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STUDY OF STRATEGIES FOR
AN OPTIMAL ENERGY
MANAGEMENT ON ELECTRIC
AND HYBRID VEHICLES

ABSTRACT

This PhD thesis is focused on identifying energy management strategies
on board electric and hybrid vehicles, to optimize energy management and thus
allow for resource savings. In fact, vehicle’s operational phase optimisation
through a more efficient energy management allows main components
downsizing, such as battery pack.

First of all, a simulation tool called TEST (Target-speed EV Simulation
Tool), is presented. This tool allows to carry out longitudinal dynamics
simulations on pure electric or hybrid-electric vehicles, and therefore monitoring
all the relevant data needed to carry out a proper powertrain sizing, including
the electric motor(s) and the battery pack. Furthermore, several powertrain
layouts can be also tested, including those using fuel cells.

Then a regenerative braking strategy, suitable for FWD, RWD and AWD
vehicles, is presented. Its main target is to recover the maximum possible braking
energy, while keeping the vehicle stable with good braking performance. The
strategy has been tested both through a state-of-art vehicle dynamics simulation
software (VI-CarRealTime) and through driver-in-the-loop simulations using a
driving simulator. Furthermore, the proposed strategy has been integrated into
TEST to evaluate its influence on vehicle range and consumptions.

The above-mentioned tools have been used to evaluate a real-world case
scenario to assess the feasibility of using a methane fuel cell powered fleet to
carry out door to door waste collection activities. Results show high feasibility in
terms of vehicle range compared to standard waste collection missions, provided
that components are properly sized. Components sizing has been done through
iterations using different components on the same missions.
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Finally, an in-depth analysis of the LCA (Life Cycle Assessment) studies
related to electric vehicles has been reported, with particular focus to the battery
pack, highlighting some environmental critical issues. This LCA study therefore
emphasizes the importance of a correct energy management to minimize the
environmental impact associated with energy consumption.

1 INTRODUCTION

In this thesis document, several strategies for an optimal energy
management on electric and hybrid vehicles are presented. The necessity of such
strategies is related to problems of environmental impact (aspect that will be
deepened in this thesis, in Section 6 [1]), to problems associated with the low
range of the electric traction (in particular of the battery pack), to the need to save
resources in the production phase of the traction batteries; aspects that will be
presented in more detail below.

Nowadays, the automotive sector is facing the challenge of improving its
environmental sustainability. Because of that, car manufacturers are trying to
increase the market share of electric and hybrid vehicles [2]. As a matter of fact,
due to the stringent emission laws from governments from all over the world,
diesel vehicles are being replaced by hybrid vehicles [2]. In this regard, it is
interesting to mention the law of 16 January 2019 (formal adoption on 3 April
2019) [3,4], as the European Parliament voted for the further reduction of carbon
dioxide (CO2) emissions for the newly registered vehicles. In particular, cars and
light commercial vehicles (vans) registered from 2025 will have to emit 15% less
CO: and by 2030 cars will have to emit 37.5% less CO>, while light commercial
vehicles will have to emit 31% less. Furthermore, the most recent regulation
2021/1119/EU [5], in force since 29 July 2021, mandates a reduction in greenhouse
gas emissions by 55% compared to 1990 levels by 2030. This law also provides
for a series of actions that must lead to climate neutrality by 2050. Furthermore,
the European Parliament voted on Wednesday, 2022 June 8, to ban sales of new
internal combustion engine cars and vans in the European Union from 2035
onward (ordinary legislative procedure 2021/0197(COD)).

Furthermore, the problem of traditional vehicles is not only linked to
environmental problems, i.e., global warming associated with the emission of
large quantities of CO2 and pollution linked to the emission of pollutants such as
unburnt substances and nitrogen oxides (NOx) contained in the exhaust gases of
thermal engines, but it is also associated with the noninfinite availability of fossil
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fuels [6]. For all the above reasons, the automotive market is pushing more and
more electrified, hybrid or fully electric vehicles.

However, the spread of these alternative powertrains (especially full
electric) is being slowed down by their range as it is still not comparable to a
traditional liquid fuel-powered vehicle. In fact, despite the considerable step
forward in battery technology, energy density (energy to weight ratio) of lithium
batteries is still far from being competitive with gasoline or diesel [6].

Therefore, to reduce this gap a hybrid and/or electric powertrain must be
well designed in order to minimize energy loss and ultimately, increase its range
without increasing battery weight. To reduce design time and costs, a model-
based design approach can be used instead of the traditional prototype-based
approach [7]. By means of virtual models, most of the common test procedures
can be carried on since the very early design phase. This allows designers to
adjust their efforts as a function of the simulation results obtained. This method
has been proven to be much more efficient than the traditional one [8,9].

