack configuration can be defined depending on the number of cells in series, expressed by
the letter s, and the number of cells in parallel, expressed by the letter p. For example, if the
configuration is a 14s2p, that would mean that the pack is made of 14 cells in series and 2
parallels.

Apart from the voltage and current, cells are usually defined by the internal resistance R that
defines the overall resistance within the cell, the more it increases, the more the cell efficiency
decreases and more of the charging energy is converted into heat.

For a series configuration, the equivalent resistance of the pack R, is given by:
Req :R1+R2+"'+Rn
[

For a parallel configuration, the equivalent resistance of the pack R, is given by:

1—1+1+ +1
"R, R, R,

For capacitors, the capacitance parameter C is also introduced as it defines the ratio of the
amount of electric charge Q stored to a difference in electric potential AV.

c=2
AV

\Y

For a series configuration, the equivalent capacitance of the pack C, is given by:

1 1.1 1
Ceq Cl CZ Cn
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Vv

For a parallel configuration, the equivalent capacitance of the pack C, is given by:
Ceq =C1+C2++Cn

Vi
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1. Longitudinal Dynamics Model

The longitudinal dynamics model is presented here. The target is to reproduce accurately a
super sport car’s behavior, targeting the analysis of its fuel consumption, drivability, and
comfort. The longitudinal dynamics model can also produce a first analysis on the vehicle
performance, taking into account the deformation of the tires computed through the variable
wheel radius and the tire slip.

1.1. Literature Review

Several approaches have been investigated and can be found in the literature related to this
topic with the main distinction, that is clarified in [13,14], of:

e Backward-facing approach,
e Forward-facing approach.

The backward facing approach that can be found in [18-20] is capable of quasi static
simulations. The vehicle is supposed to always meet the required speed profile, calculating the
required force to accelerate and decelerate it at each time step. An approach of this kind can
easily implement experimental efficiency maps, moreover it allows simple integration routines
and gives fast simulations. On the other side, it does not take into account dynamic effects, and
it is not suitable for an appropriate and realistic description of the real control signals of the
vehicle.

If that is the target of the model, a forward-facing approach like the one found in [21] is needed.
A system of this kind can include dynamic models and high frequency effects, using measurable
and realistic control signals and torques. Detailed simulations are obtained, and the model is
more realistic and appropriate for control development. On the other side, smaller time steps
are required to provide stability and accuracy, and this results in a lower simulation speed.

Various software and models exist for reproducing the longitudinal dynamics behavior of a
vehicle, and some of them can be found in [19,22-24].

[19] has been developed at the Eidgendssische Technische Hochschule Ziirich, on
MATLAB/Simulink with a quasi-static approach, and it cannot capture dynamic phenomena.
Data input takes place thanks to Simulink masks and the software makes available a wide
library of models reproducing the vehicle powertrain components. [18] presents the QSS
toolbox and some case studies solved with this tool, while the theoretical background can be
found also in [20].

[22] has been developed from the Environmental Protection Agency and it simulates the whole
vehicle on MATLAB/Simulink. It has been developed to estimate the greenhouse gases
emissions and it allows to simulate a great variety of vehicles by defining the architecture of the
vehicle, also thanks to a Graphic User Interface (GUI). Its structure is extensively described in
[25]. The software has been used to model a midsized car as in [26], where the study targets
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minimum greenhouse gases emissions by comparing various combinations of existing
technologies included in the software’s library, which is extended and includes vehicles of
various sizes.

[23] has been produced by the National Renewable Energy Laboratory, it allows to run a quick
analysis on performance and fuel consumption on MATLAB/Simulink. The software is quasi-
static, the GUI is easily accessible, and it allows to modify various aspects of the vehicle. [27,28]
show some of the results that can be obtained with ADVISOR, using the wide library available
through the software.

[24] has been produced by the Joint Research Centre of the European Commission on Python,
and it allows to estimate CO2 emissions. The software is open source and uses Excel for data
input and output.

Another forward-facing model is shown in [29]. This work is a master thesis focused on the
longitudinal dynamics of a conventional super sport car Lamborghini Murciélago [30], and it is
developed internally at Automobili Lamborghini S.p.A., making it a perfect baseline for the
current research project.

Other vehicle simulation tools are commercially available, as Autonomie [31], AVL-CRUISE [32],
GT-Drive [33], Ricardo IGNITE [34], ...

Commercial vehicle simulation tools usually guarantee the chance to model the entire vehicle
and to model virtually any vehicle architecture, but they come at a cost. Moreover, commercial
tools not always guarantee transparency and easy public access since they do not guarantee
access to the code.

1.2. Research Project Contribution

The current research project focuses on the development of a longitudinal dynamics forward-
facing model. The need for a model of this kind is clear for pre-concept and concept phases, as
it allows to predict and quantify the effects of proposed changes in vehicle characteristics and
parameters.

A reliable longitudinal dynamics’ model capable of reproducing faithfully the behavior of real
vehicles is realized. The focus is not on passenger cars, as it is in the majority of the previously
analyzed software, but rather on super sport cars.

The various software analyzed [19,22-24,31-34] show a good starting point for the building of
a longitudinal dynamics’ model and the possibility to choose one of these as a baseline is
considered, as their pros and cons are evaluated. However, the decision to strictly stick to one
of these models could excessively limit the possibility to modify the vehicle in concept phase.
So, the necessity to develop a model within the company is made evident. The model is designed
to specifically reproduce the behavior of super sport cars from Automobili Lamborghini,
ensuring a reliability that cannot be found in any other software. Moreover, the possibility to
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develop and keep internally the know-how is a strong benefit for the vehicle manufacturer, as
it allows for better control towards the design process.

According to this, the MATLAB/Simulink simulation environment is chosen. This decision
makes [24] not fit for the current activity, however the choice to use Excel for data input is
evaluated and maintained as it can be easily integrated with MATLAB. Moreover, [19,23] being
quasi static models are inadequate, but represent a strong baseline for the modeling of the
single vehicle components. [22] is a forward-facing model, but it does not include super sport
car vehicles in its library, which represent the core of this research activity.

The chance to freely work on every model component is considered of great importance as it
allows to explore any possibility in concept phase and it gives the chance to intervene on any
element. This makes all the commercial tools [31-34] inadequate for our work.

Therefore, the baseline for the current research project is the master thesis shown in [29] as it
represents the best solution among the ones analyzed. The longitudinal vehicle model from [29]
describes in fact a super sport car, and it is developed internally at Automobili Lamborghini
S.p-A. on MATLAB/Simulink. These elements make it an excellent starting point.

The vehicle is based on the forward-facing model structure, and the landmark of the vehicle
model consists in the longitudinal dynamics’ equations. A complete analysis of longitudinal
dynamics can be found in [35,36].

A driving cycle represents the input to the whole model. As in [19,22,23], emission cycles are
included in the model in order to simulate CO2 emissions on the same procedures that can be
run on the vehicle test bench. This allows to have a baseline for the validation of the model.
However, also real driving cycles acquired on road are introduced in the model and can be used
for simulation purposes.

Accurate description of the possible choices that can be done with respect to the driver
modeling is present in [37,38]. A proportional integral controller is here adopted to reproduce
the longitudinal driver behavior, as in [29].

Vehicle resistances are based on two different solutions. At first, experimental data for the
aerodynamic forces are introduced [36] and the vehicle resistances are completed through an
experimental campaign on the vehicle test bench capable of quantifying the rolling resistance
of the entire vehicle. Secondly, experimental data indicating the vehicle coast-down
performance are adopted as in [26,39].

With respect to the powertrain, according to [29] the driver pedal command is directly linked
to the engine torque as it indicates the percentage of the maximum available torque. However,
in the current work data from the engine control unit (ECU) and from an experimental
campaign on the engine test bench are introduced into the vehicle model. This allows to detach
the direct link from the driver pedal command and the engine torque, making the subsequent
development of hybrid vehicles easier.
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A clutch model is introduced. [40] shows the complete analysis of an automotive clutch during
engaging and disengaging, but the level of detail that is reached is not needed in the current
work. So, the clutch is here modeled focusing only on the torque gap that takes place during
disengagement, making the model simple and the simulations fast. The torque transmission
chain is completed through the introduction of the gear ratios of the gearbox and the
differentials.

Wheels and braking are modeled as in [29]. As a first approximation these models are simple
but can be considered reliable. However, the braking model has been revised to fit the
introduction of the regenerative braking function for hybrid control, making it possible to split
the torque between mechanical braking and negative electrical torque.

The gear shift maps are updated with respect to [29], and the same is done for the fuel
consumption maps. The software shown in [19,26,27,29] are all based on experimental maps
for the computation of fuel consumption as the choice to work with a brake specific fuel
consumption map is common and refers to the theoretical background shown in [4].

However, here the choice is revised according to [29] and a new map of indicated specific fuel
consumption that is based on experimental campaigns on the engine test bench is computed.
The oil temperature dependency is also considered: in [27] the thermal model of the engine is
realized, while here a simpler configuration based on experimental data is considered, as in
[29].

The modeling activity for the conventional vehicle is then concluded. The validation of the
longitudinal dynamics model was run through experimental testing on the full vehicle. In order
to validate the single components, specific experimental physical quantities were kept into
account and used as input for the submodels. The simulated output results were then compared
to experimental data. One of the main experimental activities that are run on the entire vehicle
is represented by the chassis dynamometer testing, for example through emission cycles (New
European Driving Cycle (NEDC), Federal Test Procedure (FTP)-75, Worldwide harmonized
Light-duty vehicles Test Procedure (WLTP), ...), or real driving. Experimental data from chassis
dynamometer testing will be used as a comparison, in addition to experimental results from
tests on specific components, if present.

The chassis dynamometer equipment allows to determine the total hydrocarbons (THC),
carbon monoxide (CO), CO2 emissions and through regulations it is possible to calculate the
fuel consumption (FC) for the given emission cycle (L/100km).

Since introducing further instrumentation on the vehicle represents a cost and would involve
modifications to the vehicle, also ECU estimations will be used as a comparison with simulated
data in addition to experimental results from tests on specific components, when present.

Electric components are introduced in the following chapters as the hybrid powertrain is
explained. This represents the major contribution with respect to the previously analyzed
works.
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1.3. Model Structure

The longitudinal dynamics model adopted in this dissertation is composed of a driving cycle
input, a proportional-integral (PI) controller (driver) acting as the accelerator and braking
pedal, an engine model subsystem, a gearbox model, a tire model, and the longitudinal
dynamics equations. In a second phase, the electric system is introduced.

The input is given from a speed cycle, function of time, and it can be chosen between the main
emission cycles and some real experimental driving cycles. The actual speed is subtracted to
the target speed and the error is introduced in the PI controller which simulates the driver’s
behavior. The output, acting as the requested pedal position, is the input for the vehicle
subsystems and determines the vehicle performance, as shown in Figure 11.

TARGET
SPEED
PEDAL CURRENT

COMMAND SPEED

CYCLE

ENGINE
TORQUE

} !
ENGINE ELECTRIC
FORCE FORCE

;F -

ENGINE TOTAL RESISTING
CONSUMPTION FORCE FORCE

|

ACCELERATION

!

NEW SPEED

Figure 11. Longitudinal dynamics model structure.

Part of the vehicle components were modeled and validated, while others were directly based
on experimental data (typically provided by suppliers), due to the trade-off between the
simulation accuracy and the simulation speed. Once the model is validated, it represents a
powerful tool for future hybrid architecture analysis and strategy development.

1.4. Vehicle Dynamics
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Figure 12. Vehicle Dynamics.

The longitudinal dynamics model is based on the equilibrium along the X and Z direction shown
in Figure 12, in addition to the momentum equilibrium. In VII are reported the equations for
the longitudinal dynamics:

Fyf + B —m-ay = Fero + Ryp + Ry + m - g - sin(0)
Vil

Solving VII, where F, s + F,, express the longitudinal traction force for the front and rear wheels
respectively, Fyr, is the aerodynamic force, Rys + Ry, are the rolling resistances produced on
each axle, the longitudinal acceleration can be determined and, by integration, the longitudinal
speed. The target of the longitudinal dynamics model is the simulation of emissions cycles or
real driving cycles for the chosen vehicle. The starting point is represented by the driving cycle
choice, which takes place through an implemented pop-up menu that includes both emission
driving cycles and real experimental driving cycles, obtained from testing on road.
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Figure 13. Longitudinal dynamics scheme.

The structure of the longitudinal dynamics model realized on MATLAB/Simulink is reported in
Figure 13. The chosen driving cycle generates a target speed, a time-dependent quantity that is
the input for the following submodels. The model focuses on the powertrain components. When
possible, components are based on experimental black box models, guaranteeing low
simulation time but less accuracy (especially for the dynamic behavior of the model), otherwise
they would be physically modeled and experimentally validated.

1.5. PIDriver

The PI controller is based on a proportional component and an integral one, it takes as input
the error between the target speed and the measured one. The proportional component
depending on kp reacts rapidly to the error variation, but it is not capable of cancelling the
error. On the other side, the integral component k; reacts slowly but can eventually nullify the
error.

P(t) =kp-e(t) +k - Jte(t) - dt
0
VIl

The PI controller output is normalized between -1 and 1, representing three different cases:

e If it is positive, the car must accelerate to reach the target speed. This signal matches the
accelerator driver pedal,

e [fitis equal to zero, the target speed is reached,
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o Ifitis negative, the vehicle must brake.
1.6. Vehicle Resistances

Vehicle resistances are due to aerodynamic forces and rolling resistances, and the first ones can
be modeled as:

1 2
Faero = EprSU

IX

Where p[%] is the air density, v [%] is the vehicle speed, keeping into account the direction and
speed of the wind, C, [—] is the longitudinal drag coefficient and S [m?] is the frontal area. The
last two parameters are determined through experimental tests, but they are not addressed

here since the testing had already been done.

1.6.1. Rolling Resistance Model
The rolling resistance model has been identified from an experimental test campaign. The test
had the aim to measure the force/torque moving both the wheels of the car and the gearbox
shafts, with the clutch open. In this way, the losses of wheels and gearbox could be quantified.

The behavior of the vehicle on the chassis dynamometer was analyzed at different gearbox oil
temperatures, different vehicle speeds and different gears since the losses depend on all these
parameters. The clutch was kept open in order to avoid the resistant contribution of the engine.
The results show that the power losses can be modeled as:

P=P2nd+k'wn
X

Losses for the secondary gearbox shaft, P,,,;, depend on speed, oil type and temperature,
presence of auxiliary elements. Losses for the primary gearbox shaft are modelled as k - 0",
where k includes rolling resistances and contact frictions between gear wheels (dependent on
torque, rotational speed, design, and gear ratio) and where w" is indicative of the dependency
from speed (and gear ratio). n can be assumed equal to 2.
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Figure 14. Normalized force loss determined through experimental testing.

Figure 14 shows the force loss variation at various gears engaged. The oil temperature
dependency is linked with the oil viscosity variation. At low temperatures corresponds a high
viscosity, that generates higher losses. On the other side, high speeds are associated with high
rotational frictions and force losses. The choice of a higher gear allows to reduce the rotational
speed of the primary gearbox shaft, with a resulting lower force loss.

1.6.2. Coast-Down Model
Vehicle resistances could be also based on experimental data. Vehicle tests have been run to
determine the dependency of the resistant force with speed, according to the following coast-
down equation:

Ees=Fy+ F v+ F,- v?
XI
N _N
km/h (km/h)?
coefficients. According to this formula, the F,.; already models the aerodynamics, rolling and
all the vehicle resistances. This approach is easily implementable, but requires experimental

testing on the specific vehicle, or on the most similar vehicle available. On the other side, data
of this kind can be easily shared due to the ease of use of the model.

Where v[kTm] is the vehicle speed, Fy[N], F;[ ] and F,[ | are the vehicle coast-down

The choice to work with one method or the other depends on the specific situation, and on the
availability of experimental data. In the following chapters, as vehicle configurations are
introduced, it will be specified which method is used for the calculation of resistances.

1.7. Powertrain

31



The powertrain is composed of various parts, including the engine and all the elements that
mechanically deliver the torque to the wheels. The vehicle model aims to reproduce faithfully
the real behavior and is often based on experimental data to achieve simulation speed without
losing accuracy. The ECU torque map from the real vehicle is introduced into the model. The
driver pedal and the engine RPMs enter this map and identify the ICE torque request. The V12
spark ignition (SI) engine is modeled on data from an experimental campaign on the engine test
bench, shown in Figure 15 for the engine fitted on a Lamborghini Aventador.
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Figure 15. Engine torque curve for a Lamborghini Aventador.

The same experimental campaign has been carried out for the V12 engine fitted on the
Lamborghini Aventador SVJ, and the curve can be found in Figure 16.
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Figure 16. Engine torque curve for a Lamborghini Aventador SVJ.

In the following chapters, as vehicle configurations are introduced, it will be clarified which
engine has been fitted on the model.

Once the torque request from the ECU map is known, it enters the V12 SI engine model and the
actual torque from the ICE is computed. Engine frictions are computed according to [4,29] and
their computation is needed to determine the actual engine torque and subsequently the engine
consumption. In particular, the pumping and mechanical losses will be introduced in the model],
in addition to an approximation of the losses due to external equipment. The reader is referred
to [29] for the complete analysis of the calculation of the engine losses.

Oil temperature dependency is considered in the current model as it plays an important role on
the global performance. Oil temperature impacts heavily on oil viscosity, as shown in Figure 17,
generating great losses when the oil is cold. Typically, vehicles that run emission cycles start
cold, so a warm-up phase is always present. The warm-up phase of emission cycles represents
one of the most controversial intervals for fuel consumption analysis.
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Figure 17. Oil viscosity 15W-40 from [41].

Depending on the cycle and on the oil characteristics, various temperature profiles are
implemented in the model to accurately describe the oil behavior, as no model reproducing the
oil heating is present in the simulation. The experimental values of the oil temperature are
available for all the driving cycles that have been tested, also the real driving cycles on road.

In Figure 18, the temperature profile for a Worldwide harmonized Light-duty vehicles Test
Cycle (WLTC) Class 3b is reported as an example, normalized with respect to the maximum
temperature achieved during the cycle. It is evident that the oil starts cold in the first phase of
the cycle.
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Figure 18. Oil temperature normalized curve.
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The actual torque generated by the ICE is passed to the transmission and the gearbox shafts
through a clutch. The clutch model is simple and simulates the torque gap during gear shifts by
interrupting the torque transmission from the ICE to the primary gearbox shaft when the gear
shifts, as the vehicle that is modeled is fitted with a single clutch transmission. The torque is
then passed to the gearbox shafts and multiplied by the gear ratios, to the wheels. Hybrid
powertrain components are not present in the conventional vehicle model and will be
introduced in a second phase to reproduce the hybrid configuration.

1.8. Braking

The braking model is simplified as it is represented only by an imaginary force acting when the
vehicle needs to decelerate. This is not impactful on fuel consumption as braking does not burn
any fuel during the cycles and does not take partin the acceleration tests [29]. The braking force
is determined as follows, m is the mass of the vehicle, g is the gravity force, mu is the friction
coefficient and P(t) is the PI driver braking request (if negative) from VIIL.

1
Fbrake=§'m'g'mu'P(t)

Xl

However, the braking model acquires new importance when hybrid behavior is introduced. In
fact, regenerative braking is one of the most important hybrid control functions for the
reduction of fuel consumption. As the braking force required by the PI driver is computed, it
will be split into the conventional mechanical braking and the regenerative braking. The
regenerative braking request will be supplied by the EMs.

1.9. Wheels

The wheels participate in generating rolling resistance as friction occurs between the tire and
the road. The biggest contribution to rolling resistance is due to the fact that materials are
subject to deformation, especially tires. As wheels rotate, tires and road are deformed
depending on their stiffness. On one side, the deformation of road is negligible, on the other
side, the tire is made of elastic material and its deformation must be considered. The
deformation of tires sees a flattening at the contact patch and a non-symmetric distribution of
the load during the rotation of the tire. Therefore, the radius varies depending on where it is
measured, and it is different from the unloaded radius. In order to find the proper value, an
effective wheel radius model is introduced depending only on the tire structure, the speed and
the radius of the unloaded wheel [29]:

R, = kot + kqv + kyv?
Xill

The k; coefficients match experimental data, 7;, is the unloaded radius and v is the vehicle speed
inZ,
S
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Another aspect of the tire modeling is related to the tire slip. Accurate formulation of the
problem can be found in [36] and the most common model is the magic formula found in [42].
For the current model, the formulation proposed in [29] is adopted, as this allows to keep the
overall model simple and fast. According to [29] the tire slip can be supposed dependent on the
gear engaged, the model is acceptable in first approximation as the vehicle runs mainly
emission cycles, where the acceleration is typically small.

Table 2. Slip and friction coefficients.

Gear [-] 1 2 3 4 5 6 7
Slip [%] 15 12 10 8 4 3 2
u[-] 1.34 1.32 1.29 1.22 0.86 0.69 0.49

1.10. Gear Shift

The gear shift map implemented in the model is the same that is fitted on the real vehicle. The
speed target at which the gear is shifted is defined through the actual gear and the pedal value.
A map indicating the upper threshold and one indicating the lower threshold are introduced in
the vehicle model. When the actual speed of the vehicle goes over or under the threshold, a gear
shift takes place, the clutch opens and closes, and the gear ratio values are updated.