In this thesis a new simulation tool (named TEST, Target-speed EV
Simulation Tool) will be presented in Section 2 and this work was also published
on “MDPI - Energies” journal [10]. The main target of this tool is to obtain shorter
calculation times and perform closed-loop simulation in a more efficient way
comparing to other tools reported in literature. Such a tool should be reliable,
robust and numerically stable. It also has to be intuitive and easy to use for people
with no specific training. The graphical user interface should be simple and
straightforward. The TEST model has been written in MATLAB/Simulink; a
programming environment widely used in the automotive world. The simulation
tool presented in this work allows for the simulation of both mechanical and
electrical behaviour of a full electric or hybrid APU (Auxiliary Power Unit)
vehicle, considering longitudinal dynamics only. This approach makes the whole
system more flexible, versatile, and suitable to model any sort of EV-HEV
powertrain, making it a true multipurpose simulation tool. It is worth
highlighting that the design of new EV or HEV powertrain is carried out using a
“modular” approach; therefore, the use of this kind of simulation tool during the
design and development process becomes a necessity, hence leading to a more
efficient vehicle design in terms of costs and time saved. The modularity of the
model also allows you to easily make changes to the tool, or add additional
modules, in order to simulate other types of hybrid vehicles and test different
energy management strategies on board the vehicle.

As already mentioned, for reasons of pollution, non-infinite availability of
fossil fuels and for issues related to exhaust emissions, the automotive market is
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progressively switching to electrification, i.e., to hybrid electric vehicles and fully
electric vehicles. However, as already mentioned, a strong limitation of these
vehicles (especially for fully electric vehicles) is imposed by the limited range of
electric drive when compared to traditional internal combustion engine vehicles.
In fact, despite their continuous technological development, the energy density
of lithium batteries is still far from being competitive with petrol or diesel [6].

Therefore, in order to maximize the range of electric vehicles with the
same nominal capacity in the battery pack, it is necessary to better manage the
energy on board the vehicle, in particular, by maximizing energy recovery during
the deceleration and braking phases.

In fact, as stated in [11], regenerative braking technology can increase the
driving range by 10 to 20% when the electric vehicle travels in urban road traffic
with frequent stop and start events (American Electric Power Research Institute
data) [12].

The goal of efficient regenerative braking logic is to increase the vehicle
range, thus making it possible to reduce the weight and size of the battery pack
in the design phase and, therefore, to reduce the consumption of natural
resources in the battery production phase. All this results in a less severe
environmental impact, both in the production phase of the battery pack and in
the use phase of the vehicle [1] (Section 6 explores this aspect further).

In this thesis, a regenerative braking logic is presented in Section 3 (and in
the publication [13] in “MDPI - Energies” journal), to be implemented in the
vehicle control unit, which aims at minimizing the use of dissipative braking and
to achieve the maximum possible energy regeneration by means of the braking
torque provided by the electric motor(s) while preserving vehicle stability even
in emergency braking events. During the development phase of this logic, it was
useful and important to use a compact simulator to carry out some qualitative
tests and tests related to the driver’s perception.

As already mentioned, nowadays, climate change is the main critical issue
that citizens and governments face. This has led many countries to sign climate
agreements to tackle this problem, such as the Paris agreement [14]. It can be seen
by analysing the environmental impacts of different anthropogenic activities that
fossil fuel usage is particularly significant for energy production, domestic
heating, and the transportation sector [15].

Renewable energy is considered an ideal replacement for these fossil
products, and it could also be used to charge EV vehicles [1,16]. However, a
critical issue of renewable sources is that they are non-controllable sources. Then
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new forms of energy storage have been introduced (e.g., green hydrogen) to face
the dependence of the power from the environmental conditions [17]. The use of
hydrogen in the transport sector can help to overcome problems related to the
uncertainty of renewable energy. Hydrogen has been introduced as a power
vector in the transport sector thanks to the introduction of fuel cells (FCs) [18,19].
Furthermore, fuel cell vehicles make it possible to solve the demanding problems
associated with fully electric vehicles (traction guaranteed by the battery pack
alone), that is, the low range and long battery recharging times.

In this thesis, a model of a hybrid electric/FC vehicle powered by
hydrogen will be presented in Section 4. The fuel cell model was also integrated
into the TEST model, for the simulation of the entire vehicle and, in particular,
for the estimation of energy and hydrogen consumption. This work has also been
published on “MDPI - Energies” journal [20].

To promote the development of new technologies that allow an
increasingly frequent and wide use of renewable “green” energies and that make
it possible to overcome the problem of the lack of range of full electric vehicles,
an interesting energy source is also, for example, that of biomethane.

The latest generation technologies, as anticipated, include the “Fuel Cells”
(FC) systems, benefiting from high efficiency and zero emissions, provided that,
by extending the analysis to the entire production process, the hydrogen
necessary for their operation is obtained thanks to renewable energies. An
alternative may be precisely that of studying fuel cell vehicles powered not by
hydrogen, but by biomethane, to exploit a renewable energy source.

Furthermore, one of the main problems related to hydrogen FC is the
current weak network of infrastructures necessary for the supply of hydrogen
itself. For this reason, a solution that includes a FC powered by biomethane (or
methane) would also solve this problem.

The type of fuel cells that lends itself to a methane (or therefore
biomethane) power supply is that of solid oxide FC (SOFC). Initially, a study of
the state of the art of SOFC (Solid Oxide Fuel Cell) systems was carried out and
once the necessary information was collected, the aim was to create a model of a
solid oxide fuel cell vehicle, which could become functional and bring
advantages, taking into account all the limitations and criticalities foreseen for
the SOFCs. Furthermore, the SOFC model has also been integrated into the TEST
model.

As will be shown during the discussion of Section 5 of this thesis, the
problems of solid oxide cells are different. The slow transient linked to the
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chemical reactions that take place inside them make the SOFCs unsuitable for use
on the vehicle as a primary energy source, the choice therefore necessarily fell on
their use as a generator that recharges the battery pack during the use of the
vehicle. For this reason, the sector that best lends itself to this type of FC is that
of vehicles operating on a fleet, the study presented in this thesis will in fact
concern the creation of a vehicle model equipped with SOFC, and the sizing of
the FC itself and battery pack, for a waste collection vehicle, whose mission is
known, which is therefore predefined.

Another important criticality of SOFCs is that of fragility, which means
that the work carried out in this area is suitable for any future studies and
designs, which involve a solution to this problem, the barrier of the fragility of
solid oxide cells must therefore be overcome before the actual realization of a
vehicle with SOFC on board.

Finally, the last topic covered in this thesis, in Section 6, concerns the
environmental performance of traction batteries for electric vehicles, from a life
cycle perspective [1]. Section 6 is proposed to investigate the various aspects
related to the impacts associated with the life cycle of traction batteries for electric
vehicles, carried out through a review of the available literature, with particular
attention to LCA (Life Cycle Assessment) studies. This is in order to better
understand the usefulness of an energy optimization on board the vehicle, which
allows to reduce consumption in the use phase and to allow the sizing of a
reduced battery pack in the design phase, which therefore allows to save
resources in the production phase of the pack itself.

Much of the work presented in this thesis was partly supported by the
“BIOMASS HUB” project [ID 1165247, PORFESR 2014-2020, and Regione
Lombardia (IT)]. In particular the models exposed in the Section 2 (TEST model,
for the simulation of the longitudinal dynamics of electric and hybrid electric
vehicles, for energy consumption estimation), in the Section 4 (Hydrogen Fuel
Cell model with hybrid electric/FC vehicle configuration) and in Section 5
(biomethane fuel cell vehicle model, with FC that acts as a generator to recharge
the battery pack).
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2 LONGITUDINAL DYNAMICS SIMULATION TOOL FOR
HYBRID APU AND FULL ELECTRIC VEHICLE (TEST
MODEL)

Due to problems related to environmental pollution and fossil fuels
consumption that have not infinite availability, the automotive sector is
increasingly moving towards electric powertrains. The most limiting aspect of
this category of vehicles is certainly the battery pack, regarding the difficulty in
obtaining high range with good performance and low weights. The aim of the
work presented in this chapter is to provide a simulation tool, which allows for
the analysis of the performance of different types of electric and hybrid
powertrains, concerning both mechanical and electrical aspects. The first version
of this model (named TEST, Target-speed EV Simulation Tool) is presented in
[10], published in “MDPI - Energies” journal, after the publication of the paper
the tool has undergone changes and improvements that have led to the version
exposed in this doctoral thesis. Through this model it is possible to test different
vehicle configurations before prototype realization or to investigate the impact
that subsystems” modifications may have on a vehicle under development. This
will allow to speed-up the model-based design process typical for fully electric
and hybrid vehicles.