In Figure 19 the gear upshift thresholds are shown. If we supposed to be on an accelerating
vehicle starting from null speed with a pedal constantly equal to 50%, we would be moving
horizontally from the left axis of the graph to the right as the speed increases, and we would see
a gear shift every time we meet one of the curves, starting from first gear up to the seventh gear.
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Figure 19. Upshift map.
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Figure 20. Downshift map.

In Figure 20 the gear downshift thresholds are shown. According to this graph, if we were on
a decelerating vehicle moving at high speed with a pedal equal to 50%, we would be moving

horizontally from the right of the graph to the left. Every time we meet a curve, we would be

shifting down a gear starting from the seventh gear to the first one.

1.11. Fuel Consumption

The fuel consumption is computed thanks to maps based on experimental data. The ICE

working point is determined, and the map indicates the fuel consumption in ﬁ associated

with that working point. By multiplying with the total power expressed by the ICE and
integrating in time, fuel consumption is determined. The fuel consumption map has great
importance in the longitudinal dynamics vehicle model as simulations will be run on emission
cycles to determine the overall fuel consumption of the vehicle.

The most common way to compute the fuel consumption is to use a Brake Specific Fuel
Consumption (BSFC) map determined from the test bench, but this kind of formulation carries
some problems, especially if it is used on a vehicle model running an emission cycle, as
explained in [29,43]. First of all, the BSFC map cannot take into account the cold oil frictions,
making it difficult to properly compute fuel consumption during the first phases of the cycle.
Moreover, when computing BSFC, the denominator considers the torque value going to the
wheels and this makes situations with open clutch flawed. Another thing that needs to be kept
into account is that when testing super sport cars that produce very high torque values, test
benches become inaccurate in measuring low torques. This makes the BSFC inaccurate when
torque becomes low, which is exactly where emission cycles make the vehicle work.

The formulation in XIV from [29,43] is then adopted, and values for engine idling are
extrapolated. ISFC is the Indicated Specific Fuel Consumption, BMEP is the Brake Mean

Effective Pressure, IMEP is the Indicated Mean Effective Pressure.
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ISFC = BMEP BSFC
~ IMEP

XV

This map is still defined in k’ﬁ, but differently from before it is based on IMEP. This is possible

thanks to the computation of the engine losses that allows to determine the IMEP value,
keeping into account the oil temperature dependency.

1.12. Model Validation

The whole model validation is based on data determined through a WLTC Class 3b.
Experimental physical quantities are chosen as inputs and the simulation is run. The resulting
simulated outputs are compared to the experimental data available, that are represented by the
estimations of the ECU and the measurements run on the chassis dynamometer. During the first
analysis, the validation process is run on the model of a conventional Lamborghini Aventador,
with no hybrid components. The model simulation is run taking the target speed of a WLTC
Class 3b as input.

Speed
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Speed i
Net

Torque

Fuel
Consumption

Figure 21. Complete vehicle and driver simulation.

The ‘Full Vehicle’ model comprehends all the submodels that have been introduced until now
and the PI driver.

Table 3. WLTC Class 3b simulated fuel consumption, conventional vehicle.

Phase 1 Phase 2 Phase 3 Phase 4 Combined
Simulated % 100 56 44 43 53
1. Error % +3,4 -6,5 -2,8 -5,5 -2,6
2. Error % +2,6 -1,0 +2,0 -1,6 +0,3

The WLTC Class 3b phases are defined as follows [44] and the cycle is shown in Figure 22:

e Phase 1: 0s - 589s
e Phase 2: 590s - 1023s

e Phase 3: 1024s - 1478s
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Figure 22. WLTC Class 3b.

The results in Table 3 are normalized with respect to the maximum simulated fuel consumption
value obtained during the various phases. The simulated values are compared with two
different experimental tests and the error is reported (%).

The fuel consumption evaluation is based on the ISFC experimental map, linearly interpolated.
The simulated fuel consumption will be used as an element of comparison for different strategy
configurations when introducing the hybrid components.

The results in Table 3 show that the model accuracy is generally within +5%, and at the same
time they clearly highlight the great variability associated with the real driver’s behavior, which
is particularly influent during rapid accelerations and decelerations. In fact, even a small driver
pedal difference can result in a great torque (and, consequently, fuel consumption) difference,
since super sport cars are characterized by a wide torque range.

This variation has a strong impact on the vehicle performance [45]. Different drivers on the
same vehicle (or the same driver on the same cycle but during separate moments of the day)
can produce significantly different fuel consumption results due to different driving styles. A
variation in the accelerator pedal value is linked with a different torque request value and,
eventually, with a different emission value as it can be seen in [46,47]. The idea of a PI tuning is
not applicable, in fact we could fit the behavior of a single driver in a defined moment, but not
the behavior of all the drivers in every moment. Then the decision is to not modify the PI.
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2. Hybrid Powertrains

The current chapter illustrates the various solutions that were adopted to realize a hybrid super
sport car model.

2.1. Literature Review

As explained in the Introduction, the automotive market is now in the middle of a transition;
the need to reduce fuel consumption is evident, and the adoption of hybrid electric powertrains
is considered one of the most promising solutions.

In [5,14] a complete analysis of various hybrid architectures is proposed, while [11] focuses on
a parallel hybrid architecture pointing out the results that can be reached deepening the study
of the hybrid control strategies. [13,15] introduce hybrid architectures with a focus on the
modeling and control activities.

The super sport cars’ market is not exempt from the electrical transformation and various
companies have already announced they want to reach the target of an hybrid electric fleet [48-
50]. However, the super sport cars’ market shows necessities that are different from the ones
typically associated with the passenger cars’ market and a baseline, or standard technology is
still far from being set. Due to this, proper tools are needed to support the electrification process
as various solutions should be deepened.

The first hybrid electric vehicle that is analyzed is a Lamborghini Aventador. The Lamborghini
Aventador series gearbox is an Independent Shift Rod gearbox with a single clutch belonging to
the Automated Manual Transmission family and during gear shifts, as all the single clutch
gearbox do, it generates a torque gap. A gear shift is a fast process, lasting approximately 0.2 s
in STRADA mode (the vehicle setting commonly used during city drive), but can have a strong
impact on the passengers’ comfort.

Nowadays, various technologies are available to improve this behavior. Dual clutch
transmissions enable smooth gear changes with almost no torque interruption, allowing to
reach faster accelerations and lower fuel consumption. Lamborghini’s first dual-clutch
transmission is available in the Lamborghini Huracan, named “Doppia Frizione” (meaning ‘Dual
Clutch’) [51].

Other solutions are linked with torque fill strategies. For example, a hybrid system could be
introduced as seen in [52], where a parallel HEV solution is proposed. Another solution is
registered by Ford Global Technologies, where a solution for torque filling through a hybrid
powertrain is proposed [53]. Both solutions are based on the usage of batteries as energy
storage systems.

The innovative solution provided by Lamborghini is based on a 48V EM connected to the wheels
in P3 position for performance and comfort enhancement, especially at low loads and speeds.
The P3 configuration introduces an EM directly coupled to the gearbox secondary shaft, thanks
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to a dedicated coupling/decoupling system. Thanks to this parallel hybrid configuration, the
electrical torque can be delivered directly to the rear wheels and power the vehicle.

To guarantee the right traction force in fast transients like the gear shifts, it is necessary for the
energy storage system to be characterized by high power values. Typically, common batteries
guarantee high energy values (meaning a high electric range in automotive applications) but
cannot guarantee high power performance, so they work well at supplying low and steady loads
but are inefficient at high charge/discharge rates that impose severe stress and reduce the
battery life span. [5,11,12,15,16] focus on the various types of batteries existing at the time and
that are commonly adopted in the automotive market.

On the other side, capacitors are characterized by a long cycle life and high-power density but
have the great disadvantage of a low energy density as shown in [5,12]. In [54-56] innovative
solutions related to the materials for anode and cathode of the capacitors are reported. The
adoption of innovative materials could lead to an enlargement in energy and power density of
the system.
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Figure 23. Ragone plot of various energy storage systems [57].

As shown in Figure 23, the Ragone plot illustrates how different energy storage technologies
relate one to another. It is evident that capacitors are associated with higher power density
values and lower energy density values with respect to batteries. LiCs represent a hybrid
solution that achieves higher energy density values than common capacitors, reaching

approximately 5 — 13 2/—5 [57], while Li-lon batteries typically reach 100 — 2502/—: [58].
As initially explained in Introduction, LiCs are derived from EDLC [5], they combine the

activated Carbon cathode of an EDLC with the Li-doped Carbon anode of Lithium-Ion Batteries,
to guarantee both power and energy.
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In common automotive applications, they are adopted only for few operations, like Start&Stop
[59], and, since it is considered difficult to use capacitors alone as an energy storage reservoir
[5,60], they may be used as auxiliaries in combination with other energy storage systems
(Lithium-Ion Batteries, Fuel Cells, ...) [61-63]. The hybrid energy storage systems allow to
decouple the specific energy and specific power requirements, and while the capacitors cover
the power request, the main battery-based energy storage system can be optimized for the
energy request and cycle life.

Li-lon Batteries usually are introduced as energy storage reservoir and they are more
commonly installed in hybrid electric vehicles and electric vehicles due to the high energy
content that they can provide [64]. Typically, common batteries guarantee high energy values
(meaning a high electric range in automotive applications) but cannot guarantee high power
performance [5,65]. Lithium-lon Batteries are commonly modeled as in [15,16], by choosing
the level of complexity that is needed.

Various capacitors model configurations exist and reproduce accurately the behavior. For
example, Zubieta and Bonert model [66] shows a complex configuration, working with 8
different parameters and increasing the number of circuit branches. This configuration is
capable to reproduce a wide range of phenomena.

Capacitors and batteries could also be combined in series or parallel configuration as explained
in Introduction to generate a single storage system, called Hybrid Energy Storage System, or
HESS. With respect to this, various configurations exist [5] and the research on this topic has
been increasing in the last years [67-70].

A series connection between batteries and capacitors would lead to a high-voltage system
where the single cells are run by the same current. In that case, the current and power would
be limited by the battery in charge and discharge, making the presence of capacitors useless.

On the other side, a parallel connection would allow to maintain the same voltage across
batteries and capacitors, while the current would be split between the two different packs of
cells. Hypothetically, this would allow to run a higher current on the capacitors while respecting
the limits of the battery. To this aim, the capacitors could be sized to cover high power requests,
while the batteries could be sized to cover the energy request.

The parallel configuration between batteries and capacitors is defined also ‘passive’
configuration. This is the simplest hybrid configuration that can be designed.
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Figure 24. Passive hybrid topology [71].

In Figure 24 a passive hybrid topology is shown. On the left there is the battery with a terminal
voltage vy r(t), internal voltage vy (t), internal resistance rz and a current iz (t). The battery is
connected in parallel with a capacitor characterized by an internal voltage v (t), a capacitance
C, aninternal resistance r; and a current i (t). On the right it is present the load with a terminal
voltage v, (t) and a current i; (t).

The introduction of DC-DC converters to interface the capacitors and the battery could lead to
higher reliability and control flexibility, optimizing the power sharing regarding efficiency. In
this case, HESS could guarantee higher performance since capacitors could provide most of the
entire pulse load while batteries provide the average and constant part of the load [70,72,73].

When a DC-DC converter is introduced to interface capacitors and batteries with a parallel
connection, the configuration is called ‘active’ or ‘semi-active’. In active and semi-active
topology, one or more DC-DC converters are used to control the flow of current to and from the
system components. A fully active configuration is one where two DC-DC converters are
introduced to interface batteries and capacitors, the reader is referred to [71] for a complete
analysis of these configurations. On the other side, a semi-active configuration is one where
only one DC-DC converter is used. The alternatives are explained also in [71,74]. The
nomenclature of Figure 24 is maintained in the following semi-active configurations:

o Parallel semi-active hybrid, Figure 25: the converter is between the load and the power sources,
is(t) is the current supplied by the battery-ultracapacitor branch and npc_p , is the efficiency
of the converter,
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Figure 25. Parallel semi-active hybrid topology [71].

e Battery semi-active hybrid, Figure 26: the converter is between the battery and the load,
connecting the capacitor directly to the load side, npc_pc par is the efficiency of the converter,
and i} 4y (t) is the current flowing from the battery branch.
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Figure 26. Battery semi-active hybrid topology [71].

e (Capacitor semi-active hybrid, Figure 27: the converter is between the capacitor and the load, with
the battery directly connected with the load, npc_pcyc is the efficiency of the converter,
i pyn(t) is the current flowing from the capacitor branch and vy (t) is the capacitor nominal
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Figure 27. Capacitor semi-active hybrid topology [71].

In [70], a comparison between active parallel and series configurations is carried out. It is
shown that active hybrids that use two DC-DC converters in series solve problems for
capacitors but have a lower global efficiency and they need to add a full-rating DC-DC converter.
On the other side, a parallel configuration has other advantages. It solves problems for battery
and capacitors but introduces one DC-DC converter rated at average power and one rated at
maximum power bringing complexity, control effort and additional losses.

[69] shows that active configurations can guarantee good results for cost saving, since small
size capacitors are linked to low costs for power electronics. Still, energy losses in DC-DC
converters are usually the main part of the total HESS energy losses [75]. On the other side, a
passive parallel configuration allows to work with less electronics and control circuitry,
reducing the overall energy, and power density [70,76]. A configuration of this kind cannot be
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actively controlled. Moreover, it limits the usable energy of the capacitors, as their voltage must
be equal to the battery’s terminal one, reducing the system flexibility.

As explained in [77], the topology of passive HESS is simple, and saving one or two high-power
DC-DC converters will save significant cost for the EV or HEV system. Furthermore, passive
HESS performance can be easily improved by choosing capacitors with larger capacitance and
smaller internal resistance as it is also shown in [74,78,79]. With the fast development of the
capacitor’s technology in industry, optimizing the battery and capacitor parameters of passive
HESS is a feasible way to improve HESS performance. More importantly, simulation research
has been done in [78] showing that passive HESS has a higher energy efficiency than active
HESS. For the above reasons, passive HESS still has a great application potential in EVs and
HEVs.

The various configurations have their own advantages and disadvantages. As described in [71],
the passive hybrid is the simplest and cheapest technology, the fully active hybrid gives the best
performance, compromising cost and simplicity, and the semi-active hybrid is a trade-off
between performance and the circuit complexity and price.

The work done in [12,74] shows how the modeling of a DC/DC converter could be carried out,
while the indications in [71] lead to a simpler model that is preferred for our application. Also,
[80] explains how fixed ratio DC-DC converters can lower power dissipation, cut costs, and save
size, while [81] shows how fixed ratio DC-DCs can be optimized for high efficiency, and it
illustrates some specific applications. In [82] fixed-ratio DC-DCs are adopted to satisfy the need
for high power and high efficiency systems. So, the introduction of a fixed ratio DC-DC could
guarantee comparable performance, saving complexity. The presence of the DC-DC converter
allows to control the system guaranteeing high flexibility.

In recent years, researchers have explored various EMSs for the HESSs, which can be divided in
online and offline strategies [14,83,84]. The online strategies can be easily implemented in real-
world controllers, but generally do not achieve optimal results. In comparison, offline strategies
can achieve a globally optimal performance, but they cannot be introduced in real-time
applications due to the long computational time, high memory resources requirement, and
complete knowledge of the driving conditions [85].

Some common techniques reported in literature for designing an online EMS include rule-based
[86], fuzzy logic [87,88], filtering [87]. [75,89] show a way to control the DC/DC converter with
an online strategy aiming to a real-time oriented application.

Offline techniques as dynamic programming can be used as a benchmark for optimal
performance as in [90]. Other optimization-based EMSs are related to the use of neural
networks-based algorithms [91,92] or reinforcement learning [93,94]. To cover the gap
between offline optimization and online application, also model predictive control-based
strategies could be introduced as in [95]. The current document focuses on real-time oriented
models, that must be compatible with the implementation in the control unit on the real car.

This makes rule-based and, more in general, online strategies fit for our application.
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The hybrid powertrains need to be completed with the introduction of EMs, in particular [5,15]
propose a complete analysis of their proper functioning, while [16] proposes a map based
approach.

2.2. Research Project Contribution

The current research project starts from the study of an experimentally validated super sport
car model and introduces hybrid components to modify the model, making it possible to power
the wheels both through the ICE and the EMs, as shown in Figure 2 and Figure 5. The
introduction of a hybrid powertrain makes the super sport car’s model a powerful concept tool
for the vehicle development.

The first vehicle that has been modeled is a Lamborghini Aventador, based on the
considerations introduced in 1. The vehicle has been experimentally tested on the chassis
dynamometer to determine the rolling resistances, so the rolling resistance model from 1.6.1
has been adopted in the simulations. The conventional Lamborghini Aventador is an all-wheel
drive car.

The first target of the research project is to improve the behavior of the conventional vehicle
during gear shifts. As in [52,53], a torque fill strategy based on a hybrid powertrain is chosen,
but differently from common electric hybrid powertrains, LiCs are introduced in the system to
guarantee the required power at the right time due to their characteristics. This solution
follows the electrification path but also targets a comfort and performance improvement of the
conventional vehicle.

The innovative aspect of the hybrid configuration is represented by the usage of LiCs as the
main energy storage system, a high-power density system that differs from the typical energy
storage systems adopted on passenger cars.

The work done in [5,66] is taken into account for the LiC modeling. Capacitors are studied in
detail, and an experimental campaign on industrial capacitors leads the modeling activity as the
choice to work with a simple resistance-capacitor model is justified.

With respect to this first vehicle configuration a single EM is introduced in P3 position, and it
has been modeled through a map-based approach as in [16]. The maps are provided by the
suppliers of the EM, and they will work with torque request, RPMs, and voltage as inputs, while
the output will be a current request to the LiCs’ model. This will be explained more in detail in
the following chapters.

The second vehicle that has been modeled is a Lamborghini Aventador SV]. The vehicle is very
similar to the previous one, in any case some elements need to be updated, like the engine map
and the resistances. In fact, the coast-down model is chosen for this kind of vehicle since no
specific tests have been carried out on the resistances in the manner of 1.6.1, while
experimental data from coast-down testing are available. The conventional Lamborghini
Aventador SV] is an all-wheel drive car, as the Lamborghini Aventador.
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The hybrid powertrain is here enriched by another EM, making the vehicle model more
complex. The presence of multiple EMs allows to increase the degree of hybridization and to
increase the functionalities of the vehicle. Moreover, it is possible to change the position of the
EMs with respect to the rest of the powertrain exploring a variety of possible configurations
and analyzing their impact on the vehicle’s performance. The configurations that will be
explored are P3-P4 and P2-P4.

The focus of this second activity is more related to the hybrid powertrain control strategies. At
first, the control strategy model is based on a Rule Based Strategy (RBS), which will target lower
fuel consumption results through control rules. Afterwards, an Equivalent Consumption
Minimization Strategy (ECMS) is implemented [11,14,16].

The validated model has then been used to develop control strategies aimed at increasing
comfort and performance, but also to expand the hybrid system capabilities by widening the
LiC working range, and to study the possibility of implementing CO2 reduction-oriented control
functions. These topics are explained in detail in the section Control Strategies.

As this second configuration takes into account various EMs, the positioning introduced in [15]
and Figure 5 is adopted. P3-P4 and P2-P4 configurations have in fact been considered.

The energy storage system continues to be a uniquely LiC-based one and the current work aims
to explore the capabilities of the hybrid vehicle, by targeting not only performance and comfort,
but also fuel economy.

The EMs that are introduced on the second vehicle are different from the EM introduced in P3
position in the first vehicle configuration. So, the EMs’ maps are updated with data coming from
an experimental campaign run by the suppliers. The output of these maps will be a power
request to the LiCs’ model. As the input of the LiCs’ model changes, the LiCs’ model itself is
modified to fit the new requirement. The modeling activity is based on [19].

The innovative choice to focus on capacitors instead of batteries is due to the nature of the
vehicle that is studied. The research project is in fact based on the study of a super sport car
that because of its characteristics has high demands of power as well as energy. Therefore, it is
decided to deepen the possibilities offered by storage systems that aim mainly at high power
density, bearing in mind the need to improve their energy potential [54-56]. This choice is
particularly suited for performance but requires efforts on the system’s control to target fuel
economy.

Following this path, the third configuration that is analyzed maintains the second vehicle
configuration that has been previously studied but focuses on the improvements achievable
through modifications on the energy storage system. Instead of working with a single energy
storage system (LiCs or batteries), the possibility to combine both in a single system is explored.
The activity starting point is the work presented in [74].
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At first, a Lithium-Ion Battery is modeled according to [16]. The modeling activity is based on
experimental data and the model is validated.

A passive HESS configuration is studied, and its theoretical behavior is deepened as in [74,79].
The system could significantly level the peak current of the batteries and reduce the battery
voltage drop, consisting of a simple solution to be introduced on a vehicle. The analysis
guarantees a complete understanding of the system’s behavior and can serve as the basis for
the evaluation of new concepts.

Later, the passive HESS is introduced in the complete vehicle model for a P2-P4 configuration,
to power a hybrid powertrain and analyze its performance on a WLTC Class 3b. The control
strategies that are chosen to power the vehicle are an RBS and an ECMS.