The main approach adopted in the TEST model is the “Backward-Facing”
[21] as all variables are computed starting from the target speed profile (therefore
from the vehicle wheels) to the motor (or motors). Then, the simulation tool
checks the vehicle’s performance limitations, such as the maximum performance
of the motor (or motors) and the maximum battery current during both
discharging and charging phases. Only if one or more limitations criteria are not
met, the “Forward-Facing” approach is adopted to obtain the actual vehicle
speed (which will deviate from the target one), considering the maximum vehicle
performance. The tool, despite considering many variables concerning the
vehicle is remarkably simple in terms of calculations made. Therefore, the
computational burden required is limited and the simulation tool is decidedly
efficient in this sense. The model aims to be at the same time complete but simple
enough to lower the simulation time and computational burden so that it can be
used in real-time applications, such as driving simulators. All this reduces the
time and costs of vehicle design. Validation is also provided, based on a real
vehicle and comparison with another consolidated simulation tool. Maximum
error on mechanical quantities is proved to be within 5% while on electrical
quantities it is always lower than 10%.
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An extremely intuitive graphical user interface was also created for using
the TEST program. The interface has been developed through MATLAB’s APP
Designer tool, which allows one to change all the variables input to the model
quickly and easily. Through this approach it is also possible to use the program
as a black box, without necessarily having to be aware of the specific
mathematical background implemented in the simulation tool. It also offers the
possibility to manage a large and complex array of output variables.

This chapter is organized as follows.

* In Section 2.1 a literature review is carried out, to highlight the
differences and advantages of the TEST model compared to models
already present in the literature.

* In Section 2.2 the general layout of this tool will be presented as
well as the mathematical background. In particular, details of each
submodel will be given.

* In Section 2.3 a graphical user interface will be presented. This
interface is useful for using the program and for setting all the
necessary inputs.

* In Section 2.4 the validation process will be described. The
validation was carried out both through the comparison with the
results of another consolidated simulation tool, and through the
comparison with real-world experimental data.

* In Section 2.5 conclusion remarks are given. The utility and the
featured application of this simulation tool will be highlighted as
well.

2.1 LITERATURE REVIEW

Before presenting the TEST model in detail, it is interesting to analyse the
literature, comparing the characteristics of this tool, highlighting its
improvements, with those of existing models.

As an example, a consolidated simulation tool for innovative powertrains
is reported in [22] and named PROPS (Powertrain ROad Performance
Simulation); it covers both fully electric and hybrid powertrains, but the
computational burden required is too large. In [23] a similar work is proposed
with the addition of an algorithm to maximize powertrain efficiency and range.
Both above-mentioned simulation tools have been successfully used to
investigate which is the most representative driving cycle to estimate vehicles
emissions [24]. Some other works have been found in the literature, but they are
focused on a specific powertrain system or subsystem (battery pack for instance)
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or vehicles categories (i.e., buses), instead of being generalized and multipurpose
[25-29]. The calculation approach proposed in [30] is similar to that of this work
and both models have been built in MATLAB/Simulink environment. However,
the model presented in [30] is much simpler. For instance, the inertia of the
wheels and the various transmission components are not taken into account (only
the motor inertia can be taken into account). Moreover, this model only allows
simulation of BEVs (Battery Electric Vehicles) with a single electric motor. The
only approach adopted is the “Forward-Facing” one, and the eventual limitations
imposed by the motor and the battery pack are not taken into consideration. The
tool described in [31] has approximately the same structure as that described in
[30], but it is built using Scilab. Both use a completely “Forward-Facing”
approach, allowing the simulation only on BEVs equipped with a single electric
motor and single ratio gear box. Both, compared to the tool proposed in this
thesis, are more simplified. Finally, the method proposed in [32] is the most
similar to what is proposed in this thesis. However, it is not up to date as it goes
back to 1999 and consequently it is not in line with current technologies and
developments.

The vehicle being simulated by the TEST model can have multiple
powertrain configurations: front wheel drive, rear wheel drive, all-wheel drive,
single electric motor or multi-motor. Generators and APUs can be single or
multiple as well, and they can be connected in many ways to the virtual DC
power bus. This simulation tool is therefore very flexible and open to various
configurations/layouts. Furthermore, one of the main advantages of this tool
compared to other tools [22,23,26,27] is that it does not involve any PID (or PI)
controllers to perform closed-loop simulation with a target speed profile, hence
avoiding complex calibration procedures. While most of the similar work from
literature use a “Forward-Facing” model, i.e., the flow of calculation of quantities
such as torques, forces, speeds, etc. goes from the motor (or motors) to the wheels,
the TEST includes a “Backward-Facing” and “Forward-Facing” hybrid model,
allowing for better computational efficiency.