Then, a semi-active configuration is modeled as it guarantees greater control and flexibility.
This solution allows to fully use the capacitors’ energy and to actively control the system. The
DC-DC converter could be modeled according to the work done in [12,74], but that level of
accuracy is not needed at this point of the work. So, the indications in [71] are followed and a
simpler system is modeled.

The DC-DC converter control is based on the work done in [75,89], where the average power
load is determined and sent to the battery, while the peak power request is satisfied by the LiCs.
This allows to achieve a nearly constant battery current, to guarantee performance improving.

At last, a fixed ratio DC-DC will be introduced. As it will be explained in the following chapters,
the control strategy for this converter aims to maintain the battery terminal voltage equal to
the load voltage. This should guarantee comparable performance, saving complexity. [80]
explains how fixed ratio DC-DC can lower power dissipation, cut costs, and save size. Later, the
semi-active HESS is introduced into the complete vehicle model, and it is simulated on a WLTC
Class 3b.

Both the control strategies are modeled with MATLAB/Simulink, and they are eventually
simulated on the full vehicle model. The simulations’ results are compared with the ones
obtained for a conventional vehicle and the ones obtained for a hybrid vehicle whose energy
storage system is based only on capacitors.

This allows to understand the benefits of the hybrid storage system with respect to a
conventional powertrain or a hybrid powertrain with an energy storage exclusively based on
capacitors.

At last, the semi-active configuration is tested for performance. In particular, a HESS is
specifically designed to achieve full energy recuperation during a 200-0 km/h braking and then
the hybrid powertrain is tested for a 0-200 km/h acceleration.

The analysis brings interesting considerations as the combined system is introduced into the
vehicle model and its impact on emission cycles can be studied. HESS have been studied in small

scale applications [74] or in limited configurations [79], but in our case, the work is directly run
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on a large scale by combining the single systems in a configuration that reaches a voltage high
enough to be fitted on a real super sport car. This way, the impact on the vehicle’s performance
and fuel economy can be determined.

2.3. First Configuration, single EM LiC-based

The EM is introduced in P3 position with the main target to provide torque to the wheels during
the gear shifts. This feature could mainly guarantee performance and comfort enhancement,
especially at low loads and speeds as it can be seen in Figure 28, where a comparison between
the traction force of a conventional Aventador and the hybrid configuration is evaluated. The
net electric traction force value that is shown in Figure 28, indicates the force that can be given
to the wheels by the EM. This solution reduces the gap between single clutch transmissions and
Dual Clutch Transmission.
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Figure 28. Normalized traction force diagram for Lamborghini Aventador with various gears inserted.

Figure 28 shows with continuous curves the traction force that is given to the wheels by the ICE
at various gears inserted. The dotted curves, on the other side, are given by the sum of the
continuous lines and the electric contribution.

The EM that is fitted on this vehicle is a traction machine working at 48V, so the energy storage
system is dimensioned to work at the same rated voltage. To this aim, the LiC cells which
compose the energy accumulation system are arranged in a 14s2p configuration, connected to
the EM.

As explained in the Introduction, the 14 cells in series allow to achieve the rated voltage of 48V,
as the voltage of the pack is the sum of the single cell voltages in series. On the other side, the
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decision to work with a 2 parallel configuration allows to increase the capacitance of the pack
while reducing the equivalent resistance. This leads to lower energy losses due to heating.
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Figure 29. Hybrid powertrain configuration with single EM.

Moreover, a control strategy with a comfort and performance target is introduced in the model.
The control strategy is the same introduced on the real vehicle, so every modification can be
immediately tested on the road. With the introduction of a control strategy, the LiCs’ energy can
be managed in the best way, to also respect the technology voltage limits. Moreover, a good
energy management can guarantee the chance to make a proper use of the technology,
activating, for example, functions as energy recuperation or boost.

The hybrid strategy can activate the EM with four main functions and is further analyzed later
to evaluate their impact on the hybrid performance and on fuel economy through simulation
comparisons:

e Torque fill, during upshifts,
e Recuperation, if the SoC is too low,
o Electric Boost, in kickdown (accelerator pedal completely pressed) conditions,

e Creeping Function, capable of moving the car at low speeds in full electric if first or reverse gear
are engaged.

Fuel economy improvements are not easy to obtain with this kind of application, in fact, the
vehicle is characterized by a V12 engine, with a very large displacement that implies high CO2
and fuel consumption values, as all super sport cars do. Moreover, both the hybrid P3
architecture and the LiC energy source have been designed to fulfill comfort and performance
targets, rather than fuel economy reduction.
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The main components of the electric hybrid system are the EM, the Inverter and the LiC
accumulation system. These components have been modeled and integrated into the Simulink
model, as shown in the following paragraphs.

231. EM
The EM and Inverter models are based on experimental results provided by the suppliers, as a
single black-box model. The EM’s map has torque request, rotational speed, and pack voltage
as inputs, while the current request is the output.

The torque request comes from the hybrid control strategy, and it depends on the control
functions that are activated. In particular, for the first vehicle configuration the torque request
will mainly come from the covering of the torque gap during gear shifts and from energy
recuperation during braking.
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Figure 30. Electric motor maximum torque with respect to motor speed.

The EM is a permanent magnet EM, with a maximum power of 25 kW and a maximum speed of
24000 RPM, designed to provide a better performance during acceleration and gear shifting.
The choice of the EM is also linked to the fulfillment of the stringent dimensional constraints.

2.3.2. Lithium-lon Capacitor Model
In Figure 31, a first approach to the description of the LiC behavior is shown.
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Figure 31. Lithium-lon capacitor scheme.

The scheme is simple, representing only a series resistance Rs and a capacitance C. The leakage
resistance R.is added to describe in greater detail the operation of the component but could be
omitted without losing too much in accuracy. In actual operation, in fact, the leakage current is
usually very small [5].

According to Figure 31 the terminal voltage V; is:
Ve=Ve—1-R

XV

V. is the internal voltage and i is the flowing current.

Taking into account some basic knowledge on capacitors [5], if C is the capacitance, i; is the
leaking current and R; is the leakage resistance, the following relationships hold:

dv, i+
dt ¢
XVI
.
L = RL
XVII
dv; V. i
dt C-R, C
XVIII
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Figure 32 shows the model of LiC that has been integrated in the vehicle model, where the
current request [A] coming from the EM is the input and the terminal voltage [V] is the output.
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Figure 32. Lithium-lon capacitor model.

Some state parameters that will be later used to describe the capacitor, are the state of charge
(SoC) and the stored energy. The SoC [%] of a pack of capacitors at terminal voltage V,
minimum voltage V,,;,, maximum voltage V,,,,, is equal to:

V.2 = Voin”
SoC = (%) 100

max Vmin
XIX

The energy stored E.qp, [/] for a capacitor of capacitance C, minimum voltage V;,;,, internal
voltage V,, is equal to:

1
= C- (ch - Vminz)

Ecap = 2

XX

Differently from our Resistor-Capacitor (RC) scheme, the configuration adopted in [66] is
instead made of three main capacitance terms, that refer respectively to fast, medium, and slow
transients, where the medium and long transients’ effects can be noticed over respectively 100
sand 1200 s at null current.

To better understand whether the initial scheme of Figure 31 needed to be further developed,
a detailed analysis of industrial capacitors from different suppliers has been carried out, since
those are the ones used on the vehicle. The various capacitance values have been calculated
according to Zubieta and Bonert model [66] and it has been observed that, for industrial

capacitors, the term linked to fast transients has the highest values, as it can be seen in Figure
33.
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In particular, the fast, medium, and slow capacitance values for two different industrial
capacitors have been divided by the corresponding total capacitance. The percentage value for
the medium and slow terms is negligible if compared to the fast term.

First Supplier Second Supplier
3% 1%
i 3% o

M Fast

B Medium

Slow

Figure 33. Comparison between two different industrial capacitors.

Moreover, for road applications on HEVs, there is always a power request that varies
frequently. So, the LiCs will be almost always kept active, charging, or discharging. For this
reason, effects associated with medium and slow transients are not visible since they would
require a long resting time of the capacitor at null current. Due to these motivations, these terms
are negligible and the choice to work with a single RC circuit branch is justified. The validation
is run through experimental data from a road test. Hereafter the procedure is shown.

Terminal
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Figure 34. LiC model validation starting from experimental current.
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Figure 35. Normalized experimental current profile.

The voltage comparison is shown in Figure 36.
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Figure 36. Experimental and simulated voltage comparison.
The graph shows that the simulated voltage trend is close to the experimental one, with a root

mean square error of 0.2 V. The results obtained show that the LiC model is reliable.

2.4. Second Configuration, 2 EMs LiC-based

Secondly, a concept for a Lamborghini Aventador SV] with two EMs is analyzed and
implemented in the simulation environment. The EMs parallel configurations that are analyzed
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are represented by the P3-P4 and P2-P4 positions, as shown in Figure 37. The P4 EM is placed
at the front axle, while the rear EM (P2 or P3) is directly coupled with the gearbox. In both cases,
the hybrid system can directly power the wheels if requested. For every EM, a proper
transmission ratio was designed that could fit the desired speed range.

Figure 37 shows the EMs that are mechanically connected to the shafts. The gear ratios will be
dimensioned to keep the motors connected until certain target speeds. The P4 front EM will be
disengaged at 190km/h, while the rear EMs will disengage at the vehicle's maximum speed,
approximately equal to 350km/h. Thus, they will be able to cover the complete speed range of
the vehicle.

As shown in Figure 37, the resulting hybrid Lamborghini Aventador SV] will be a 4-wheel drive
(4WD) vehicle where the front wheels are powered exclusively through the P4 EM that is
mechanically connected to the front axle.
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Figure 37. Hybrid powertrain with multiple EMs.

The energy storage system that is evaluated is uniquely based on LiCs. This concept focuses on
fuel economy optimization specifically designed for a LiC-based energy storage system, as a
new strategy is modeled to take the benefits of the system’s characteristics. The application is
innovative also for the kind of functions implemented that are usually satisfied through high
energy systems [8-10], while in this study, they are destined to a lower energy content system.

As we pointed out before, fuel economy is not easy to improve with this kind of application. In
fact, the vehicle is characterized by a V12 engine [96], with a large displacement and high CO2
emissions and fuel consumption values, as all super sport cars do.

The EMs account for a power and torque that are strongly inferior to the one expressed by the
ICE (approximately 15%). Consequently, their impact on the performance and on fuel economy
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is expected to be small, and the percentage of improvements on fuel economy are expected to
be quite low. Various hybrid powertrain configurations will be analyzed, and the simulated
results will be reported as a comparison between the conventional vehicle and the hybrid
configurations.

With the introduction of a control strategy, the electric energy can be managed in the best way
to guarantee fuel economy. Moreover, a control strategy is required to respect the technology
voltage limits. Also, energy management can guarantee the proper use of the available
technology, activating control functions such as energy recuperation or boost.

The masses of the hybrid components will be added in the simulation, and the LiC-based hybrid
vehicle is considered to weigh 57kg more than the conventional one.

2.4.1. Transmission Ratios

The EMs mechanical connections are dimensioned with reference to the maximum admissible
speed established in the project design phase. As already mentioned, the transmission ratios
are dimensioned to guarantee front electric traction and recuperation until 190km/h, when the
front EM in P4 position is detached. On the other hand, the P2-P3 EMs will be detached at
maximum speed, and they will be able to power the rear wheels over the complete speed
vehicle range. These target speed values are compared to the maximum EM speed, equal to
24,000 RPM, and the transmission ratio are determined (Table 4).

Table 4. Transmission ratios for EM connections.

Configuration Transmission Ratio
Front P4 4.8
Rear P3 3.2
Rear P2 2.84

Since the P2 configuration is positioned at the primary gearbox shaft, the transmission ratio
value will be determined keeping into account the gearbox gear ratios. The chosen value will
guarantee an EM speed below 24,000 RPM for any inserted gear.

242. EMs
The EMs models are based on experimental maps that keep into account the contribution of the
single EM and the inverter associated with it. Their contribution is described by black-box
models based on the results of experimental campaigns run by the suppliers. The two EMs that
are introduced in the second vehicle configuration are the same as each other.

The EMs’ maps have torque request, rotational speed, and pack voltage as inputs, while the
power request is the output. The torque request comes from the hybrid control strategy, and it
depends on the control functions that are activated. In particular, for the second vehicle
configuration the torque request will mainly come from an electric traction request and from
energy recuperation during braking.
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All the EMs are assumed to be identical. Every EM guarantees a maximum torque of 68 Nm and
a maximum power of 65 kW. The EMs can run up to 24,000 RPM.

2.4.3. Lithium-lon Capacitor Model

Differently from the first configuration, the EMs here will output a power request instead of a
current’s one. So, the LiC model is adapted to have a power input instead of a current input. The
scheme that is taken into account is the same seen in Figure 31. The scheme is simple,
representing only a series resistance R and a capacitance C [5]. As already explained, the
leakage resistance R; allows to describe a more detailed model but could be omitted without
losing too much in accuracy. Defining Qg. the charge stored within the LiC, and C the
capacitance, the voltage V. can be calculated as follows:

_ Usc
¢ C
XXI

According to Kirchhoff’s rule, the terminal power is given by:

=1i-(Rs" l+%)

XXI

Thus, the current i can be determined as [14]:
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Figure 39 shows the model of LiC that has been integrated in the vehicle model, where the
power [W] is the input and the terminal voltage [V] and the current flow [A] are the outputs.
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Figure 39. Lithium-lon capacitor model.

As already explained, the LiC model could be more complicated and detailed, reproducing a
wider range of phenomena, but that level of detail is not strictly needed for automotive control-
oriented applications. Moreover, the choice to work with a single RC circuit branch was justified
before.

Eventually, the model that is described in Figure 39 is based on the same scheme and equations
of the model from Figure 32. Therefore, the model is considered reliable due to the validation
of the model that was made in Figure 35 and Figure 36.

The two EMs fitted on the vehicle express a maximum power of 130 kW. The LiCs are
dimensioned to reach that power value, and that is possible thanks to a 60s1p (60 series cells
and 1 parallel string) configuration that stores 0.26 kWh.

The working voltage of the LiCs’ pack spans from a minimum voltage of 132 V to a maximum
voltage of 228 V, depending on the SoC of the capacitor. As it has been explained in the
Introduction, the voltage of the pack is the sum of the single cells’ voltages in series
configuration.

2.5. Third Configuration, 2 EMs HESS-based

The third configuration that has been analyzed is still based on a Lamborghini Aventador SV],
with the introduction of two EMs in P2-P4 position and the introduction of a HESS. When
speaking of hybrid electric vehicles, the electrical energy source often consists of a chemical
battery (for example lithium-ion based), or, as we have seen, capacitors.

The current chapter analyzes the possibility to hybridize the electrical energy source, by
combining batteries and capacitors. As shown in Figure 23, the Ragone plot illustrates how
different energy storage technologies relate one to another. The idea that is explored is the
design of a HESS capable of combining two different technologies to enhance the strengths and
peculiarities, while compensating for the disadvantages of the single systems.
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A HESS made of a Lithium-Ion Batteries and LiCs is chosen, where the battery can cover the
average power request and the capacitors can cover the peak power request. This leads to a
system smaller in weight and size than if the battery or the LiCs alone were the energy storage
[5]. This chapter analyzes the possibility to implement a passive or semi-active HESS on an
already existing longitudinal dynamics vehicle model to evaluate the powertrain’s
performance.

The vehicle model that is now adopted is the same of the second vehicle configuration but
considering only the EMs in P2-P4 configuration. Differently from the previous studies, the
main contribution of this work is represented by the deepening on the energy storage systems.
The fuel economy optimization will be one of the assessment parameters and the vehicle model
will serve as the basis of the activity.

2.5.1. Lithium-lon Capacitor Model
The LiC model is based on the ones introduced and validated in 2.3.2. The scheme is made of a
series resistance and a capacitance, making the model simple but accurate enough to reproduce
the real behavior, as shown in Figure 40.
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Figure 40. Lithium- lon capacitor simplified scheme.

Because of the same reasoning done in 2.4.3, the model reproduces the behavior of a 60s1p (60
series and 1 parallel string) that stores 0.26 kWh and could reach over 130 kW of power,
satisfying the power request of the EMs. The working voltage spans from 132 V to 228 V.

2.5.2. Lithium-lon Battery Model
The Li-lon Battery model is a double polarization (DP) [16] model, made of two RC branches
and an internal resistance, as shown in Figure 41.
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The decision to work with a DP battery model allows to accurately describe the
charge/discharge phenomena. The first RC branch is associated with short transients, while the
second one is associated with long transients.

The following equations describe the control-oriented battery model, where V) ;. is the voltage
at the battery terminals, I, is the current flowing through the battery, V. represents the
Open Circuit Voltage, while the Rg..;.s term indicates the equivalent series resistance and
reproduces the sudden effects of a current variation. Vs and V; respectively indicate the short
and long transient voltages, and Rgpore, Csnorts Riongs Ciong refer to their resistance and

capacitance:
Vi = Voc — Rseries * Ipace — Vs — Vi,

XXIV

% _ Vs + Ipatt

dt Rshort * Cshort  Cshort
XXV

dv, _ 43 + Ipatt

dt Riong " Ciong ~ Ciong

XXVI
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Figure 42. Battery Simulink model.

The state parameters of the battery are the capacity and the SoC. The capacity of a battery is the
amount of electric charge that the battery can store, it depends on the discharge conditions
because of the chemical reactions happening within the cells.

For a battery pack characterized by a nominal capacity C [Ah] and starting from SoC,, the SoC
can be calculated as follows at a generic instant ¢, where i is the current flowing in the pack:
[Fide

0
=100
C

SoC = SoCy —

XXVII

The energy stored in the battery Ej,: [kWh] can be calculated at a generic instant if the
nominal capacity C, the voltage V. and the SoC are known:

Ebatt = SOC . C ' VOC
XXVIII

The battery cell has been modeled starting from the experimental testing of a 21700-battery
cell (Molicel, INR-21700-P42A) [97].

The battery cell has been experimentally tested through a Pulsed Discharge Test (PDT), shown
in Figure 43, to determine its main parameters. The PDT performs the discharge of the battery
with discontinuous current, allowing rest time at the end of the current steps (current goes
back to 0 A). The rest time is needed to reproduce the cell “relaxation” [98,99] and to study the
battery behavior during transients.
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Figure 43. PDT current profile.

The experimental tests take the PDT current shown in Figure 43 as an input and measure the
battery voltage variations, that are then reported in Figure 44 under the label ‘Experimental’.
The study of the voltage profile of the battery allows to determine the parameters needed to
complete the battery model, as in [99]. Once the parameters are known and the battery model
is complete, it is tested by running a simulation with the current input of Figure 43. This
simulation leads to a terminal battery voltage that is reported in Figure 44 under the label
‘Simulated’.
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Figure 44. Experimental and simulated terminal battery voltage.
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Figure 44 shows that the simulated voltage trend is close to the experimental one, with a root
mean square error of 0.07 V. The biggest difference is registered at low voltage when the system
reaches its lower limits.

The battery parameters depend on the SoC of the battery pack. However, this dependency is
relevant only at very low SoC as it can be seen in Figure 44, where the system will not work
during simulations for safety reasons. So, the dependency on SoC is omitted. The battery is also
considered to work at ambient temperature, that is maintained constant during simulations,
meaning that also the temperature dependency of the parameters is not included in this work.
For these reasons, the battery model is considered reliable and faithful to the real functioning
of the system in its field of use.

2.5.3. Passive Hybrid Energy Storage System
The first hybrid energy storage considered in this part of the research project is a parallel
passive hybrid, that follows the scheme of Figure 45.
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Figure 45. HESS passive scheme.

As explained in 2.4.3 the LiCs are dimensioned to satisfy the power request of the EMs. The first
hybrid configuration that is here explained sees the introduction of the battery pack in parallel
with the LiCs. Therefore, it will be dimensioned to guarantee a similar voltage range by choosing
a proper number of cells in series configuration.

With respect to the number of parallels, the decision is to work with a single branch, since
increasing the number of branches in parallel configuration would lead to an increase in the
weight and size of the hybrid pack. The current hybrid pack application is destined to a super
sport car and needs to respect stringent limits on size and weight.

Therefore, the battery configuration that has been chosen is a 54s1p (54 series and 1 parallel

string) that stores 0.79 kWh and could reach approx. 9 KW of power in discharge phase and

approx. 0.8 kW in charge phase. The working voltage spans from a minimum working voltage

of 160 V to a maximum voltage of 226 V. The maximum discharge current for a single cell is 45
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A, while the charge current is equal to -4.2A. The energy contribution of the batteries is three
times the one of the LiCs.

The components of the passive hybrid system have been previously described, but the passive
hybrid energy storage system needs a deep analysis itself since complexity arises by combining
the two systems in parallel. A preliminary analysis is carried out on a simplified system. So,
assuming that the battery can be modeled as a single voltage generator and a series resistance,
the scheme will be the one in Figure 46:
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Figure 46. HESS passive simplified equivalent circuit.

As it has been done in [74,78], the circuit is transformed at first in the frequency domain, as it
is seen in Figure 47.
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Figure 47. HESS passive circuit in Laplace domain.