2.2 SIMULATION TOOL

The model allows for the simulation of both the mechanical part (forces,
torques, speeds, accelerations, etc.) and the electric part (electric powers, electric
resistances, battery parameters) of a full electric vehicle or APU hybrid vehicle
(see figures from Figure 2.1 to Figure 2.4).
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|
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Figure 2.1. Full electric vehicle powertrain [33]. In particular, the figure shows a vehicle
with front or rear wheel drive only (depending on whether the left axle represents the front
or rear axle respectively). The TEST model can simulate both configurations. In addition,
it can also simulate full electric vehicles with all-wheel drive. For the latter, the diagram in
the figure presents the components “Mechanical transmission” and ”Electric motor drive”
also on the other axle and this last motor is also connected to the "Electric energy storage”.
The TEST model can also simulate APU hybrid vehicles. The latter have one of the
powertrain configurations described, but in addition have a generator or more generators
that recharge the battery pack (”Electric energy storage ”).

¢ ) C )

Figure 2.2. Motor and transmission configuration of each driving axle. In particular: “M”
represents the electric motor, “GB” represents a fixed gearing and “D” represents the
differential [33,34].
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Figure 2.3. Full electric vehicle powertrain [35]. In particular, the figure shows a vehicle
with front wheel drive only. In addition, TEST model can also simulate full electric vehicles
with rear wheel drive and all-wheel drive. For rear-wheel drive vehicles the diagram shown
in the figure is the same, but with the transmission connected to the rear axle. For all-wheel
drive vehicles, the powertrain is made up of two electric motors, each with its own
transmission (with a single reduction ratio), acting on each axle. The charger shown in the
figure has not been implemented in the TEST model.

— h ' Internal Combustion |
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Figure 2.4. Range extender vehicle (APU electric vehicle) powertrain [35]. In particular,
the figure shows a vehicle with front wheel drive only. In addition, TEST model can also
simulate APU electric vehicles with rear wheel drive and all-wheel drive. For rear-wheel
drive vehicles the diagram shown in the fiqure is the same, but with the transmission
connected to the rear axle. For all-wheel drive vehicles, the powertrain is made up of two
electric motors, each with its own transmission (with a single reduction ratio), acting on
each axle. The charger and the fuel tank shown in the figure have not been implemented in
the TEST model. The internal combustion engine represented in the scheme could also
represent a gas turbine.
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To lighten the model, it was chosen not to use the Simulink library blocks
relating to the powertrain, apart from possibly the battery block (“Datasheet
Battery”). The program works in fixed steps and the operating logic ensures that
the model lends itself to discrete operation, obviously with the appropriate
precautions, for example, by replacing the Simulink blocks of the derivatives and
integrals with similar calculations obtained using only blocks that allow for
discreet operation.

In this regard, following the same logic, the “Datasheet Battery” block has
been reworked, to obtain one that works discreetly but following the same logic.
The following paragraphs explain the operating logic of the entire program.
Furthermore, Figure 2.5 shows a schematic illustration of the operation of the
program.

Input:
e e MECHANICAL PART:

Vehicle Speed
vs. Lap Time from target speed to request
Reference vehicle Reference
Target Speed acceleration j;flotor
Profile Reference vehicle orque Motor
speed @ furq_ue
Max Motor Required
Torque
Available

palinbay
anblo] Jojow

MECHANICAL PART:
/ ELECTRIC PART \ / from motor torque to vehicle speed

Power .| Battery T Vehicle
Required 7| Limitations Motor Torque Acceleration
N
o | B
Discharge | o | | Generators Y
and Charge | & e (Power) Vehicle
Power Limit 3 % Speed
A = o
g

; '

o}

n A J /
/

Battery O/l Current \

Battery
Voltage

pack

l€¢— to the battery

Figure 2.5. Conceptual scheme of the Simulink model developed for the simulation of the
longitudinal dynamics of an electric or hybrid vehicle that follows a target speed profile.
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22.1 Power Longitudinal Dynamics Modelling: From Target Speed to
Request
Different speed profiles (different Laps) can be supplied as inputs to the
model, once the profile to be followed is chosen, it is possible to filter it by
defining a constant k. The model considers as the input speed profile the moving
average of k values of the chosen speed profile. If you do not want to filter the
profile, then simply set k equal to 1.

The reference acceleration a,.f is obtained from the filtered speed profile

using the following equation (2.1):

_ (vrer = Vprev) (2.1)
aref - t
N

where v, is the target speed of the filtered speed profile, corresponding to the
instant of calculation considered, vy, is the actual vehicle speed of the instant
of calculation preceding that considered and t; is the sample time of the
simulation.