This is done by using the Laplace transform, where the current i, flowing through the capacitor
can be transformed given an initial capacitor voltage V:
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v, I(s) V,
i, = Cd—tc—>lc(s) = sCV, — CV,o — V(s) =%+f"

XXIX

According to the Kirchhoff's voltage and current rules:

Ic(s) + Iy (s) = Io(s)

XXX
Ve A
Vo(s) = % + 1.(S)R. + IC(S)E =5 + I,(S)R,

XXXI

Then, the Thevenin-equivalent circuit is derived as it can be seen in Figure 48.
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Figure 48. HESS passive Thevenin equivalent circuit.

To describe the outputload voltage expressed as V;in Figure 46, the Thevenin-equivalent circuit
is derived. The output voltage in Laplace domain V,(s) is found analyzing the circuit in open
circuit condition. The current I.(s) = I,(s) = I(s) circulates in closed loop so:

L I(s)R, — I(s)R, — I 1 _Ye
s S8 e =150 ™
XXX
vV, —V
S(Rb +RC +E)
XXX

The Thevenin equivalent voltage V;;,(s) can be obtained:
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V. 1
Vth(s) = T + I(S)RC + I(S)E

XXXIV

Substituting XXXIII into XXXIV, we obtain:

%4 Vy =V 1
Ven(s) =+ S Re+ D)
s(Ry+ R +3¢)
XXXV
That can be simplified as:
R, sta Ry 1
% = + %
n(s) R,+R. °s(s+B) R,+R. s+p
XXXVI
RyR, s+a
VA =
() = R RSB
XXXVII

Where V;;, and Z;, are respectively the Thevenin equivalent voltage and the Thevenin
equivalent impedance, s is the complex frequency, R, and R, are the capacitor and battery
resistances and V), is the battery voltage. The capacitor with non-zero initial conditions has been
replaced in the Laplace domain by an uncharged capacitor in series with a step-function voltage
source with amplitude V,,, and:

"= 1
R.C,
XXXVIHI
1
=&, +ROC.
XXXIX

Eventually, a real load could be applied, however for an analytical approach an ideal pulsed
square load is applied. This allows to capture the fundamental characteristics and the behavior
of the system. The pulsed load current has a period T, pulse duty ratio D and it can be expressed
for the first N pulses as:

N-1
iy (D) = I, Z [®(t — kT) — (t — (k + D)T)]
k=0

XL
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Where I, is the amplitude of the current and ®(t) is a unit step function at t = 0. In the
frequency domain:

1 1 U3 ks o-(k+D)Ts
o(8) = Ip ) [—————]
k=0
XL
With an average value of
IL = DIO

XL

The inverse Laplace transform of the Thevenin voltage source XXXVI is:

Ry
Ry + R,

Ve (t) =V + (Voo — Vi) -e7Pt

XL

Where the second term is related to the energy distribution between the capacitor and the
battery at the beginning of the discharge. For the given load, the internal voltage drop V;(s) is:

Vi(s) = Zplo(s)
XLIV

For the chosen current waveform, we have:

N-1

Ry —B(t- Ry —B(t—
v;(t) = Ryl Z{(1 “RIR® Bt kT)) - d(t — kT) — (1 AR B(t (k+D)T)>
k=0 ¢ ¢

- o(t — (k + D)T)}

XLV
And the output voltage becomes:

Vo(s) = Vin(s) = Vi(s)
XLVI

vo(8) = ven(8) — vi(t)
XLVII

The currents of the battery and supercapacitors are:

1
ip(t) = R_b Vp — 10 (1))
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XLVINI
ic(t) =io(t) — ip (1)
XLIX

This analysis is carried on with respect to the steady-state performance, so when the capacitor
and battery voltage are equal.

Vy = Veo
L
This leads to:
N-1 R R
. b —B(t— b —B(t—
ipss(t) =1 Z{(1 - e BC kT))-cb(t—kT) — (1 ——— e BC <k+D>T))
PR Ry R, Ry +Re

.ot — (k + D)T)}
LI

Combining XLIX with XL and LI, we obtain:

N-1
(e PEKD . (¢t — kT) — e BEE+DID . (¢ — (k + D)T)}

ic,ss(t) =

Li

Peak Performance
The target is now to simulate the battery behavior to determine the current peak, that occurs
at the end of the pulse load:

t=(k+D)T
LIl
The battery peak current becomes, for N — oo:

Rb e—BDT(l _ e—B(l—D)T))
"R, +R, 1— e BT

10
Ib,peak =1 <1 > = 10(1 - {c) = ?

LIV

(. is the current sharing factor and y is the power enhancement factor. This means that without
a capacitor, the battery would have to meet the peak load by itself, while the hybrid system can
supply a higher load than the battery itself. If I, ;;.4 is the rated current for the battery, the new
possible load current of the hybrid system can be expressed as:

Iy =¥ Lratea
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LV
And the instantaneous peak power becomes:

Ppeak =10Vy =V LateaVp =V * Pratea

LVI

The presence of the capacitor allows to make the power enhancement factor larger than one.

Considering the eigen frequency of our system for a simplified model R, = 1.40 Ohm, R, =
0.06 Ohm and C, = 55 F:

1
ijgen = —————=0.012 H
Jeioen = R, + RIC ?

LviI

The power enhancement dependency on frequency and duty cycle is plotted in Figure 49:
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Figure 49. Peak power enhancement dependency on the duty cycle D.

As the frequency grows and becomes way higher than the eigen frequency, the power
enhancement reaches a limit close to that of 10f.;4e,. On the other side, the maximum

theoretical possible enhancement of output power could be increased 24.4 times the output
power of the battery-alone system, as we can obtain for the case of D = 0.

By lowering the internal resistance, the capacitor is going to give reduced power losses, since
it covers a significant share of the output current.
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Another important information that can be carried out from this analysis is that a passive HESS
is not capable of delivering the complete capacitor range of power, reducing the flexibility of
the system if compared with a capacitor-only energy storage.

Power Saving

Since the capacitors take a high share of current, the losses depend also on their internal
resistance, that is usually lower than that of batteries. This results in lower power losses. The
analysis can be carried out determining the internal power losses of the hybrid system and
introducing a power saving factor. Considering the battery system, the average power of the
load pulse train with amplitude V,, and duty cycle D applied over the load resistance R results
in:

Vo> = _ Vorms’

P = —
0,average R R

LviI

The root mean square load current is:

= 10\/5

I 0,rms
LIX

Since the battery here meets the load by itself, I ;ns = Ip yms. The total power drawn from the
battery and transferred to the load is:

R,,\/ﬁlo)

Po = Vlorms = Roloyms” = Vp¥Dlo = RyDI” = VyVDIo(1 ——-
LX

Since the output voltage of the battery V}, 4, is the internal voltage V;, minus the voltage drop
across the resistance Ry:

R VDI,
Vb,out =V,(1- % )
b
LXI
Py = Vb,outlo,rms
LXII

And the internal power losses are:

Pi,b = RbIO,rms

LXII
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The root mean square values for the battery and supercapacitor currents when connected
together are determined in [74,78]:

1 (n+1)T
Ib,rms = Tf [ib,ss,nth]zdt = \/BIOA(D'T)
nT

LXIV

/1_\/1+ R, 2(1-e-BDT) (1—e—BDT_ 1)+( Rp oy (ePPT—1)(1—e~B(1-D)T)

Rp+R. BDT 1—e~BT Rp+R. BDT(1—e~BT)
LXV
1 (n+1)T
Ierms = Fj [ic,ss,nth]zdt = \/EIOH(D' T)
nT
LXVI
R, ,ePPT —efT —1 4 eBf-DIT)
w= |Gr) BDT(1 — efT)
LXVII

The total internal power loss of the hybrid system can be expressed as:

R
Purytria = Rolorms” + Relorms® = RoDIy® (12 + 242) = RyDI*(1 = £)

LXVII

And the power saving factor is defined as:

R
€= 1—(/12+—C/12)
Ry

LXIX

Figure 50 shows the dependency of the power saving factor with respect to the duty cycle D.
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Figure 50. Power saving dependency on the duty cycle D.
If D goes to 1, we approach a constant current and the savings become equal to zero, while the

theoretical maximum power saving is given by D — 0:

lim e = Ry
po0° R, + R,

LXX

Run Time Extension
The analysis can be concluded looking at the total energy saved by the hybrid system:

AW =W;p — Wi nybria = RbDIOZTb - RbDloz(1 - S)Thybrid
LXXI

Where Tpyprig is the total run time of the hybrid system, while 7, is the total run time of the

battery-alone system (assuming it can run to 100% depth of discharge). The saved energy could
be formulated as:

AW = P,At
LXXII

Where P, is the output power from the system and At = Tj,,4q — Tp is the extended run time

extension of the system due to the reduced losses. The output hybrid energy is also expressed
as:

Wo = PoThybria = Wiotar = Winybria = VyVDIyty — RpDIo* (1 — €)Thybrid
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LXXIHI

Combining the equations LXXIII and LXXI in LXXII:

AT_ eVDé§
Tp B 1—eVD6

LXXIV

Where § = %. When R, = 0 the internal voltage drop is zero and the time extended becomes
b

zero because there is no dissipation. On the other side, when the load increases, the dissipation
increases and so does 6. If § is fixed, once the load is known, the run time extension could be
evaluated under the variation of D and ¢ (which depends on D and on the system frequency),
as shown in Figure 51.
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Figure 51. Run time extension dependency on the duty cycle D and on 6.

For D — 0 the run time extension is zero, while the power saving, and the peak power
enhancement have a maximum. This is because the system is not utilized when the current is
Zero.

The run time extension goes to zero also when D goes to 1, since the situation is one of constant
current and the capacitor is not utilized. The run time extension maximum depends also on the
frequency of the pulse load and as the frequency becomes lower, the D associated to the
maximum is reduced.

Current Model
For our system, a PDT is chosen with D = 0.2,T = 720 5,1, = 3.4 A. A system of this kind is

expected to guaranteea {, = 0.21,y = 1.26,¢ = 50%,? = 0.8%.
b
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This theoretical analysis of a simplified system allows to formulate the expected behavior of the
hybrid system. Since the theoretical analysis has been carried out on a simplified version of the
model, the results will slightly differ from the expected ones. The model is realized through
MATLAB/Simulink and Simscape Power System, the submodels of the LiC and batteries are
modified to simulate the hybrid system as it can be seen in Figure 52 and Figure 53.
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Figure 52. LiC model updated.
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Figure 53. Battery model updated.

A simulation has then been run for the PDT specified previously, and Figure 54 shows the
system currents:

75



%&MMML AL
I LLEN T

I ;i
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time (s)

Current (A)

Figure 54. LiCs, battery and PDT current.

In Figure 54 the current load is shown in yellow. As soon as the current request rises to 3.4 A,
the HESS is activated and satisfies the current request thanks to the contribution of both the
battery and the LiCs. The LiCs power the system in short times due to their high-power values,
fulfilling almost all the initial request, while the battery has slower transients. This could be
useful during both real driving scenarios and emission cycles as the ones presented in [44],
since they are usually characterized by a high variability and they are subject to fast transients.

So, both the battery and capacitors supply current during the load on-state, while the battery
charges the capacitors during the load off-state. In this situation, the battery current starts
decreasing while the LiCs’ current becomes negative to guarantee a sum of currents that is
equal to the load request, hence null. Therefore, the instantaneous battery current, which
otherwise would be at the same level of the load current request, is reduced considerably due
to the assistance of the capacitors, that can relieve peak stresses on the battery, and they
positively influence the system performance.

Figure 55 shows the simulated voltage:
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Figure 55. Simulated voltage profile.

Figure 56 shows a comparison between two simulations under the same PDT current input.
The voltage profile of the 21700 batteries is shown both for a simulation run for the passive
HESS and for the batteries as a stand-alone system. The voltage of the stand-alone batteries
reaches values that are lower than the passive HESS, this is due to the presence of the LiCs in
the passive configuration, implying a higher energy content.

The comparison between the voltages in Figure 56 shows that the voltage variation of the
batteries as a part of the passive HESS is significantly reduced with respect to the batteries as a
stand-alone system. This is due to the lower instantaneous current that runs through the
system, as shown in Figure 54. The results demonstrate a significant benefit of the hybridization
in reducing the fast and large battery terminal voltage transients as explained in [100].
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Figure 56. Voltage comparison between a battery alone system and a passive HESS.

It has been verified that for short power pulses the LiCs can supply a large part of the power,
reducing the stress on the battery. For longer power pulses, the ratio of the power coming from
the battery increases as the voltage of the LiCs drops with theirs SoC. According to the work
done in [101], this kind of connection is beneficial when the pulse duration is shorter than 10
seconds and the power electronic complexity needs to be kept at minimum.

A drawback of this configuration is the need to match the voltages of batteries and LiCs, that
could become a problem at high voltage. In fact, as explained in [102], a higher energy storage
device voltage means the higher potential to have cell imbalances, that could prevent the string
from reaching the nominal voltage. It should be kept into account that the usable energy of the
LiCs depends on the voltage range of the battery pack. Since the working voltage of the battery
is reduced with respect to the one of LiCs, also the energy available from LiCs decreases:

_ o 2 _ 2
ELiC - E c (Vbatt,max Vbatt,min )
LXXV

Where c is the LiCs’ capacitance and Vpget max, Vpatemin are respectively the maximum and
minimum battery voltage.

Vehicle Model Implementation

The modeled HESS is introduced in the longitudinal dynamics’ vehicle model. The total current
request is limited when the HESS voltage is approaching the maximum and minimum values.
However, the limit is on the whole passive HESS and no further limitations are introduced on
the battery alone.

78



To verify the feasibility of the passive HESS, a simulation on the whole vehicle model is run for
a WLTC Class 3b [44]. The simulation is run for the hybrid vehicle using an RBS for determining
the torque or power split between the ICE and the EMs.

Control strategies are deepened in the following chapters. At the moment, it is sufficient to
know that here the RBS is a control strategy based on fixed rules that activates the electric
propulsion contribution as soon as the SoC reaches a value equal or above 90% and it stops
using it when the SoC is equal or below 35%. The resulting current share between LiCs and
battery is shown in Figure 57 when tested on a WLTC Class 3b that is shown in Figure 22.
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Figure 57. WLTC Class 3b current share for the passive HESS.

The graph shows that under these conditions it is not possible to respect the battery current
limits. This is evident for the recuperation phases, in fact the battery limit of -4.2 A is exceeded,
especially in the last phase of the cycle where a high-speed braking phase takes place.

In the last braking phase, the current is constantly negative, this resembles a cycle with D — 0
where the peak performance of the HESS cannot be enhanced. It is evident that under these
conditions, a great quantitative of energy coming from regenerative braking would be lost and
this would make the presence of the LiCs useless.

The passive HESS has one major drawback which is the limited control possibilities. The load
current is shared between the battery and the supercapacitor in a nearly uncontrolled manner,
determined predominantly by the internal impedances of the system, as it has been shown in
the previous paragraphs.
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Control

The simulation that has been run in Figure 57 shows that the passive HESS splits the current
between LiCs and batteries in a nearly uncontrolled manner. Therefore, a control strategy is
introduced on the vehicle model. The control strategy is composed as it follows:

Table 5. Control strategy for a pack that is charging.

i i V-V V-V
| lbatt | < | lbatt,liml I:HESS - batt,max LiC,max
’ Rpart Rpic
lipate] = |lbatt,1im| LgESslim = lpatt,lim

The strategy shown in Table 5 implies that as long as the battery current iy, is lower in
absolute value than the battery current limit for charge ij gt 1im, the limit current for the passive
HESS iyEss 1im 1s given by the sum of the current from the LiCs and the batteries to reach their
maximum voltages, respectively Vi ;cmar and Vpgermax, Calculated thanks to their internal
resistances, R;;c and Rpq- As soon as the battery current reaches the limit, the limit current
for the passive HESS will be set equal to the battery limit.

This is necessary because in a passive HESS we cannot intervene on the battery control alone
as the current share is determined by the internal impedances of the system, as it has been
shown previously. Instead, we must deal with the entire energy storage.

Table 6. Control strategy for a pack that is discharging.

i i V-V, ; V —V5iicmi
liatel < |ivaceim| inEss lim = batt/min Li¢min

' Rpare Ryic
|lbatt| = |lbatt,lim| LHESS lim = lbatt,lim

The strategy shown in Table 6 implies that as long as the battery current iy, is lower in
absolute value than the battery current limit for discharge ip4¢¢ im, the limit current for the
passive HESS iyggs 1im is given by the sum of the current from the LiCs and the batteries to reach
their minimum voltages, respectively V};c min and Vi, q¢e min, calculated thanks to their internal
resistances, R;;c and R4 As soon as the battery current reaches the limit, the limit current
for the passive HESS will be set equal to the battery limit. This is necessary for the same reason
mentioned above.

This control strategy is implemented on the vehicle model, and its impact will be analyzed in
the following chapters thanks to simulations on the WLTC Class 3b. In particular, the
simulations are run in 4.3.1.

To sum up the analysis that has been run in the previous paragraphs with respect to the passive
HESS, it has been demonstrated that the passive HESS is a simple system, that can ensure low
weights and small sizes, as well as being inexpensive. However, it has some disadvantages as it
needs the voltage of capacitors and batteries to coincide, which means that the capacitors will
work in the same voltage range as the batteries, with a consequent limitation on the energy that
can be used. In addition, a system of this type presents limited control possibilities.
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The introduction of a control strategy over the whole passive HESS protects the batteries from
over-current but does not make up for the limits related to the range of operation of the
capacitors.

2.5.4. Semi-Active Hybrid Energy Storage System
The introduction of one or more DC-DC converters could be seen as a solution to avoid the
problems associated with the passive HESS. A semi-active system as the one shown in Figure
26 and Figure 58 is introduced and modeled.

The semi-active system is capable of interfacing the capacitors and the battery to achieve higher
reliability and control flexibility, and to optimize the power sharing [70,72,73]. The presence of
a DC-DC converter allows to control the system and to make use of the full voltage range of
capacitors. On the other hand, it must be considered that the introduction of a component as
the DC-DC converter implies additional costs, a greater size of the system and a greater weight.

The configuration that has been chosen fits a pack of LiCs in 60s1p configuration (as introduced
in 2.5.1) connected to the load, so the configuration that is chosen for further evaluations is a
battery semi-active hybrid as shown in Figure 58.

iload iload,avg Moo oo i batt
-

Figure 58. Battery semi-active hybrid energy storage system.

This way, the LiC energy storage is directly connected to the inverter and the EMs, while the
DC-DC converter is connected between the battery and the load. This configuration allows to
dimension the DC-DC converter for the average power flow, keeping the battery current at a
near constant value despite the load current variations. As stated in [71], this allows significant
battery performance improving in lifetime, energy efficiency and operating temperature.
Moreover, voltage matching between battery and load/LiC is no longer required.

DC-DC Converter

The choice of the converter control logic is linked with the need for a real-time oriented model,
compatible with the implementation on the real vehicle control unit. The DC-DC converter
could be modeled according to the work done in [12,74], but that level of accuracy is not needed

at this point of the work. So, the indications in [71] are followed and a simple system is modeled.
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Vpatt indicates the battery voltage, v;,,4 the load voltage, k is the conversion ratio, ij4;; is the
battery current, i;,,4 is the load current, np-_pc is the converter efficiency, i;;c is the LiC
current.

_ Vioad
Vpatt = _k
LXXVI
. iload
lpatt = k
Npc-bc
LXXVII
iLic = lioad — lpatt
LXXVIII

The conversion ratio k is adopted instead of an explicit duty cycle dependent conversion ratio.
The value of the conversion ratio is related to the working mode of the DC-DC converter. In
boost operation k > 1, fewer cells in series can be used to form a battery pack with a terminal
voltage lower than the load voltage. This reduces the pack size and the internal resistance.

However, as it is explained in [71], in that case the current flowing through the battery pack is
higher than the load current, resulting in higher losses due to heating and requiring cells to
have higher discharge rate capabilities. When in buck operation, k < 1, the battery pack has
more cells in series to form a pack with a terminal voltage higher than the load voltage. This
would increase the pack size and the internal resistance. In this case the DC-DC converter
voltage rating should be chosen according to the maximum voltage of the battery pack. On the
other side, the current flowing through the battery pack is lower than the load current, meaning
that the losses are reduced, and the cells are required to have lower discharge rate capabilities.

For our simulations, the battery voltage could be higher or lower than the load voltage, meaning
that the converter is operating in buck or boost mode respectively.

Converter Control Strategy

The DC-DC converter control is based on the work done in [75,89], where the average power
load is determined and requested to the battery, while the peak power request is satisfied by
the LiCs. This allows to achieve a nearly constant battery current, to guarantee performance
improving in energy efficiency and operating temperature. In particular, the average load
power P,,,, atinstant t is determined thanks to the power load Py, 4:

t
P _ fO Pload
ave — t

LXXIX

That value is then divided by the load voltage v;,44 to determine the ij5q4,qv4:
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Pave

iload,avg =
Vioad
LXXX
Then, the battery current i, is determined as:
. _ iload,avg
lpatt = ——
Npc-pc

LXXXI

While i;;. is determined from LXXVIII. This control strategy is modeled in Simulink, and it can
be seen in Figure 59.
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Figure 59. Control algorithm for the DC-DC converter.

As already explained, the powertrain control strategies are the same introduced in the second
architecture. So, the power load entering the DC-DC model is given by the RBS or the ECMS. The
current output for LiCs and batteries will be limited according to the respective limits, in order
not to fail the circuit. The results for the semi-active configuration will be presented in the
following chapters, through WLTC 3b simulations.