Considering the wheel radius and the reduction ratios, the model
calculates the angular speeds of the wheels and the rotation speed of the electric
motors, not taking into account any slippages, as in equations from (2.2) to (2.5).

vref
Wyheel_ref F = R (2-2)
wheelF
Uref
Wyheel_ref R = R (2.3)
wheelR
Wmot_ref F = Wwheel_ref F " TdiffF " TredF (24)
(2.5)

Wmot_ref R — Wwheel_ref R " TdiffR " TredR

where Wypeer rer F ANd Wypeer rer g are the angular velocities of the wheels, front
and rear respectively, if the vehicle faithfully follows the imposed speed profile
(and without slippages), while Ry peeir is the rolling radius of the front wheels
and Ry peerr that of the rear wheels. wyo¢ ref r is the angular velocity of the motor
that acts on the front axle and is calculated only in the presence of this motor,
otherwise it is set equal to zero, the same is true for wy,t ref g Which is the
angular velocity of the motor that acts on the rear axle. 74;rfr and 746z are
respectively the overall reduction ratios of the differential and transmission on
the wheel side (with respect to the gearbox) of the front and rear drive chain,
while 7,.4r and 7,4z are the reduction ratios of the reduction/gearbox front and

rear.
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In addition to the speed target, it is also possible to impose, for each Lap,
a temperature profile of the battery pack, linked to the speed profile, obtained for
example experimentally, by detecting the temperature of the pack on a real
vehicle that travels the imposed speed profile. The space travelled by the vehicle
is obtained by integrating the speed of the profile, if the vehicle faithfully follows
the imposed cycle. The model, through the space travelled and using a one-
dimensional Lookup Table, detects the altitude of the road at the point
considered on the track. The slope of the road surface is obtained from the
distance on the track and from the elevation profile, the slope is expressed as an
angle in degrees (0), as follows (2.6):

6 = asin (%) (2.6)

where dz is the difference between the altitude of the road at the point considered
and the altitude of the point of the instant of calculation preceding that
considered, while dx is the difference in distance travelled, between the current
instant and the previous calculation instant, with the imposed speed profile. In
addition, if the vehicle is stationary, 6 is imposed equal to that of the previous
calculation instant.

The calculation of the resistant forces (additional resistant or traction force
due to the slope, rolling resistance force and aerodynamic resistance) is essential
for the functioning of the model. The additional force given by the presence of
the slope of the ground Fy, positive if it acts as a resistant force, negative if it is in
favour of acceleration, agrees with the speed vector and acts as a traction force)
is considered through the following relationship (2.7):

Fg = (mvehicle + Mariver + Meyel + mcargo) - g - sin (0) (2.7)

g is the gravity acceleration, myep;cie is the unladen mass of the vehicle, my,iper
is the driver’s mass (plus the mass of any passengers), ms,, is the mass of the
fuel (considered constant during the simulation, in this version of the model),
necessary for powering the any generators, and, finally m 4,4, is the mass of the

load carried by the vehicle, given as a function of time as input data.

The rolling resistance F, is calculated using equation (2.8) as reported in
[36] and in [37], also taking into account the downforce contribution, for nonzero
speeds (and set zero for zero speed).
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1 2.8
E = [(mvehicle t Mariver + Mryel + mcargo) g+t E "WHF - p - vrefz ) f " Cos (9) 2. )

where WHF is the vertical aerodynamic coefficient, p is the air density and f is
the rolling resistance coefficient calculated as in equation (2.9). In particular, the
equation (2.9) predicts the values of f with acceptable accuracy for speeds up to
approximately 130 km/h, as mentioned in [37].

f=r (1 + Urer* fr_z) (2.9)
where f; is the static rolling resistance coefficient and f, , is the coefficient which
allows to consider the rolling resistance coefficient as a linear function of speed.

The equation (2.10) used to calculate the aerodynamic resistance Fy.,,, is:

1

2 2.10
Faero:E'p'Cx'Af'(vref) ( )

where Ay is the frontal area of the vehicle and C, is the longitudinal aerodynamic
coefficient, considered constant. Therefore, in this version of this model, no
aerodynamic map has been considered yet, which would still be easy to

implement.

In the “Reference Motor Torque” block, the motor torques required to
follow the target speed profile are calculated. There is in output from this block
also the traction force required by the wheels (including the contribution given
by the inertia of the wheels themselves), necessary in different blocks to
distinguish the cases in which a positive traction force is required (to accelerate
or to partially overcome the resisting forces and decelerate less intensely
compared to the absence of traction force) from cases in which a negative one is
required (to have greater deceleration than that given only by the resisting
forces).