Fixed Ratio DC-DC
At last, a fixed ratio DC-DC is analyzed as a substitute of the DC-DC converter, with a fixed ratio
equal to 1. This should guarantee comparable performance, saving complexity [80].

The control strategy that is here introduced aims to maintain the battery terminal voltage equal
to the load voltage. This should simplify as much as possible the structure of the fixed ratio DC-
DC that is used. A system of this kind is analyzed to verify its feasibility with the target of
optimizing the vehicle fuel economy.

According to the configuration in Figure 58, the load voltage v,,,4 corresponds to the LiCs’
terminal voltage, and this value corresponds to the one at the terminals of the battery. Since the
battery can be seen as a voltage generator v, and an internal resistance R, connected in
series run by a current iy, we will have:

Vioad = Vbatt — Ro * lpatt

LXXXII
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The ij 4 is determined and the i;;. is equal to:
ILic = lioad — lpatt " Mpc-DC
LXXXII

The Simulink model for the control algorithm is shown in Figure 60.

-
v batt > >
— >/
RO i batt
Load Pow iLic
i load
. '

v load
Figure 60. Control algorithm for the fixed ratio DC-DC.

The results for the fixed ratio configuration will be presented in the following chapters, through
WLTC 3b simulations. A system of this kind is associated with a lower complexity with respect
to the previous DC-DC converter solution.

The disadvantages that are present when DC-DC converters are adopted are represented by the
variations of the load voltage during capacitor charging/discharging, that is strictly related to
the fact that the capacitor voltage must match the load voltage.
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3. Control Strategies

This chapter shows the hybrid powertrain control strategies that have been implemented in
the longitudinal dynamics model.

3.1. Literature Review

The control architecture of a HEV usually includes one control unit for each main component
and a supervisory controller that receives in input the driver’s request and manages the lower-
level controllers to satisfy such request according to the powertrain actual conditions. Within
the supervisory controller an EMS is implemented, which defines the torque distribution
between the energy sources available in the powertrain. In the present dissertation, only
parallel hybrid configurations will be considered for the analysis and the development of
control strategies.

The EMS reaches various levels of complexity and depends on the powertrain configuration
[11,14,83,84]:

e Heuristic controller, with no usage of optimal control theory,
e Sub-optimal controller, with local optimization of the energy management,
e Optimal controller, based on optimal control theory.

3.1.1. Heuristic Control
Heuristic controllers rely on a series of rules that define the powertrain management, some
examples can be found in [5,14,16,103-105]. [103] shows how heuristic control can be used to
define electric driving mode and it shows the importance of the SoC of the battery as a control
parameter. [104,105] show the specific application of heuristic control on a hybrid electric
truck in a Simulink environment. The gear shifts, the power split and recharge are defined
through control rules and dynamic programming is introduced to support the analysis.

According to the actual conditions of the powertrain, the best control actions to be performed
are derived through the implemented strategy. The rules are fixed mathematical rules that aim
to maximize the powertrain capabilities, for example, aiming to use as much electrical energy
as possible to reduce fuel consumption or shifting the ICE working point to recharge the battery.

This kind of control strategy compares the system variables with thresholds whose reference
values were fixed thanks to hypothetical evaluations, the designer’s experience, and calibration
activities based on experimental tests.

The vehicle behavior can be modeled through simple, low computational effort subsystems or
more complex subsystems that could require larger amounts of data and higher computational
effort.

This category of EMS is fast, robust and highly real-time capable; therefore, it is widespread and
can be seen as the starting point in modeling the vehicle’s EMS. On the other hand, a large
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calibration effort is required and, since no optimal control theory is used in such controllers,
their performance is usually far from optimality. Rule-based algorithms can even be derived
from the results obtained by means of optimal control approaches.

3.1.2. Sub-Optimal Control
All the controllers making use of the optimal control theory defining and solving the problem
instant by instant belong to this family [106,107]. The global solution is a sequence of local
optimum solutions, that does not guarantee the global optimum. Two main methodologies have
been extensively developed and validated in literature during the last years, namely ECMS and
Model Predictive Control, or MPC.

ECMS

ECMS derives from the Pontryagin’s Minimum Principle (PMP), that is an analytical method for
the minimization/maximization of a given cost-function. The strategy assumes that it is
possible to convert, by means of an “equivalence factor”, the electrical power consumption in
virtual fuel consumption. The sum of the virtual fuel consumption from the battery usage and
the actual fuel consumption of the engine becomes the cost-function that is instantaneously
minimized.

The main advantage of such controller is the relatively simple implementation and reduced
calibration effort, even if the performance, that can achieve results close to the optimal solution,
strongly depends on the equivalence factor.

Examples for an ECMS application can be found in [108,109]. [108] shows the implementation
of an ECMS, and deepens the analysis by creating an adaptive algorithm capable of estimating
the control factors according to the current driving conditions. [109] introduces an ECMS along
with optimal control, then extends the ECMS application making it predictive, by guaranteeing
further SoC control and utilizing road altitude.

Model Predictive Control (MPC)

The MPC loop makes use of system predicted information [110,111]. A simplified vehicle model
fed with historical driving data is used to predict the speed profile over a finite prediction
horizon. Once speed and acceleration have been estimated, the optimal control sequence for
the time interval of the horizon is calculated. The first element of the optimal control sequence
is applied to the powertrain control, then the MPC restarts from the beginning, updating the
driving historical data according to the actual feedback from the powertrain.

3.1.3. Optimal Control
The optimal controllers [10,16,84] minimize a given cost-function, for example the fuel
consumption, over a given driving mission, for which all the problem variables that are
independent from the powertrain operation must be known a priori. This kind of application is
then suitable only for off-line implementation, but guarantees global optimal control, useful for
benchmarking other controllers.
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[112] shows a complete analysis of optimal and sub-optimal control strategies, starting from
dynamic programming to achieve a benchmark and then moving to causal control to make the
strategy appliable to real vehicles.

Pontryagin’s Minimum Principle

PMP is a theorem that aims to solve a global optimal control problem by redefining it through
differential equations that represent instantaneous conditions and local optimization [107].
Boundary conditions are imposed both for starting and ending times.

The main drawback is related to the analytical formulation of the problem, meaning that the
equations included in the optimal control problem must be derived from a simplified system
model. If the simplification makes the model too poor in accuracy, the system representation is
not effective, and the optimal control policy found becomes sub-optimal for the real system.

Convex Optimization

This optimization technique assumes that the energy management problem can be formulated
in a convex form [113]. The main advantage is that the computation effort needed to solve the
problem is independent from the number of system states included in the optimization.

Dynamic Programming

The dynamic programming algorithm derives from Bellman’s principle of optimality [112]. The
knowledge of the driving conditions for the complete horizon is needed to find a global optimal
solution without any simplification of the model and including non-linearities. However, the
computational effort increases with the number of variables added to the problem.

3.2. Research Project Contribution

A great variety of hybrid control strategies exist with their pros and cons. The vehicle model
serves as a pre-concept and concept tool and the decision that has been taken is to focus on
those kinds of strategies that could be introduced on-board the real vehicle. Then, the research
project focuses on heuristic control [5,14,16,103-105] and sub-optimal control [106-111],
leaving optimal control [10,16,84,107,112,113] for future studies.

At first, the heuristic control is analyzed, with the introduction of an RBS on the vehicle model.
The RBS has been implemented on board a 48V prototype, and the concept vehicle model has
helped to foresee the impact of the hybrid powertrain on the real vehicle. In particular, the
control strategy targets an improvement on the vehicle performance and comfort by covering
the torque gap during the gear shifts and activating other hybrid functions, as it will be
discussed later.

The battery SoC has been chosen as the main state parameter as in [103], moreover, the braking
control is based on the one formulated in [104,105] since it tries to capture as much
regenerative braking energy as possible. In particular, the braking action will be exerted mainly
by the EM, while the mechanical brakes will come into action only if the required braking power
exceeds the regenerative braking capacity.
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The torque fill function is based on the one found in [52], where an efficiency improvement
during gear shifts is targeted. The torque fill function operates on a parallel hybrid vehicle
configuration by activating the electric motor that is commanded to provide a controlled
amount and duration of torque during shifts to “fill-in” the torque gap caused by the engine
clutch engagement and disengagement.

The RBS is fitted with the presence of LiCs as the main energy storage system, and the control
rules that are proposed aim to properly deal with a system characterized by small energy
density and high-power density.

Later, the hybrid control strategy is modified to achieve also fuel economy improvements by
avoiding fixed calibrated values that are commonly adopted as seen in [11,14], and instead
linking the hybrid control to the vehicle speed.

In a subsequent development of the strategy, the focus shifts uniquely on fuel economy. The
RBS is modified to adapt to the new target and different control rules are introduced. The new
control rules are established through evaluations of the impact on real super sport cars, as the
choice to power the vehicle only through the electric powertrain could lead to major
complications. For example, arrangements are made not to alter the initial phase of emission
cycles, when warm up and catalyst heating take place. In fact, this phase represents the most
complex part of the cycles as it can be seen in [114-116].

Further considerations are made for the control strategy. The decision to work with an RBS that
targets fuel economy ensures the possibility to work with a simple system. The RBS can provide
a high simulation speed since it can work with control rules, but at the same time, it does not
guarantee the best working condition for every integration step. In fact, even if the engineering
assumptions made for the RBS design make total sense, the rules and calibration are not flexible
and cannot be adapted to the driving conditions.

Then, the activity moves to sub-optimal control targeting the minimization of fuel consumption
and an ECMS is developed. The ECMS targets exclusively fuel economy, and it is introduced in
this work to understand whether the development of a control strategy of that kind is justified
by the fuel economy benefits.

The general formulation of the minimization problem refers to any kind of energy storage
system and can be found in [11,117]. The ECMS modeling is integrated with the previous work
done for the RBS, in fact some control rules are maintained. In particular, the regenerative
braking control as in [104,105] is present, moreover the catalyst heating during the warm-up
phase of the cycles is not altered.

The research project contribution is also related to the presence of multiple EMs fitted on the
powertrain. As explained in [11,16,106,109], the ECMS is set to split torque between the ICE
and EMs to achieve the minimization of equivalent fuel consumption. However, the ECMS is
here set to split torque also between the multiple EMs, making the strategy formulation more
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complex and introducing a new control factor that targets fuel economy. Similar activities can
be found in [118,119], where powertrains with multiple EMs are analyzed.

The ECMS is set to work with an SoC target that can be chosen depending on the hybrid vehicle
mission and the technology that it is used. Here, the SoC target is set constant at first to simulate
a Charge Sustaining (CS) mode. Later, the possibilities explored in [11] are evaluated, but since
the present work is based on a LiC-based super sports car, an alternative SoC target dependent
on speed is formulated similarly as it has been previously done for the RBS. This alternative SoC
target formulation is thought to fit better the behavior of LiC that dispose of a high charge and
discharge rate, and which can perform a high number of cycles [120,121].

3.3. First Architecture, On-Board RBS Hybrid Control Strategy

The first hybrid RBS strategy that is considered is based on four main functions:

e Torque fill, the EM helps to cover the torque request during upshifts,
e Recuperation, the EM acts as a generator and recovers energy,

o Electric Boost, the EM gives an energy boost in kickdown (accelerator pedal completely pressed)
conditions,

e Creeping Function, the EM moves the car at low speeds if first or reverse gear are engaged.

The main target of the control strategy is to guarantee a comfort enhancement, thanks to the
torque fill function, activated during gear shifts. The torque fill request depends on the torque
actuated at the wheels from the ICE at clutch opening. The actual torque value at the wheels is
recalculated as an EM torque request, according to the transmission gear ratios, and it is set as
the function output.
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Figure 61. Detail of the block scheme for the torque fill function.

The comfort enhancement can be analyzed looking at the torque flow to the wheels during gear
shifts. The electrical torque to the wheels will partially cover the torque gap generated by the
clutch opening, that interrupts the ICE torque flow to the wheels.

The maximum torque that can be delivered by the EM has an upper limit that lowers when the
EM speed increases and can reach a maximum of 38 Nm (which may result in 780 Nm at the
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wheels). Due to this limit, the torque gap will be fully covered only at low torque requests at the
wheels and low speeds, where the torque gap is felt the most.

A simulation of the hybrid vehicle on a WLTC 3b cycle is run and Figure 62 shows a detail of the
normalized torque values at the wheels delivered by the ICE and the EM. The reason why the
EM torque at the wheels is not the same for every gear shift must be sought in the algorithms
that are implemented for component protection. In fact, the torque delivered by the EM will be
limited according to Figure 30, that shows a torque decrease when the rotational speed
increases.
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Figure 62. The interruption of the normalized ICE torque to wheels (blue) is partially covered by the EM torque (red).

The graph shows also that the torque from the EM becomes negative after every gear shift. This
is due to the regenerative function. The regenerative function is necessary to recover energy
when the SoC is too low. The function is activated during braking, but also during normal
driving. The aim is to always keep the capacitor at the target value of SoC to cope with the
subsequent gear shifts that could take place.

In fact, the EM torque contribution is small and its impact on the V12 torque to the wheels
during common driving operations is negligible. The EM torque request for recuperation
depends on various quantities, as the braking pressure (Hyp_pBrake), the actual SoC
determined through the terminal voltage (Hyb_rSoc48V) and the vehicle speed
(PrecisionSpeed).

So, if the speed of the vehicle is greater than a fixed quantity determined through calibration
(10 km/h), the regenerative function is activated. In particular, when the SoC Hyb_rSoc48V is
greater than a calibrated target SoC value, the strategy will output a constant null torque
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request regardless of what the state of the car is, whether it is braking or accelerating. This is
due to the fact that we are already meeting the energy target to ensure the activation of the
hybrid control functions.

Otherwise, if the SoC Hyb_rSoc48V is lower than the target SoC value, the regenerative function
depends on the state of the vehicle. If the pedal is pressed and the vehicle is braking, then a
torque request dependent on the braking pressure Hyp_pBrake is generated, while if the pedal
is not pressed, a torque request dependent on the difference between the actual SoC and the
target SoC is generated. The greater is the difference between the actual SoC and the target SoC,
the greater will be the torque request for energy recuperation, as we want to keep the SoC at
the target value to ensure the activation of the hybrid control functions.
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Figure 63. Detail of the block scheme for the regenerative function.

The boost function is activated for performance enhancement, in condition of kickdown
(accelerator pedal at maximum). In this situation the EM guarantees the maximum power
available.

The creeping function can move a stationary vehicle when the first gear or the reverse gear are
engaged and no pressure on the brake is actuated. The gear engagement is required for security
reasons, to make sure that the driver really aims to move. The vehicle motion is guaranteed
exclusively thanks to the EM, the electric range is obviously limited (approx. 100 m) due to the
energy content of the LiC accumulation system.

Figure 64 shows the SoC behavior. Fast discharges and recharges are guaranteed by the high-
power values that can be reached. Actual SoC is determined through the terminal voltage, so
SoC variations depend both on internal voltage and on the voltage losses due to the internal
resistances.
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Figure 64. Detail of the SoC at terminals (blue) and normalized EM torque request (black for recuperation and orange for
torque fill) during a WLTC Class 3b simulation.

Figure 64 shows the normalized torque request from the EM in a situation in which the vehicle
is moving at a speed exceeding 10 km/h, and where some gear shifts occur. Due to this, the EM
will try to constantly recover energy to reach the SoC target, however also positive torque
requests due to the upshifts will occur.

In case of overlapping between positive and negative torque request, the comfort target will be
preferential, and the positive torque fill will overcome as the function output. As soon as the
torque fill request is null, the recuperation will be activated.

3.3.1. Strategy Implementation
The aim of the hybrid components that are being considered was, in the first phase of the
project, to bring improvements on comfort and performance. As it has been shown in Figure 62
and Figure 64, the hybrid system covers the torque gap during gear shifts, improving the
vehicle’s comfort.

Figure 65 shows the results of the simulation process for a WLTC Class 3b on the Lamborghini
Aventador 48V prototype vehicle. with a focus on the energy storage.
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Figure 65. Detail of the Actual SoC (blue) and normalized EM torque (red) during a WLTC Class 3b simulation. In black
the fixed Target SoC.

The target SoC value is set as a calibration parameter as it has been explained in the previous
paragraph and it does not adapt to the actual operating conditions. Due to this, the SoC working
range is tight, since the controller is always aiming to the fixed SoC target. In some situations,
as at 1000s, the actual SoC cannot reach the target value because the vehicle is still, and energy
recuperation is not active.

In Table 7, the effects of the hybrid strategy activation on the fuel consumption are presented.
The starting SoC is here set to 99%, assuming a completely charged energy accumulation
system.

Table 7.WLTC fuel consumption improvement simulated results, for the Lamborghini 48V hybrid configuration with
RBS on-board strategy.

Phase 1 Phase 2 Phase 3 Phase 4 Combined
Strategy Deactivated 100 54 44 42 53
%
On-Board Strategy -0,18 -0,22 -0,07 +0,00 -0,11
%

The results show that there is no big difference between the two simulations. The positive effect
obtained through the EM activation is significant for comfort enhancement as it was shown in
Figure 62 and Figure 64, but it is not enough to improve the vehicle’s fuel economy. That was
expected due to the fact that no function designed for fuel consumption reduction had been
implemented. Moreover, a very scarce area of the LiC working range is used.

3.3.2. Dynamic Hybrid Control Strategy
As explained, the hybrid control strategy previously discussed works with a target SoC fixed by
calibration. Consequently, the working range is limited, since the SoC is always targeting that
value.
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On this side, there is room for improvement, since an additional rule-based control function
could be implemented, where the SoC target is determined dynamically through a function that
considers the number of upshifts available and the actual vehicle speed.

The target of this activity is to improve the vehicle’s fuel economy maintaining the same
hardware and the same rule-based approach that has been introduced in the previous
paragraphs. The idea could be to use more of the energy contained in the capacitor to support
traction, so that it becomes also possible to recover more during braking phases.

However, as the main target of the strategy is comfort, a constraint is needed to always
guarantee enough energy to cover the possible gear shifts that could take place depending on
the gear inserted, in addition to the minimum level of energy necessary to not fail the
component.

This could be achieved with a variable SoC target that, in addition to taking into account the
possible gear shifts, tries to ensure energy for creeping and boost functions. This amount could
be dependent on speed in order to set a target value that is low at high speed, as energy could
be always recovered from regenerative braking, and a target value that is high at low and null
speed, to guarantee the energy needed to activate the hybrid control functions. The target
energy stored in the capacitor (i.e., the target SoC) could be established as follows, where:

e [, is the total energy in the LiC,

o E,.in is the minimum energy necessary for component protection, depending on the minimum
voltage,

e FE,.. is the available energy for the hybrid strategy,

o [

gear 1S the energy necessary for upshifts (1st gear means the vehicle can upshift 6 times),

e Egpq is the remaining energy available for the additional hybrid control functions, as boost and
creeping, and dependent on speed, without the Eg.q, and Ep,;, component,

e [E;4 is the energy target of the LiC,
®  Eyinav is the kinetic energy at the actual vehicle speed,
®  Eyinmax is the kinetic energy at the disconnection speed.

The energy necessary for upshifts varies depending on the chosen gear:

Egear single upshift * nupshifts
LXXXIV

The energy available for the additional hybrid control functions and dependent on speed may
be determined as:

E; = Enin + Eyse
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LXXXV
Eyse = Egear + Espd
LXXXVI

So:
Espd =E; — Eqin — Egear
LXXXVII

Due to the limit on the maximum speed of the EM and the gear ratio between the EM and the
wheels, the EM cannot work in the entire vehicle speed range and needs to be disengaged over
a certain speed. In particular, the disconnection speed is fixed at 130 km/h. The percentage of
kinetic energy available is:

0 Ekin,av
Wokin =7

E kinmax
LXXXVIII

This ratio shows the kinetic energy available at different speeds, until disconnection.
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Figure 66. Percentage of energy in the LiC accumulation system at various speeds.

Since the kinetic energy can be used for recuperation, the aim is to have a fully charged LiC at
null speed and a fully discharged LiC at disconnection speed.

Etgt = Espd (1 — Yopin) + Egear + Enin
LXXXIX
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In conclusion, the scheme in Figure 67 sums up the distribution of the energy (as an example,
relatively low speed is considered):

Et Y

—-—._._Etgt
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Figure 67. Energy distribution according to the new strategy block (at relatively low speed).

Further evaluations pointed out the limits for energy recuperation. The main limit is
represented by the EM maximum power value in generator mode, that sets the minimum time
for a completely charged LiC. In particular, in cut-off conditions (vehicle decelerating with the
brake pedal released) the LiC could be fully charged, while in harsh braking conditions the EM
would not guarantee enough power to recover all of the dissipated energy. If necessary, a
minimum SoC value could be set according to calibration evaluations. It will fix a limit for
component protection and for terminal voltage issues.

Alongside the introduction of the dynamic hybrid strategy, it could be possible to activate the
EM in normal operating conditions, covering part of the ICE torque with EM torque.

A function is implemented, that provides electrical torque to power the vehicle. The function
outputis obtained comparing the actual SoC and the target SoC. As seen in Figure 68, the higher
the actual SoC is compared with the target SoC value, the higher the torque that the EM can
provide to the wheels.
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Figure 68. Normalized value of the torque request.

The modifications introduced in the dynamic hybrid control strategy take into account the
possibility to implement load point shift strategies. The ICE torque is then corrected according
to the electric torque contribution.
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Figure 69. Torque and fuel consumption determination according to the modified strategy.

3.4. Second Architecture, RBS and ECMS
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The second vehicle that has been modeled was introduced in 2.4, it is characterized by the
presence of two EMs in P3-P4 or P2-P4 position and by an energy storage system initially
composed solely of LiCs and subsequently by a HESS. This chapter focuses on hybrid control
strategies that target fuel economy applied to that kind of vehicle.

MATLAB/Simulink allows the user to design various configurations and to activate only the
desired one while keeping the others disabled. This is possible thanks to the Variant
Subsystems [122], where the active choice is determined by the variant control, which can be a
Boolean expression or a string. The decision to work with a Variant Subsystem (Figure 70)
allows the user to choose the control strategy directly from the MATLAB environment, without
necessarily entering Simulink. This means that the model is more easily accessible even to users
who have not participated in the design of the model itself. Any unwanted changes in the
Simulink environment could generate major problems, especially if the model is shared
between users and departments. This is avoided when the model configuration selection is
done via MATLAB.
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Figure 70. Simulink variant subsystem model for the hybrid control strategy choice.

In this regard, a GUI could be implemented to further facilitate operations for users who are not
familiar with the software.

3.4.1. Rule Based Strategy
As shown in Figure 71, the main target of the RBS developed for the second architecture is to
make the vehicle work in electric drive mode as soon as the electrical energy storage is full, i.e.,
the battery SoC reaches a value of 90%. Every time the electric drive mode is activated, the fuel
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consumption is reduced to the minimum, as the ICE can be shut down or it can work in idle
conditions.

The strategy is activated only if the EMs are capable to apply all the power at the wheels that
the ICE was delivering. If that condition is not met, the electric driving will not be possible.
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Figure 71. RBS control functions’ activation range.

As it can be seen from Figure 71 the energy storage system can be discharged until a minimum
SoC value chosen from calibration (i.e., SoC = 30%). When this value is reached, the electric
driving mode is stopped, and only the regenerative braking function is kept active.

The SoC is not the only control variable of the strategy, the EMs speed and the torque request
are also kept into account, as they will be compared with their corresponding limit values.

The feasibility of the pure electric mode activation has been analyzed, and the possibility to
work with the ICE in shut down conditions has been discarded. If the ICE were to be turned off,
we would have issues with the lubricant flow on the friction and on the heating of the
powertrain components. Other issues would have been generated by the speed difference
between the clutch and the gearbox components when the ICE reconnection takes place.

Then, the ICE will be kept in idle conditions, guaranteeing low fuel consumption values, and
allowing the clutch and gearbox to work in conditions that do not heavily stress the mechanical
components.

The strategy will be activated after the warm-up phase of the after-treatment system on the
WLTC Class 3b to guarantee the usual heating strategy for the after-treatment components.
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The warm-up phase of the WLTC Class 3b represents one of the most controversial intervals
for the fuel consumption analysis. The introduction of the hybrid control strategy would
necessarily generate changes in vehicle behavior during this starting phase. These changes are
unpredictable, and it is very difficult to simulate them accurately. The decision to maintain the
same behavior as the conventional vehicle guarantees the reduction of possible errors to the
minimum since the results are analyzed as a comparison between cycle simulations.

3.4.2. Equivalent Consumption Minimization Strategy
The ECMS is designed (as shown in the diagram of Figure 72) to improve the power flow
distribution to the wheels. During braking, the regenerative braking control function from the
RBS will be maintained, and the strategy will also keep into account the delayed activation due
to the catalyst heating.

Driver Request

s
Equivalence
Factor
Torque ICE
Equivalent
Mass
Calculation

Minimization  LECPEN LAY

ARG Torque Rear EM
Mechanical &
Electrical

Limitations

Figure 72. Equivalent Consumption Minimization Strategies (ECMS) Scheme.

Split Factor (u)

The control variable for this kind of strategy is u, the torque split factor between ICE and EMs.
Once the torque working range is defined, both for the ICE and the EMs, the u factor that
minimizes the equivalent fuel consumption is sought. The torque request must be fulfilled by
combining the 2 power sources.

Treg = Tice + Thy
XC
The torque split factor u is defined as follows:
Ticp=(1—-u)- Treq
Xcl
Ty = u-Trgg
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XCll

The split factor u working window (Table 8), and consequently the ICE and EMs torque working
window, are determined at each integration step through the EMs, ICE, and battery limits.

Table 8.Split factor u complete working range.

Split factor u Driving Mode
u=1 Electric Drive and Regenerative Braking
O<u<l1 Hybrid Boost Operation
u=0 ICE only
-n<u<0 Battery Recharge (ICE load point shift)

Once the u working window is defined, it is discretized in 20 evenly spaced intervals to
guarantee a fixed-size simulation array. The variable discretization that was chosen guarantees
a real-time simulation.

Split Factor (hy)

Secondly, the torque fraction Tyy is split between the 2 EMs. The electrical limitations impose
an operational range for the 2 EMs that must be considered. Hypothetically, we could decide to
deliver all the electrical torque with the front EM instead of the rear one or vice versa. The hy
factor (Table 9) will define the split.

Tyy = Trront + TrEAR
XCll
The torque split factor hy is defined as follows (apart from the transmission ratios):
Trear = (1 = hy) - Ty
XCIV
Trront = hy " Ty
XcV

Table 9.Split factor hy complete working range.

Split factor hy Electric Traction Mode
hy=1 Front Traction
O<hy<1 Torque Split
hy =0 Rear Traction

Once the working window is defined, it is discretized in evenly spaced intervals, to guarantee a
fixed-size simulation array. The variable discretization that was chosen guarantees a real-time
simulation. The combination of the u and hy vectors will define a matrix of possible torque
values, and subsequently of equivalent fuel consumption, from which the minimum value that
satisfies the optimality criterion will be extracted.

101



Equivalent Fuel Consumption

The ECMS aims to identify the best power flow distribution between the energy converters at
every integration step, such that the optimality criterion that has been chosen is achieved. At
first, a global cost function is defined, that considers the usage of both the ICE and the EMs to
power the vehicle. Their contribution is evaluated through the calculation of the equivalent
consumption value, at every integration step, defined as follows:

Tfleq ES mf + mbat
Xevi
where 1, [g/s] is the equivalent fuel consumption flow, m; [g/s] is the fuel consumption and
Mpae [8/S] is the electrical energy equivalent consumption. m can be determined through
interpolation of fuel consumption maps during the simulation of the longitudinal dynamics

model, while the m,,; value will be calculated based on the electrical power request and to the
cost function, which depends on the equivalent cost and on the system’s working point.

The Lower Heating Value (LHV) [J/g] will divide the power request to the battery to convert,
using the equivalent factor s, electrical energy into virtual fuel consumption.

. _ Pbat
mbat =S LHV
XCVII
Consequently,
. s 1
Mpat = Ty Z Peyi+ (Vi -nEM,i + A=) Newmi)
4
XCVIII

where ng, is the efficiency of the EM, Pz, is the power request to the EM and y is the factor
that allows to properly evaluate if the EM is working as a generator (Pgy <0) or as an electric
motor (Pgy >0), and it is defined as follows:

_ 1+ sign(Pgy)
B 2

XCIX

This formulation can be easily implemented into the longitudinal dynamics model. The
minimization of the equivalent fuel consumption 7., brings along the definition of the power
flow distribution between ICE and EM, as the T,y and Tyy pair is defined. The general
formulation of the minimization problem refers to any kind of energy storage system and can
be found in [11,117]. Defining ¢ as the SoC, u the control variable, Q,,; the battery charge
capacity, I, the battery current:
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Ibat (E' u, hy' t)
Qbat

E(t) =f(§,u,hy,t) = -

C

It is possible to define the Hamiltonian of the optimal control problem:

H(¢ u, hy, A, t) = —A(t) - (&, u, hy, t) + ms(u, t)
cl

f§,u, hy, t)

A®) = =100 5

Cll

Thus, the Hamiltonian is the total equivalent fuel consumption. Introducing s(t):

() = ~A(t) s
s(t) = —

Pbat(t)
o]l
At the end:

. Pbat(t) .

H(& u, A hy,t) = meq(&,u, hy,s, t) = s(t) THV f(& u hy,t) ...+ me(u,t)

cv

The optimal control satisfies:

u*(t) = argmin H(&, u, A, t)
u

cv

The optimal control depends on s(t), but its value is unknown a priori, thus the strategy is sub-
optimal.

Battery Energy Cost Function (s)

The s factor indicates the cost of the electrical energy; it is dependent on the system’s working
conditions and in the present dissertation the following formulation has been adopted, to
guarantee the respect of SoC limits and to track the SoC target [11,14]:

SoC — (SOCmax + SoCmin) 3
_ 2
s=91- kp . (SOCmax - SOCmin)
2

) [ka ) (SOCtarget - SOC)]

CvI
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The cost function is calculated at every integration step, and when its value is high, it makes it
preferable to use the engine and recharge the battery, while if it is low, it makes the electric
traction preferable.

The curly brackets contain a penalty term that modifies the s value when the SoC is near to the
maximum or minimum acceptable values, making the electrical energy cost, respectively, lower,
or higher. On the other hand, the second term is a proportional correction obtained considering
the difference between the target value of the SoC, and the actual one.

The parameters k, and k, are calibrated with subsequent adjustments. Initial values based on
literature [11] are chosen to perform a simulation, and these are subsequently modified to
better fit the admissible SoC working range and to minimize the gap between actual and target
SoC. Their value choice is decisive for the simulation results, as it directly impacts the cost
function and consequently, the hybrid performance and the fuel consumption.

For this application, the electrical energy is low-cost since the LiC energy storage is a high-
power system, and it can be charged and discharged rapidly. The values of the calibrated
parameters are chosen accordingly.

The choice to work with a constant value is the simplest one, and it makes the strategy a Charge
Sustaining (CS) one. Other possibilities that are commonly used for Li-ion Batteries-based
vehicles are represented by the Charge-Depleting/Charge Sustaining (CD/CS), which firstly
discharges the battery until a certain SoC value and then keeps the value around a target SoC,
or the Charge-Blended (CB), which follows a SoC target that linearly decreases with the driven
distance [11]. The calibrated parameters k,, and k, could be kept the same when changing the
vehicle mission and the control strategy. On the other hand, the calibration process could be
run every time the control strategy is modified, to determine k, and k, that better fit the vehicle
behavior and better adapt to the SoC variations. In any case, sensitive changes are expected
only when the strategy undergoes significant modifications (for example moving from a
constant SoC target as in a CS to a SoC target dependent on speed), otherwise only small
variations are expected.

The present work is based on a LiC-based super sport car, and an alternative SoC target is
formulated similarly as it has been previously done. According to LXXXIX, the SoC target is a
speed-dependent quantity related to the detachment speed value of the EM (in this application
it has been set equal to 190 km/h, the detachment speed of the front EM).

The SoC target was high at low speeds, as the kinetic energy was low, and this solution
guaranteed a high energy quantity stored in the electrical system. On the other side, the SoC
target was low at high speeds since energy was already existing in the form of kinetic energy
that could be rapidly recovered through the EM. Moreover, if we were to have high electrical
energy at high speed, the energy content would end up unused once the detachment speed was
reached.
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Since the detachment speed of the EM is now greater than the first vehicle configuration (where
the P3 EM disconnected at 130 km/h), the dependency of the SoC target on speed is also
modeled differently. If we were to keep a quadratic dependency as in Figure 66, the working
range of the energy storage would be limited on a WLTC Class 3b, in fact at the maximum cycle
speed we would have:

132\°
SOCtarget,min =(1- (m) 100 = 52%

Cvil

This means that the SoC target would span between 52% and 100%, limiting the working range
of our system. So, a linear dependency is adopted here to better fit the complete SoC range.

As already said, this alternative SoC target formulation, represented in Figure 73 for a WLTC
Class 3b, is thought to fit better the behavior of LiCs that dispose of a high charge and discharge
rate, and which can perform a high number of cycles [120,121].
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Figure 73. Speed-dependent state of charge (SoC) target profile for a WLTC Class 3b.

The purpose of this approach is to avoid unused energy and to maintain high energy content
where it is mostly needed, ensuring the satisfaction of performance or drivability requests,
important objectives for a super sports car. Different control functions can therefore be
implemented to guarantee improvements in performance and drivability, especially at low
speeds.
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4. Results

This chapter illustrates the simulations that have been run on the various vehicle architectures,
with a focus on fuel economy. The simulations aim to illustrate how the super sport car behaves
as a result of a hybridization process, by describing its longitudinal dynamics on emission
cycles. The model allows to study in detail each component and to act freely on the control of
the system. The results in terms of fuel consumption and performance are used as a benchmark
to assess the characteristics of the car in the initial concept phase.

The target of the work is to define which energy storage system'’s technology and which control
strategy best suit the needs of the hybrid super sport car.

As explained in 2.2, the first vehicle configuration is based on a Lamborghini Aventador, while
the second and third configurations are based on a Lamborghini Aventador SV]. Both the
conventional vehicle models will be simulated on a WLTC Class 3b and the results obtained for
fuel consumption will be used as a reference, respectively for the first and the second vehicle
configuration. Then, the results for the simulations with the active hybrid control strategies
were reported as a fuel consumption comparison.

The WLTC Class 3b phases are defined as follows, as illustrated in [44] and shown in Figure 22:

e Phase 1: 0-589 s

e Phase 2: 590-1023 s
e Phase 3:1024-1478 s
e Phase 4:1479-1800 s

The tables reporting the results show in the first line the conventional vehicle simulation, while
in the following lines, they show the simulated results for the various hybrid configurations.

The fuel consumption simulated results for the conventional vehicle were normalized (%) with
respect to the maximum fuel consumption value obtained during the various cycle phases. As
it has been shown in the previous chapters, Phase 1 was usually associated with the maximum
value (i.e., 100%) since the engine works in cold-start conditions and at high fuel consumption
operating points.

The simulated results for the hybrid vehicle configurations were reported as a fuel
consumption comparison with the standard production vehicle, showing the percentage
reduction.

4.1. First Configuration, single EM LiC-based

As explained in 3.3, the hybrid control strategy priority continues to be the passengers’ comfort,
moreover the energy content of the LiC is estimated to be 6% of the content of a Lithium-Ion
Battery of the same volume (approximately 6L) typically used in automotive industry.
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Due to these considerations, only small fuel consumption improvements are expected. Micro
[123] and mild-hybrid technologies can reach approximately 16% fuel economy [124-127],
Audi claims that the A8 mild hybrid technology is capable to recover up to 0,7 L/100km in real
driving conditions (press released values), but none of these results refer to applications based
on LiCs. However, they can represent a starting point for the comparison with existing hybrid
technologies.

Figure 74 shows a simulation run on a WLTC Class 3b for the first vehicle configuration. The
strategy introduced in 3.3.1 has been already tested also for fuel consumption as it can be seen
in Table 7, it will be called ‘On-Board Strategy’. On the other side, the strategy introduced in
3.3.2 is now tested on WLTC Class 3b simulations, and it will be called ‘Dynamic Strategy’.
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Figure 74. WLTC Class 3b simulation with a Dynamic Strategy.

At the start of Phase 1 the LiC is fully charged, SoC=99%. During this phase, the EM torque is
overall positive, and less ICE torque is required to cover the torque request. During Phase 2 the
SoC value is still high and the SoC target lowers due to higher speeds. The electrical energy
available will help to cover the torque request and good improvements in the fuel economy are
expected. At the end of this phase the SoC is quite low.

During Phase 3 the speed gets higher than before, the SoC target is lower and more electrical
energy is available. However, due to the activity of Phase 2, a small amount of energy is available
and recovering functions will be activated. Overall, the electrical effect on fuel consumption
could be negative since more ICE torque is required to charge the LiCs.

Due to the energy recovered in Phase 3 and due to the highest speeds in the cycle, during Phase
4 alot of EM energy is available and good fuel economy improvement is expected.
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Table 10. WLTC Class 3b fuel consumption simulated results, for the Lamborghini 48V hybrid configuration with on-
board strategy and dynamic strategy.

Phase 1 Phase 2 Phase 3 Phase 4 Combined
Strategy Deactivated 100 54 44 42 53
%
On-Board Strategy -0.18 -0.22 -0.07 +0.00 -0.11
%
Dynamic Strategy % -0.79 -1.56 -0.34 -0.77 -0.83

Table 10 shows the results from Table 7 and, in addition, it shows the results referred to a
Dynamic Strategy. The introduction of the Dynamic Strategy shows an improvement of about
1% through the cycle and the fuel consumption reduction reaches up to 0.3 L/100km.
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Figure 75. Comparison of power provided by the electric motor during WLTC Class 3b.

The comparison between the On-Board Strategy discussed in 3.3.1 and the Dynamic Strategy
from 3.3.2 highlights a more frequent activation of the EM, without giving up the comfort target
that is guaranteed by the torque gap covering.

However, the results that are reported in Table 10 do not consider the SoC variation that takes
place between the initial SoC and the final SoC. In particular, from Figure 74 is evident that the
final SoC is much lower than the initial one, meaning that the electrical energy that has been
used during the cycle has not been recovered. This means that the results presented in Table
10 are not fully representative of the vehicle’s fuel consumption.

So, a new simulation is run with the constraint to guarantee a final SoC equal to the initial one
or slightly greater. The reason why a final SoC higher than the initial one is here accepted is that
the energy stored in the LiCs system is low, therefore the impact of a variation of SoC (if small)
is considered negligible.
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The analysis is completed running a WLTC Class 3b immediately after the first one, with the
hypothesis of a starting SoC equal to the final SoC (=32%). Differently from before, during the
first phase the LiC accumulation system is recharged to reach SoC values compatible with the
SoC target.
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Figure 76. WLTC Class 3b simulation for a Dynamic Strategy with a starting SoC equal to the final SoC.

Table 11. WLTC Class 3b fuel consumption simulated results, for the Lamborghini 48V hybrid configuration with
dynamic strateqy and starting SoC equal to the final SoC.

Phase 1 Phase 2 Phase 3 Phase 4 Combined
Strategy Deactivated 100 54 44 42 53
%
Dynamic Strategy % +0.38 -1.56 -0.34 -0.77 -0.56

As expected, the first phase produces a different result from Table 10, but the overall trend is
consistent and produces an improvement on fuel consumption during the cycle.

As it has been said, the fuel consumption results for super sport cars are significantly high, since
the engine displacement is big, and therefore the percentage improvements on fuel economy
are quite low. Further evaluations are made through simulation, modifying the engine
displacement and its performance, in order to evaluate the impact of the hybrid control strategy
and the LiC hybrid architecture on a smaller engine. The displacement is supposed to be half
(3.25 L) of the actual value. At the same time, the torque values and the engine frictions will be
reduced to a half.

Table 12. WLTC Class 3b fuel consumption simulated results, for the half displacement hybrid configuration.

Half Displacement Phase 1 Phase 2 Phase 3 Phase 4 Combined

Dynamic Strategy % -1.48 -2.30 -0.38 -1.30 -1.37
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The results show that the hybrid control strategy applied to the smaller engine configuration
can get a steady improvement on the fuel consumption that goes up to 1.4% on the combined
value for the WLTC 3b cycle.

The results are compared to the ones from hybrid vehicles commonly available on the market.
According to these, the Lamborghini application falls within the sphere of micro-hybrid
systems [123].

4.2. Second Configuration, 2 EMs LiC-based

The second vehicle configuration introduced in 2.4 is now tested on a WLTC Class 3b, and the
hybrid control strategies that are used are the ones introduced in 3.4. Both the P3-P4 and the
P2-P4 configurations are tested, first with respect to the RBS and then with respect to the ECMS.

4.2.1. Fuel Consumption Correction
As it was explained in the previous paragraph, the simulations will be considered acceptable if
the final SoC of the LiCs’ pack is equal or greater than the initial one. This is due to the fact that
the energy stored in the LiCs’ system is low, therefore the impact of a variation of SoC (if small)
is considered negligible. However, it could happen that the variation of SoC between the final
and initial one is not small and therefore not negligible. To this aim, a fuel consumption
correction is carried out, based on the procedure implemented in [11] and explained below.

During the cycle, the energy requested at the wheels can be delivered by the ICE or the EMs
since we are working with a hybrid vehicle, therefore two different situations can occur as the
energy balance at the end of the cycle, expressed as AeC [K]], could be positive or negative, i.e.
the energy storage SoC at the end of the cycle is higher or lower than the initial value.

In the first scenario, it is assumed that the positive difference of the electric energy is covered
by the ICE, consuming more fuel than required and recharging the energy storage systems
through the EMs that are acting as generators. This means that on the right side of cviil the EM
efficiency is at the denominator because the energy content in the energy storage is lower than
the starting energy content coming from the fuel. The virtual fuel consumption (to be
subtracted to the actual one) is calculated using the average efficiencies of the machines, as
shown in the following equation:

B AeC
A7nfuel “LHV *1jcp = —

EM

cviil

Where LHV is the lower heating value of the fuel, and 7;¢; and 7, are the average efficiencies,
respectively for the ICE and the EM.