Moreover, a balance of forces acting on the vehicle (in the centre of
gravity) is carried out in order to identify the traction force F;, necessary for the
vehicle to travel with acceleration equal to that of reference, as in the following
equation (2.11):

Ftr = aref ) (mvehicle + Mariver + mfuel + mcargo) + Faero + F;‘ + FG (2.11)

Adding the inertia contributions to the traction force, the total traction
force at wheels Fr¢f \ypeers must be recalculated. The inertia contributions,
respectively of the front (Fiertiqr) (2.12) and rear (Finertigr) (2.13) wheels, are
obtained through the following equations:
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F. ] —2. ]wheelF _A(wwheel_ref_F) (2.12)
inertiaF RwheelF At
. Jwheelr A(wwheel_ref_R) (2.13)
Finertiar = 2° R ' At
wheelR

where the “2” coefficient is used to consider both wheels of the axle. ], peerr and
Jwheeir are the front and rear wheel moment of inertia, respectively. The total
traction force, including contributions due to the inertia of the wheels, is
multiplied by TractRatio,, if the electric motors are used for traction or by
TractRatioy,q if the motors are used as generators to recharge the batteries
during braking, to obtain the portion of traction force Fy o¢r which must be
guaranteed by the front motor. TractRatio,. is the distribution of torque
between the two electric motors (towards the front) in the case of the accelerator
pedal pressed, TractRatioy, 4y is the distribution in the event that the brake pedal
is pressed. Using these distribution values to divide the traction force between
the two axles, an approximation is therefore being made. Obviously, if only the
front electric motor is present on the vehicle, both distributions will have to be
set equal to 1, vice versa, if the vehicle has only rear motor, both distributions
will be null.

Finally, the motor torques required at the front T;..; r and at the rear T,..f g
are calculated, using relationships (2.14) and (2.15), only if the motor is present,
considering the contributions of input and output inertia to the gearbox, the
motors inertia and a general transmission efficiency for transmission on each of
the two axles.

4 (wwheel_ref_F)

Fir motr * Rwheetr + Joutr At + Uir +] ) A(wmot_ref_F) (214)

B TdiffF * TredF inF motF At
Tref_F - X
NtransF
Alw heel
(Ftr_motF - ref_wheels) *Ryneetr + Joutr (wz—et_ref_R) n U +J )A(wmot_ref_R) (215)
TdiffR " TredR inR motR At
Tref_R =

X
Ntransr

where X is equal to 1 in the case of motors that produce traction force and -1 in
the case of motors that act as generators; /,,.r and J,,:z are the moment of inertia
of the transmission before respectively the front and rear motor reducer; /i, and
Jing are the moment of inertia of the transmission after respectively the front and
rear motor reducer; J,,,¢r is the moment of inertia of the front electric motor,
while J,;,0¢r Of the rear one; n¢qnsr and Nyrqnsk are the general efficiencies of the
entire transmission, front and rear respectively.
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Once the torques that the electric motors must supply or absorb in the case
of braking (and in the absence of traditional brakes) have been obtained, it is
necessary to compare them with the maximum available torques of the two
motors to check whether the target mission can be met or not. The calculation of
the maximum torque available for each motor (front or rear) is obviously carried
out only if the motor in question is present on the vehicle, otherwise the
maximum torque value is set at zero. To obtain the maximum torque of the
motors, the angular speeds (in RPM) of the previous instant are considered. This
is done as an approximation since the rotation speed of the motors at the instant
considered is not yet known, the vehicle may in fact, due to limitations of the
motors or batteries, fail to follow the target speed profile.

In the Simulink model the maximum motor torques are obtained thanks
to the Lookup Tables containing information regarding the torque curves of the
motors in the condition of maximum admission. The reference torque T r and
the maximum available torque at the front are compared and the torque Ty.q F,
which will in turn be compared with the limits imposed by the battery pack, is
the lowest in modulus between the first two. The same approach can be adopted
for the rear motor, for the calculation of T;..4 g. Alternatively, for one or both
motors, it is possible to define a maximum torque for regenerative braking, which
has a trend that grows linearly, with slope mgp  for the front motor and mpp x
for the rear one, as a function of the time elapsed since the start of the braking,
and which then reaches a predefined maximum value (in module, Trgmqax r for
the front motor and Trpmqax g for the rear one), as can be seen in Figure 2.6. This
is what was done in the model, in the “Motor Torque Required” block.

Starting from the latter regenerative braking configuration, it is possible
to return to the first described, simply by setting an absolute maximum braking
torque equal to or greater than the maximum motor torque and an infinite
angular coefficient for the equation of the straight line that binds time elapsed
since start of braking and maximum regeneration torque at the instant
considered. For the instant considered, it can now be considered that the rotation
speed of the front and rear motor respectively, Wt req F aNd Wyt req v/ is equal
to the reference rotation speed of the relative motor (closely related to the target
speed profile) if there is no limitation given by the maximum performance of the
motor in question. While, if the motor is unable to guarantee the torque required
by the target, its rotation speed is approximated to that of the previous instant.
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Figure 2.6. Maximum regenerative motor torque trend implemented in the TEST model,
where “Tremax"” and “mrs” are equivalent to Tgpmayx r for the front motor and Trpmax r
for the rear one, and mgg p for the front motor and mgg g for the rear one
respectively.