In the second scenario, with a negative electrical energy balance, the difference is considered
as a further request of torque addressed to the EMs instead of using the ICE. Therefore, it is
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possible to calculate the additional fuel consumption to be added to the actual one, to
compensate the battery balance. The formulation is expressed as follows:

Amgyer - LHV - Mg = fMgm - AeC
CIX

Here, the EM efficiency on the right side of CIX multiplies the energy content of the energy
storage since the EM is working as a motor, meaning that the energy content of the energy
storage is higher than its equivalent in fuel energy. The fuel consumption correction is used to
correct the combined final value of the various simulations. When the correction is applied, it
will be properly reported.

422. RBS
At first, the RBS simulations were run, and the results were reported following the indications
previously described. Table 13 and Figure 77 show the simulation results for the configuration
P3 - P4, while Table 14 and Figure 78 are relative to the configuration P2 - P4.

Table 13.WLTC Class 3b simulated results, for a P3-P4 architecture with an RBS.

FC Reduction % 60s1p Phase1l Phase2 Phase3 Phase4 Combined
Simulated % 100 54 43 41 52
RBS P3-P4 -0.8 -5.4 -1.9 +0.0 -1.8
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Figure 77. SoC and Torque profiles for P3—P4 RBS.

The powertrain system behaved as expected, allowing the activation of the electric mode when
the SoC of the pack goes over the target value. During the energy storage recharge, the vehicle
will be powered exclusively by the ICE.
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Table 14.WLTC Class 3b simulated results, for a P2-P4 architecture with an RBS.

FC Reduction % 60s1p Phase1l Phase2 Phase3 Phase4 Combined

Simulated % 100 54 43 41 52
RBS P2-P4 -1.2 -7.1 -2.7 +0.6 -2.3
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Figure 78. SoC and Torque profiles for P2—P4 RBS.

Both simulations show how the storage system recharged quickly, guaranteeing multiple
discharges related to electric driving during the cycle.

Figure 79 reports the speed of both the P3 and P2 EMs during the WLTC Class 3b. Due to the
different transmission ratios, the speed profiles were different.
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Figure 79. EM RPM comparison.

The results show an improvement in fuel economy, the RBS can reduce fuel consumption by up
to 2.3%. In particular, the choice to work with a P2 instead of a P3 seems profitable.

As shown in Figure 79, the P2 and P3 EMs run at different speeds, since their gear ratio is
different. In particular, the P2 EM can meet the torque demand at the wheels through a lower
torque (and so a lower power consumption) with respect to the P3 EM, since its transmission
ratio is higher overall. On the other hand, the P2 EM typically runs at speeds that are higher
than the ones of the P3 EM, this has the opposite effect of generating a higher power
consumption.

The effects are mixed, and they strictly depend on the EMs’ maps that have been introduced in
the model. However, for the RBS simulations, the P2 configuration is proficient. This is possible
thanks to the fact that eventually the P2 EM requests less power, resulting in lower energy
consumption and meaning that more time can be spent in electric drive mode. Consequently,
different results for fuel consumption are generated in the two configurations, rewarding the
case of P2-P4.

4.2.3. ECMS
The following simulations allow evaluating the impact of the ECMS, always according to the
previously introduced indications. Table 15, Figure 80, and Figure 81 show the results for the
configuration P3 - P4, while Table 16, Figure 82, and Figure 83 show the results for the
configuration P2 - P4.

Table 15. WLTC Class 3b simulated results, for a P3-P4 architecture with an ECMS.

1 0,
FC Redulc)t:;(_)lr)l 4/0 60s1p Phase 1 Phase 2 Phase 3 Phase4 Combined Corrected
Simulated % 100 54 43 41 52 \
ECMS CS 50% -4.7 -6.5 -4.8 -0.8 -4.0 -5.2
ECMS Spd -3.9 -8.2 -5.2 -2.7 -4.8 \

The ECMS results show a significant improvement in fuel economy, both for the CS and Spd
Dependency hypothesis.
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Figure 80. ECMS simulation for P3—P4 with an SoC target equal to 50%.
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Figure 81. ECMS simulation for P3—P4 with an SoC target depending on speed.

The same simulations were run on the P2-P4 configuration as it has been done for the RBS.

Table 16. WLTC Class 3b simulated results, for a P2-P4 architecture with an ECMS.

i 0,
FC Redu;tzl(_)g 4/0 60s1p Phase 1 Phase 2 Phase 3 Phase4 Combined Corrected
Simulated % 100 54 43 41 52 \
ECMS CS 50% -4.7 -6.4 -4.9 -1.0 -4.1 -5.4
ECMS Spd -2.3 -7.9 -5.1 -2.7 -43 \
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Figure 82. ECMS simulation for P2—P4 with an SoC target equal to 50%.
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Figure 83. ECMS simulation for P2—P4 with an SoC target dependent on speed.
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The CS calibration was tuned to guarantee an SoC value close to the target one at every instant.
On the other side, the speed dependency configuration will guarantee a greater variability of
the SoC, keeping space for any evaluations on performance or drivability. The ECMS simulations
show that both P2-P4 and P3-P4 configurations can achieve fuel economy, in particular the P2-

P4 is the most efficient in ECMS CS mode.
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4.2.4. Half Displacement Results
Further evaluations were made through simulation, also in this case by modifying the engine
displacement and its performance, to evaluate the impact of the hybrid control strategy and the
LiC hybrid architecture on a smaller engine.

In particular, the RBS P2-P4, ECMS CS 50% P2-P4, and ECMS speed-dependent P3-P4 were
simulated, as these represented the best solutions for the various control strategies. A
conventional vehicle with half displacement was simulated to guarantee a reference for the fuel
consumption comparison. The results are reported in Table 17.

Table 17. WLTC Class 3b simulated results for the best configurations.

FC Reduction % 60s1lp Phase1 Phase 2 Phase 3 Phase4 Combined Corrected

Simulated % 100 55 45 47 55 \

RBS P2-P4 -8.3 -12.8 -7.0 +1.0 -6.1 \
ECMS CS 50% P2-P4 -9.7 -134 -10.6 -1.6 -8.2 -10.3

ECMS Spd P3-P4 -4.4 -14.8 -9.8 -3.4 -7.6 \

Figure 84, Figure 85, and Figure 86 show the impact of the various hybrid control strategies on
a powertrain with a smaller engine. The behavior of the hybrid electric powertrian is similar to
the one that was obtained in previous simulations, however the fuel consumption results show
a bigger reduction, associated with better fuel economy.

This is due to the fact that usually the fuel consumption results for super sport cars are
significantly high, since the engine displacement is big. However, to work with a smaller engine
leads to greater percentage improvements that make the results comparable to the ones
obtained for hybrid vehicles commonly available on the market.
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Figure 84. RBS simulation with half displacement for P2—P4.
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Figure 86. ECMS simulation with half displacement for P3—P4 with a target SoC dependent on speed.

The results of the simulations with half displacement are compared with the ones from hybrid
vehicles commonly available on the market. According to these, the Lamborghini application
would fall within the sphere of mild hybrid systems [14,16]. To sum up, the comparison

between RBS and ECMS shows that it is possible to guarantee a greater fuel consumption
reduction working on the hybrid control strategy.

The ECMS reduces fuel consumption by up to 5.4%. Both the P2-P4 and the P3-P4

configurations achieve better results, as the strategy will choose at every working point the best
torque split solution between the front and rear EM.
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Overall, the fuel consumption reduction is small, and that can be associated with the
characteristics of the vehicle at our disposal (i.e., high displacement and high absolute values of
fuel consumption). At the same time, the results show a positive trend on the fuel economy that
is due to the hybrid control strategies chosen.

It must be noticed that the speed dependent SoC strategy guarantees good results. This kind of
application shows that we can achieve fuel economy even if we do not maintain a fixed SoC
target, but a speed-dependent one. This means that depending on the speed of the vehicle we
could leave room for any functions more performance-related, which could be activated at the
request of the driver.

This result represents an important element for the design of super sport cars, for which
performance and drivability are notable elements. It should be noted, however, that these
results are a consequence of the type of energy storage system chosen, which has as its main
feature the high power and the consequent reduced charging and discharging times.

The hybrid control strategy comparison points out that the choice to invest in the ECMS has
given benefits from the fuel economy point of view as it doubles the improvement on FC results.

4.2.5. Energy Storage Size Variation

At last, some simulations were run to evaluate the behavior of the energy storage with respect
to its main limit represented by the low specific energy [5,60]. The simulations were run for the
ECMS P3-P4 speed dependent scenario as it imposes rapid variations on the SoC, and it is
considered the most interesting to be implemented on a super sport car, typically associated
with high accelerations and decelerations. The capacity of the energy storage system is doubled
and quadrupled and so 60s2p and 60s4p are simulated. A system of that kind will guarantee
greater capacitance, lower internal resistance, and a greater mass. The results are reported in
Table 18.

Table 18. WLTC Class 3b simulated results, for the various energy storage configurations.

1 0,
FC Redulc)t:;(_)lr)l 4/0 60s1p Phase1l Phase2 Phase3 Phase4 Combined
Simulated % 100 55 45 47 55
60s1p -3.9 -8.2 -5.2 -2.7 -4.8
60s2p -5.0 -8.4 -5.5 -2.5 -5.1
60s4p -5.0 -8.4 -5.7 -2.6 -5.2

Table 18 shows that a greater capacitance brings slightly better fuel economy results that tend
to an asymptote. It is evident that although the results improve, the reward obtained is not
sufficient to justify an investment in a system that becomes more complex, heavier, and larger.
Above all, because the system is inserted in a supercar, which typically seeks maximum
performance and has dimensional limits related to design and aerodynamics.

Such an outcome points out that for an application of this kind the low specific energy limit of
the energy storage system does not compromise the results, indeed this hybrid powertrain can
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achieve fuel economy thanks to its high power, which results in a high charge and discharge
rate.

4.3. Third Configuration, 2 EMs HESS-based

The simulations for the third configuration are run under the conditions previously explained,
and the possibility to work with a system based on a HESS is explored. The vehicle configuration
that is here adopted is equal to the second vehicle configuration introduced in 2.4, however,
only the P2-P4 is here considered.

As it has been done previously, the fuel consumption (L/100km) is established as the
assessment parameter for comparison. The simulated conventional vehicle model reproducing
a Lamborghini Aventador SV] is considered as a reference. Moreover, the simulations that were
done in 4.2 for the second vehicle configuration, with a P2-P4 and an energy storage system
uniquely based on LiCs, are reported under the name ‘LiC 60s1p’.

In 4.2.1 a fuel consumption correction has been introduced. The application of this fuel
consumption correction is essential for the following simulations as we are no more working
with an energy storage uniquely based on LiCs.

The presence of a HESS is associated with higher energy content and so even a small variation
in the SoC of the HESS could produce an impact on the fuel consumption results. As the fuel
consumption correction in 4.2.1 took into account an energy storage system uniquely based on
LiCs, there were no problems in determining the energy difference between the final state and
the initial one, since the pack worked alone. However, with the introduction of HESS, two
different energy storage systems are present, and so both the energy balance of the LiCs and
the one of the batteries must be taken into account.

Once the total energy balance is calculated thanks to the equations shown in XX and XXVIII, the
fuel consumption correction can be determined as in 4.2.1.

4.3.1. Passive HESS
At first, the vehicle model is simulated with a passive HESS as energy storage system. Both the
RBS and the ECMS impact is analyzed.

RBS

The third vehicle configuration is simulated on a WLTC Class 3b, and the results can be seen in
Figure 87 and Table 19. As previously introduced, Table 19 shows the results for the reference
configurations given by the Lamborghini Aventador SV] conventional vehicle and by the second
vehicle configuration in P2-P4 with an energy storage uniquely based on LiCs. Moreover, the
fuel consumption results for the passive HESS are shown.

Figure 87 shows the simulation of the passive HESS on an RBS. The LiCs’ SoC is chosen as the
state variable, therefore the RBS is activated or deactivated when the LiCs’ SoC reaches the
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respective target values. This way, every time the electrical driving is activated, the traction
power will be guaranteed by the LiCs.
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Figure 87. Passive HESS WLTC Class 3b on an RBS.

Table 19. WLTC Class 3b simulated results, for a P2-P4 hybrid confiquration with a passive HESS and an RBS.

P2-P4 RBS Phase 1 Phase 2 Phase 3 Phase4 Combined Corrected
Simulated % 100 54 43 41 52 \

LiC 60s1p -1.2 -7.1 -2.7 +0.6 -2.3 \
Passive HESS -2.1 +1.5 -3.5 +1.2 -0.7 -0.2

The RBS ensures a reduction of fuel consumption, respecting the HESS current limits. As it can
be seen, the fuel consumption is reduced in those phases where the hybrid powertrain is
activated, otherwise it increases due to the greater weight.

As the final SoC differs from the initial one, the fuel consumption correction is applied. The
simulation of an RBS for a passive HESS shows a reduction of approximately -0.2% after the
fuel consumption correction. If compared with the value obtained for a LiC-based hybrid
powertrain (LiC 60s1p), the passive HESS gets a worse result, making the addition of batteries
apparently useless in this case.

The major problem of the passive HESS is represented by the fact that it cannot recover all the
energy available through regenerative braking due to current limitations introduced for safety
reasons through the control strategy presented in Control. On the other side, a LiC-based
configuration does not experience the same current limitations derived from the presence of
additional batteries, making it capable of recovering more energy.
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ECMS

An ECMS simulation is run to complete the analysis on the passive HESS. The ECMS splits the
torque to guarantee the minimization of the equivalent fuel consumption, keeping into account
the system’s limitations. The results are reported in Figure 88 and Table 20:

In particular, the strategy that is here simulated is the ECMS CS 50%. The ECMS with an SoC
depending on speed is not simulated for the passive HESS, in fact a passive HESS would not be
ideal for a strategy of this kind as the direct connection typical of a passive HESS between the
battery and the LiCs would make the SoC variation slow and uncapable of following properly
the fast variations of the target SoC due to the current limits of the battery. This highlights that
the power limit has a major importance for the energy storage systems, especially for super
sport cars.

The simulation done in 4.2.3 is considered for the ‘LiC 60s1p’ reference.
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Figure 88. Passive HESS WLTC Class 3b on an ECMS.

Table 20. WLTC Class 3b simulated results, for a P2-P4 hybrid confiquration with a passive HESS and an ECMS CS.

P2-P4 ECMS CS Phase 1 Phase 2 Phase 3 Phase4 Combined Corrected
Simulated % 100 54 43 41 52 \
LiC 60s1p -4.7 -6.4 -4.9 -1.0 -4.1 -5.4
Passive HESS -7.9 -3.0 -1.7 +0.1 -3.0 -1.7

Figure 88 shows the simulation for the passive HESS on an ECMS CS 50%. During the simulation
the LiCs’ SoC is considered the reference, and it will follow the SoC target of 50%. On the other
hand, the battery’s SoC is not controlled, and it is progressively discharged, even if the battery
maintains the same terminal voltage of the LiCs being in a parallel connection.
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The graph shows a current that varies very frequently, especially for LiCs. This is also due to
the strategy calibration that has been chosen, which could be adjusted to ensure smoother
activation profiles.

Table 20 shows the fuel consumption results for the ECMS CS 50%. The ECMS guarantees a fuel
consumption reduction, but, as in the RBS, the configuration cannot recover all the energy
available through regenerative braking due to the control strategy that needs to be adopted for
safety reasons, explained in Control. So, even in this case the results are not as good as the ones
obtained through the LiC-only simulation. Moreover, since the system cannot be actively
controlled, the capacitor energy cannot be fully used [5,78] as it is bound to the battery voltage.

In conclusion, for the passive HESS, fuel consumption reduction is achieved, but the current
limits of the 21700 batteries are too challenging and the passive HESS cannot achieve better
recuperation than the LiCs alone. This makes a passive system with a bigger capacity worse
than a LiC-only system with respect to fuel consumption reduction.

4.3.2. Semi-Active HESS
The simulations for a semi-active HESS have been run to evaluate the performance of this
solution. The configuration that is here tested is the one based on Figure 58 and based on the
theory presented in DC-DC Converter.

RBS

As in 3.4.1, the RBS makes the vehicle work in electric drive mode once the SoC is over a certain
target value. The current system is characterized by two energy storage systems, and the LiCs’
SoCrepresents the strategy reference. This allows to activate the hybrid components only when
the electric traction power is available. On the other side, as it was described in 2.5.4 and in
[75,89] the battery deals with the average power and it is charged or discharged until it reaches
its limits as it can be seen in Figure 89 and Table 21.
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Figure 89. RBS simulation for a semi-active configuration.

Table 21. WLTC Class 3b simulated results, for a P2-P4 hybrid configuration with a passive and a semi-active HESS,
and an RBS.

P2-P4 RBS Phase 1 Phase 2 Phase 3 Phase 4 Combined Corrected
Simulated % 100 54 43 41 52 \
LiC 60s1p -1.2 -7.1 -2.7 +0.6 -2.3 \
Passive HESS -2.1 +1.5 -3.5 +1.2 -0.7 -0.2
Semi-Active HESS -1.9 -7.1 -5.1 +1.0 -3.0 +0.7

Figure 89 shows the activation of the RBS on the semi-active configuration. The LiCs’ SoC is the
reference, and the phases in which it is rapidly discharged correspond to the electrical driving
activation. With respect to the passive HESS, the electrical driving is here activated more
frequently. This is due to the fact that the semi-active HESS separates the current limits of the
two different energy storages, allowing the HESS to react better at dynamic situations. This
means also that better recuperation can be achieved without the same strict limits on currents
that are present for passive HESS.

However, the semi-active configuration is not proficient for fuel economy, as shown in Table
21. This is true once the fuel consumption correction is applied, as the battery is discharged in
an uncontrolled manner and ends the cycle at a SoC much lower than the initial one. It can be
noticed that even if the RBS guarantees a fuel consumption reduction for the LiC-based hybrid
powertrain and for the passive HESS, it is not capable to guarantee the same results for a semi-
active HESS.

So, the additional energy present in the form of additional batteries does not guarantee
improvements on this side. Different solutions could be analyzed for a HESS with a larger
battery pack, that could compensate for the additional weight by extending the driving periods
in electrical drive. Further analysis could be carried out by actuating a control on the battery
SoC, in addition to the control already done on the LiCs’ SoC.

ECMS

The ECMS is focused on optimizing the equivalent fuel consumption at every instant. The LiCs’
SoC is taken as a reference for the strategy, and it follows the SoC target throughout the whole
cycle. On the other side, the battery is charged or discharged with respect to the average power.
The results for a ECMS in CS mode are shown in Figure 90 and Table 22.
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Figure 90. ECMS CS simulation for a semi-active configuration.

Table 22. WLTC Class 3b simulated results, for a P2-P4 hybrid configuration with a passive and a semi-active HESS,
and an ECMS CS.

P2-P4 ECMS CS Phase 1 Phase 2 Phase 3 Phase4 Combined Corrected
Simulated % 100 54 43 41 52 \
LiC 60s1p -4.7 -6.4 -4.9 -1.0 -4.1 -5.4
Passive HESS -3.6 -1.8 -1.2 +0.3 -1.5 -1.7
Semi-Active HESS -4.2 -5.3 -3.9 +0.3 -3.1 -6.8

Figure 90 shows that the battery’s SoC increases during the cycle, and this leads to a final SoC
higher than the initial one. So, the fuel reduction correction is applied. The application of an
ECMS CS on a semi-active system is proficient for fuel economy. Differently from the RBS, the
ECMS is designed to target the minimization of the equivalent fuel consumption at every
instant, and this can be seen in the results that have been obtained.

Table 22 shows that a semi-active HESS configuration can reduce fuel consumption up to 6.8%,
making this solution better than the LiC 60s1p and the passive HESS. The advantage of the semi-
active configuration is the major flexibility in the system’s control that makes it possible to work
better in dynamic situations. However, the drawback is represented by the high complexity and
the addition of a component that involves greater weights and dimensions.

Later, an ECMS Spd is tested. The LiCs’ SoC follows the target SoC varying with speed, and the
battery works with the average power. The results are shown in Figure 91 and Table 23.
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Figure 91. ECMS Spd simulation for a semi-active configuration.

Table 23. WLTC Class 3b simulated results, for a P2-P4 hybrid configuration with a semi-active HESS, and an ECMS
Spd.

P2-P4 ECMS Spd Phase 1 Phase 2 Phase 3 Phase4 Combined Corrected
Simulated % 100 54 43 41 52 \
LiC 60s1p -2.3 -7.9 -5.1 -2.7 -4.3 \
Semi-Active HESS +2.0 -5.8 -3.6 -1.5 -2.0 -5.5

Figure 91 shows the activation of an ECMS with a SoC target dependent on speed, for a semi
active HESS. The capacity of the semi active configuration to unbind the two energy storages
and the current that is flowing through them, is relevant for this application. In fact, it is thanks
to this that the LiCs can follow a rapidly varying SoC target while the battery can deal with the
average power, recharging through the entire cycle and acting as an energy reserve whether it
would be needed. As shown in Table 23, this configuration guarantees a fuel consumption
reduction.

This application is of particular interest for super sport cars, as the energy reserve that is
guaranteed by the varying SoC target could be used for the activation of additional hybrid
control functions. This guarantees great flexibility. and ensures the possibility to follow rapid
variations of the target SoC.

4.3.3. Fixed Ratio HESS
At last, the fixed ratio configuration is analyzed, both on RBS and ECMS simulations. The fixed
ratio HESS is based on Figure 58 and based on the theory presented in Fixed Ratio DC-DC.

RBS
As for the semi-active configuration, the system is characterized by two energy storage systems,
and the LiCs’ SoC represents the strategy reference. This allows to activate the electric drive
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mode only when the traction power, mainly given by the LiCs, is available. On the other side,
the battery is controlled by the fixed ratio DC-DC and it is charged or discharged until it reaches
its limits as it can be seen in Figure 92 and Table 24.
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Figure 92. RBS simulation for a fixed ratio configuration.

Table 24. WLTC Class 3b simulated results, for a P2-P4 hybrid confiquration with a passive, a semi-active, a fixed-ratio
HESS, and an RBS.

P2-P4 RBS Phase 1 Phase 2 Phase 3 Phase4 Combined Corrected
Simulated % 100 54 43 41 52 \
LiC 60s1p -1.2 -7.1 -2.7 +0.6 -2.3 -2.3
Passive HESS -2.1 +1.5 -3.5 +1.2 -0.7 -0.2
Semi-Active HESS -1.9 -7.1 -5.1 +1.0 -3.0 +0.7
Fixed Ratio HESS -3.1 -8.1 -3.9 +0.9 -3.2 +0.3

The fixed ratio HESS shows a frequent activation of the electrical drive, and it behaves as the
semi-active configuration previously simulated. Further analysis should be carried out by
actuating a control on the battery SoC, in addition to the control already actuated on the LiCs’
SoC. Table 24 shows that the fixed ratio HESS is not capable to achieve a reduction of fuel
consumption once the fuel consumption correction is applied to the result.

ECMS
The results for a ECMS in CS mode are shown in Figure 93 and Table 25.
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Figure 93. ECMS CS simulation for a fixed ratio configuration.

Table 25. WLTC Class 3b simulated results, for a P2-P4 hybrid confiquration with a passive, a semi-active, a fixed-ratio

HESS, and an ECMS CS.

| ]
1400 1600 1800

P2-P4 ECMS CS Phase 1 Phase 2 Phase 3 Phase4 Combined Corrected
Simulated % 100 54 41 52 \
LiC 60s1p -4.7 -6.4 -1.0 -4.1 -5.4
Passive HESS -3.6 -1.8 +0.3 -1.5 -1.7
Semi-Active HESS -4.2 -5.3 +0.3 -3.1 -6.8
Fixed Ratio HESS -8.3 -7.4 -0.1 -5.1 -4.0

The results in Table 25 show that the fixed
consumption reduction when simulated on an ECMS CS 50%. This makes the fixed ratio HESS a
viable solution for fuel economy. However, the control simplicity of the fixed-ratio DC-DC is

ratio HESS configuration guarantees fuel

here paid with worse results with respect to the semi-active configuration.

At last, an ECMS Spd is tested. The LiCs’ SoC follows the target SoC that varies with speed. The

results are shown in Figure 94 and Table 26.
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Figure 94. ECMS Spd simulation for a fixed ratio configuration.

Table 26. WLTC Class 3b simulated results, for a P2-P4 hybrid configuration with a semi-active, a fixed-ratio HESS,
and an ECMS Spd.

P2-P4 ECMS Spd Phase 1 Phase 2 Phase 3 Phase4 Combined Corrected
Simulated % 100 54 43 41 52 \
LiC 60s1p -2.3 -7.9 -5.1 -2.7 -4.3 \
Semi-Active HESS +2.0 -5.8 -3.6 -1.5 -2.0 -5.5
Fixed Ratio HESS +1.7 -8.3 -6.3 -3.1 -3.8 -3.0

Table 25 and Table 26 show that the fixed ratio DC-DC is capable to achieve fuel economy when
the hybrid control strategy targets the minimization of equivalent fuel consumption as the
ECMS does. However, the results that are obtained do not improve what was previously
simulated on the semi active HESS.

The current profiles that are obtained in Figure 94 resemble the ones obtained for the semi
active simulations in Figure 91, especially for the LiCs’ current that in both cases is capable to
react at the SoC target variations. On the other hand, the battery’s current has a different profile
as in the semi-active configuration is meant to deal with the average load power, while here
aims to maintain the same voltage between battery and load as explained in Fixed Ratio DC-DC.

To sum up, these simulations make it clear that a passive HESS, despite guaranteeing simplicity
and being cheap, is not good for performance and control. On the other side, the semi-active
configuration is more complex but has the great advantage of being controllable and this results
in a more consistent fuel consumption reduction and reliability.

The fixed ratio DC-DC achieves fuel economy; however, it is not as proficient as the semi-active
HESS. At the same time, it represents a simpler system that would allow to save complexity.
Improvements could be obtained updating the control strategies and making them best suited
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to work with a HESS by controlling both the LiCs’ SoC and the batteries’ SoC, this would make
an additional fuel consumption reduction possible. Another improvement could be given by the
introduction of batteries with greater limits on current, that would be capable of guaranteeing
better energy recuperation.

Another consideration is related to the comparison between the HESS and an energy storage
uniquely based on LiCs. The choice to work with a HESS allows to improve the system’s
flexibility, as greater energy content could be guaranteed, while maintaining the power of the
LiCs. However, the results for the RBS show that in some situations, the energy storage system
uniquely based on LiCs could achieve better fuel economy results. On one side, this clarifies the
importance of high-power density systems for super sports car, that can guarantee fuel
economy even if characterized by low energy density. On the other side, it makes clear that the
hybrid system carries more weight and that it needs a more accurate management of the
additional energy that it makes available (for example with strategies targeting the
minimization of fuel consumption), which otherwise will not lead to the expected benefits.

4.3.4. Performance
The last part of the activity has been destined to the study of dynamic conditions (typically seen
for sportdriving or use on the track). The energy storage system is here dimensioned to recover
all the energy available for high-speed braking. The study aims to understand what kind of
solutions would be needed to satisfy this target and whether these solutions are viable. The
semi-active fixed ratio HESS is now analyzed for performance. Simulations for a 0-200 km/h
acceleration and a 200-0 km/h braking are run.

At first, a braking from 200 km/h to 0 km/h is analyzed as this represent an extremely
challenging condition, especially for the battery due to its stringent current limit. During
braking, energy is usually dissipated through mechanical brakes, but here it can be recovered
through regenerative braking. The target is to design a HESS capable of storing all the energy
generated from braking. The hybrid powertrain as it has been described until now is not
capable of recovering the whole amount of energy, so a new HESS is designed.

Since the batteries are strongly limited in current, they are not capable of recovering great
energy quantities during hard braking and their impact in a high-power situation, like the 200-
0 km/h braking, is low. So, the battery maintains the 54s1p configuration. On the other side, the
LiCs are sized to recover all the available energy and a configuration of 60s5p is chosen,
maintaining the same voltage range of the previous hybrid configuration. Furthermore, EMs
about 5 times more powerful than the previous configuration are chosen to satisfy the peak
power. The new hybrid powertrain, which we refer to as Hybrid 60s5p, is simulated as shown
in Figure 95.
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Figure 95. Hybrid 60s5p simulation for the 200-0 km/h braking.

The simulation demonstrated that during recuperation the braking energy is coming from the
EMs and not the mechanical brakes, allowing to recover all the available energy. In this
simulation the battery and the LiCs are starting at the same voltage (respectively corresponding
to a LiCs SoC=30% and a battery SoC=2%), and, as soon as the vehicle speed gets under 190
km/h, the regenerative braking strategy is activated as the front EM is attached.

A negative current start flowing in the HESS, and the battery immediately reaches its lower limit
while the LiCs can manage all the remaining current (here the values are normalized with
respect to the maximum LiCs’ current). The LiCs’ SoC in Figure 95 is calculated as in XIX,
meaning that it depends on the terminal voltage of the LiCs’ pack, that is formulated as in XV.
This means that its variation depends both on the internal voltage that increases during a
braking simulation, and on the voltage drop generated by the negative current.

This is evident at the beginning of the simulation (approximately instant 0.05), when a rapid
spike takes place because of the sudden demand of current. Moreover, this explains the
curvilinear pattern of the SoC during the braking phase.

As the braking phase ends, the current goes back to zero and the system is left with a voltage
imbalance between LiCs and batteries. The two components start exchanging low values of
current to bridge this gap and the LiCs start delivering positive current to the battery until
voltage equilibrium is reached. This is shown in Figure 96, where the LiCs current becomes
positive and the SoC of the batteries slowly increases to reach the same LiCs voltage as
explained in Fixed Ratio DC-DC.

130



——LiC Current [%]
——21700 Current [%]
4 SoC LiC [%]
——SoC 21700 [%]

3

1
1 1.5 2 25 3 3.5 4 45 5 5.5 6
Braking Time

Figure 96. Detail of the system’s currents.

Figure 97 shows the energy dissipated through mechanical braking. The Hybrid 60s5p makes
use of the mechanical brake mainly in the initial phase as the regenerative braking is activated
under 190 km/h. The remaining braking energy is almost completely given by regenerative
braking, meaning that the HESS is properly sized.
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Figure 97. Mechanical contribution for the 200-0 km/h braking.

The Hybrid 60s5p is tested also for a 0-200 km/h acceleration. At first, the conventional vehicle
is simulated for a 0-200 km/h acceleration and the times of 0-100 km/h, and 0-200 km/h are
recorded and normalized with respect to the greatest of the two.
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Later, simulations for the Hybrid 60s1p and for the Hybrid 60s5p are run and the results are
compared to the conventional ones, showing the percentage improvement or reduction, as
shown in Table 27, Figure 98, and Figure 99

Table 27. 0- 200 km/h simulated performance results.

Time 0-100 km/h 0-200 km/h
Conventional (%) 36 100
Hybrid 60s1p (%) +15 +6
Hybrid 60s5p (%) -14 -25

200 -
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140~ | Speed [km/h]
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100 =
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Figure 98. Hybrid 60s1p simulation for the 0-200 km/h acceleration.

The Hybrid 60s1p is less performant than the conventional vehicle. This is because in hybrid
configuration the P4 EM is the only power source at the front axle, and it is not capable to output
the same power that was split to the front from the ICE in conventional configuration all-wheel
drive.

Moreover, as soon as the LiCs reach the minimum SoC, the hybrid contribution ends leaving the
ICE alone. In fact, the battery is not capable to satisfy the power request by itself. As the hybrid
contribution ends, the battery continues to deliver positive current to the LiCs, as the HESS tries
to bridge the difference in voltage between the LiCs and the battery.
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Figure 99. Hybrid 60s5p simulation for the 0-200 km/h acceleration.

In Figure 99, at approximately instant 0.87, the vehicle speed of 190km/h is reached, and the
front EM is detached modifying the current requests. In the Hybrid 60s5p configuration the
front EM delivers more power than before and the LiCs deliver higher currents. Moreover, the
presence of parallels lowers the internal resistance and the voltage drop, and this allows to run
in hybrid mode for longer time.

The results highlight that a HESS can guarantee improvements on the 0-200 km/h acceleration
and energy recuperation on the 200-0 km/h braking. While the battery can be seen as the
responsible for the energy target, the LiCs are capable to achieve the power target. Performance
tests highlight the possibility of using a HESS to achieve both power and energy targets,
focusing on proper LiCs and battery sizing.
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5. Models’ Management
This chapter refers to the ways models were managed during the research project. Proper
models’ management is often overlooked, and small time is destined to this activity that, on the
other side, requires accurate management and solid procedures.

5.1. Data sharing and archive

During the research project, solid procedures have been established to properly track the
models’ development and to maintain good and consistent management of models and files,
keeping a data archive of the file versions and establishing a way for model sharing.

It is extremely important to keep an archive of the file versions, especially when lots of people
work on the same model, to avoid problems when modifications are made and to track every
change that is done. Eventually, various versions of the model need to be merged without losing
the work of other people. Another request is the need of fast and stable ways to share models.
With respect to these topics, TortoiseGit and GitHub have been adopted.

5.1.1. GitHub
GitHub [128] is a provider of internet hosting especially designed for software development
and version control using Git. Git is a software capable of tracking changes in any set of files and
it is particularly indicated for programmers collaboratively developing source code. GitHub
offers the functionalities of Git and provides among the others bug tracking, feature requests,
task management, and continuous integration for every project.

GitHub allows the user to start a pull request, detaching momentarily the code from the core
and giving the chance to experiment, debug, and build new features. This way, changes can be
proposed, and any modification can be made. Once the modified code is reviewed it can be
merged with the original. GitHub has been adopted to work in collaboration with other people
on the same hybrid control strategies.

5.1.2. TortoiseGit
TortoiseGit [129] is a Windows Shell Interface to Git, and supports by regular task, such as
committing, showing logs, creating branches and tags, creating patches and so on.

All commands are available through Windows Explorer, making it easy for all users. The main
highlight is that it allows to manage software versions easily and keep a data archive, giving the
chance to recover the past versions of the models.

5.2. Model Sharing

Other considerations have been made speaking strictly of the model management on
MATLAB/Simulink.
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5.2.1. Variant Subsystems
During the research project various vehicle configurations have been analyzed, starting from a
conventional vehicle, and progressively adding components to reproduce the hybrid behavior.
As different vehicles were built, different models were used. On the other side, the same vehicle
could host various hybrid configuration with the introduction of multiple EMs in P2-P4 and P3-
P4 configurations. Alongside this, various strategies could be implemented as RBS and ECMS.

MATLAB/Simulink allows the user to design various configurations and to activate only the
desired one, while keeping the others disabled. This is possible thanks to the Variant
Subsystems as shown in Figure 70.

Variant Subsystems [122] allow to manage all the configurations hosted by a single model
through the MATLAB environment, without necessarily entering Simulink. This way, the model
can be tuned without modifying blocks in Simulink, but just by giving input through the
MATLAB command window, making it easy also for users who have not participated in the
model design or who have no experience in that kind of software. This solution can be adopted
for safety reasons, as any unwanted changes in the Simulink environment could generate major
problems, especially if the model is shared between users and departments. This is avoided
when the model control is done via MATLAB.

5.2.2. Graphic User Interface
The adoption of Variant Subsystems goes along with the introduction of a GUI, in fact the
presence of a GUI could lead to major advantages:

e Keeps the work organized and traceable,

e Makes the model accessible to all kind of users, as direct access to Simulink is not
needed,

On the other side:
e Requires working effort, at least in the first realization phase,
e Requires models adequate to the GUI implementation.

So, the GUI brings with itself complexity as its development and the management of the
interaction between GUI, MATLAB and Simulink need to be continuously updated.

Simulink versions of the vehicle model need to be specifically designed for GUI integration, in
particular a database with the final version of the vehicle model should be created and no
modifications should be made on that version. Alongside the Simulink model, the MATLAB code
needed for data input is included in the database.

A GUI has been realized for the longitudinal dynamics’ simulations of a hybrid vehicle model, it
allows to configure a vehicle and simulate its behavior on a chosen real driving speed cycle or
an emission cycle.
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Figure 100. GUI starting window.

The GUI has been developed to simulate both the behavior of a conventional and hybrid vehicle,
and it allows to choose between various powertrain configurations as P2-P4 and P3-P4. The
vehicle mass and vehicle resistances are editable; moreover, the energy storage system and its
configuration and the hybrid control strategies can be chosen.
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Figure 101. GUI window for a hybrid vehicle configuration.

As output, various graphs showing the vehicle and the powertrain behavior can be plotted.
Then, the choice to save data for further analysis is allowed, a .mat file will be generated. All
these selections can be made without entering the simulation environment.

Figure 102.

Figure 103. Simulation’s results referred to the hybrid powertrain.
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The GUI has been developed in AppDesigner [130], that is an interactive development
environment for designing an app layout and programming its behavior. It provides a fully
integrated version of the MATLAB Editor and a set of interactive Ul components. It also offers
a grid layout manager to organize the user interface, and automatic reflow options to make the
app detect and respond to changes in screen size. It makes also possible to distribute apps by
packaging them into installer files directly from the App Designer toolstrip, or by creating a
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standalone desktop or web app. AppDesigner allows to work on apps both in Design View and
Code View, to guarantee maximum editability.
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6. Conclusions

This dissertation thesis analyzes hybrid electric vehicles and focuses on super sport car
applications. It starts with the modeling of a simple hybrid powertrain and goes on by enriching
the architecture, generating a more complex powertrain based on innovative energy storage
technologies and introducing hybrid control strategies capable of satisfying various requests.

The first vehicle configuration, based on the hybridization of a conventional Lamborghini
Aventador model, is composed of an energy storage uniquely based on LiCs, a single EM in P3
position and a rule-based control strategy that aims at comfort as the first objective.

The simulations run on this configuration show that a high-power density storage system as
LiCs is ideal for covering torque requests of short duration. Moreover, modifications are made
to the control strategy, that allow to conclude that a system of this type can be rethought to
obtain fuel economy. In particular, a dynamic strategy that links the SoC target to the vehicle
speed has been designed. It has been verified that this strategy could achieve the comfort target,
while leaving room for additional functions more related to performance or fuel economy. The
fuel consumption improvement that is achieved for this hybrid configuration goes up to 0.56%.

The second configuration, that is based on the hybridization of a Lamborghini Aventador SV],
sees the introduction of two EMs, that can be disposed in P3-P4 or P2-P4 configuration. The
energy storage system is always uniquely based on LiCs, while the hybrid control strategies’
study is deepened. At first, an RBS that allows the vehicle to run in electric mode is introduced.
Then, an ECMS targeting the minimization of the equivalent fuel consumption is evaluated.

The simulations show that a hybrid vehicle of this kind is capable of achieving fuel economy,
theoretically falling within the sphere of mild hybrid systems [14,16]. In particular, the choice
to invest in an ECMS seems proficient as it doubles the improvements on fuel economy if
compared with the previously adopted solutions. The ECMS, in fact, reduces fuel consumption
by up to 5.4%, while the RBS can achieve a reduction of 2.3%.

The third vehicle configuration is always based on the hybridization of a Lamborghini
Aventador SV] with two EMs but works uniquely with a P2-P4 configuration. The control
strategies that are destined to this configuration are the same RBS and ECMS that were
introduced for the second one. However, the energy storage system is modified, and a HESS is
studied. The target of this application is to guarantee both power and energy, by combining two
different energy storage systems as LiCs and batteries.

The HESS is studied as a simple passive HESS, where the LiCs and batteries are directly
connected in parallel, or as a semi-active HESS, where a DC-DC converter is the interface for the
two energy storage systems. Also, a fixed ratio DC-DC is introduced and analyzed. Every one of
these configurations has its own advantages and disadvantages, in fact the passive HESS is a
simple system that ensures low weight and small size; however, it cannot be actively controlled,
and it limits the energy that would be available from LiCs. The results on fuel economy show a
reduction of 0.2% for the RBS and 1.7% for the ECMS.
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The semi-active HESS introduces a DC-DC converter, increasing the weight, size, and
complexity. On the other hand, it allows to properly control the currents flowing in both
batteries and LiCs. While the application of an RBS does not achieve fuel economy, the use of a
ECMS and so the minimization of the equivalent fuel consumption instant by instant, makes the
semi-active HESS proficient as it achieves a reduction of 6.8% in CS mode, and 5.5% in speed
dependent mode.

The adoption of a fixed ratio DC-DC converter is seen as an alternative to maintain the
complexity low, while still controlling the current limits of the HESS. However, this simplicity
is paid with worse results on fuel economy, if compared with the other semi-active
configuration. In fact, the ECMS guarantees a reduction of 4.0% in CS mode, and 3.0% in speed
dependent mode, while the RBS is not capable to achieve fuel economy in this configuration.

Overall, the simulations show that the HESS is capable to guarantee fuel economy, reducing the
fuel consumption of the vehicle with respect to a conventional one. However, the HESS
introduction is not necessarily proficient with respect to the second vehicle configuration that
was previously adopted, uniquely based on LiCs. This is partially due to the fact that the
strategies that have been adopted are not specifically designed for a HESS. However, the main
limit of the configuration is represented by the battery current limit, that impacts on the whole
system. With respect to this, the introduction of high-power batteries should be prioritized.

The final analysis is run by simulating the performance of the super sport HEV fitted with a
semi-active HESS. The HESS is specifically sized to recover all the energy available duringa 200-
0 km/h braking and to guarantee a reduction in the time performance for a 0-100 km/h and 0-
200 km/h acceleration. These simulations show that the HESS can be an interesting solution to
cover both the energy and power requirements that are typically associated to a super sport
HEV.

To sum up, it is evident that the LiC technology is limited for energy performance at the
moment, but with a proper development of the control strategy and keeping into account the
growth of the technology [59,120,121,131], the system capabilities could lead to major
applications in the hybrid environment.

The high-power characteristic of the LiCs makes them interesting for applications like super
sport cars, which greatly evaluate features such as performance and drivability along with fuel
economy. The development of the capacitors’ technology to achieve better energy density
performance is one of the future steps for this research activity. Other interesting steps are the
deepening of the HESS technology and an experimental study of its feasibility, while from the
control point of view the work on the RBS and ECMS could go on to better fit the energy storage
system’s characteristics. The introduction of optimal control strategies is seen as another
aspect to be explored; however, it is not priority given that these strategies are suitable only for
off-line implementation.
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