Furthermore, it is possible to define a speed (one for the front motor,
Vremin_r and one for the rear, vpgmin z) up to which the regenerative braking
action by the electric motor will not intervene. Regenerative braking will
therefore only activate after exceeding this limit speed. If no limit speed is
desired, simply set the relative value to zero.

In the “Motor Torque Required” block, binary values (1 or 0) are also
obtained as output depending on whether or not there are torque limitations due
to the maximum performance of the motors, in the pressed accelerator condition
(Limityor gec) and in the braking condition (Limit,o¢ prar ). The question is
whether this limitation, respectively in the accelerator or brake pedal pressed
phase, that is present on only one motor, is enough to trigger the variable
Limit,o¢ gcc OF Limity,or prax the unit value.

2.2.2 Power Electronics and BMS Modelling

Once the requests of the mechanical part have been defined, it is necessary
to consider the electrical part to take into account any limitations given by the
batteries and for the calculation of the power, current, voltage and SOC (State of
Charge) parameters of the battery pack.
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2.2.2.1 Battery Limitations

To know the power that the electric motors must request from the batteries
(or the power that thanks to the motors recharge the batteries) it is necessary to
know the powers lost due to the Joule effect due to the resistances of the electric
cables that connect the motors and batteries themselves. Obviously, the
connection cables are present only in the presence of the relative motor; therefore,
in the absence of the latter the related resistance is considered null. The
connection cables’ resistances between batteries and front R ,p.r and rear
R apier motor are calculated as follows, in equations (2.16) and (2.17):

L bleF
Reapier = Pcu* T — 5 (2.16)
Z (cbcableF)
_ LcableR 2 17
Reabier = Pouw " 7——— ( . )

T
Z (cl)cableR)2

where pg, is the resistivity of copper (or any other material the electrical cables
under consideration can be made), L.qp1er and L.gpier are the total lengths of the
connection cables of the front and rear motor respectively, %(@mblep)z and

T . .
" (Dapier)? are the cross-sectional areas of the front and rear cables while ®.4p;0¢

is the diameter of the front cables and @,z is the diameter of the rear cables.

Within the “Power Required” block, the total power required of the
batteries by the electric motors (or that the motors could guarantee as input to
the batteries) is calculated, instant by instant. This power is the result of an
approximation as no voltage drop is considered as regards the resistance of
cables and electric motors. In particular, the total power required Py r¢q is equal
to the sum of the power required by the front motor P,.qr and that required by
the rear motor P,.4z. The calculation of the latter two quantities is represented in
equations (2.18) and (2.19).

2
Treq_F " Wmot_req_F Treq_F " Wmot req_F (2.18)
PreqF = + Reapier - %
nmot_ref_F
Treq R " Wmot_req_R Treq R " Wmot_req_R 2 2.19
PreqR: - — +RcableR'( - - _) (2.19)
nmot_ref_R 4

where Y and Z are worth 1 if the motors require energy from the batteries, -1 if
the motors act as generators by sending energy to the battery pack. V is the
voltage of the battery pack and is calculated in the Simulink “Battery Pack” block
of the model, 7ot rer r @Nd Mot rer r are the electrical efficiencies of the front

and rear motor and they are obtained through a special block, which is present
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inside the “Power Required” block. The electrical efficiencies of the motors are
calculated by the model only if the considered motor is present, otherwise the
relative efficiency is set to zero. In particular, the efficiency of each motor is
obtained thanks to a two-dimensional Lookup Table that receives in input the
motor torque and motor speed and returns the efficiency.

In the equations (2.18) and (2.19), implemented in the TEST model, the
electrical efficiency of the motor has been neglected for the calculation of the
power dissipated to Joule effect, without affecting the final results. For the sake
of accuracy, the two equations should be rewritten as equations (2.22) and (2.23).
In a version of the TEST model following the one described in this thesis (from
Section 2 to Section 5), the equations (2.18) and (2.19) will therefore be replaced
by equations (2.22) and (2.23).

2
_ Treq r * Wmot_req_F Treq r * Wmot req F (2.20)
PreqF = % + Reabler * %
Nmot_ref_F Nmot_ref F * 4
2
_ Treq R " Wmot req R Treq R " Wmot req R (2.21)
PreqR = 7 + Reabler * 7
Nmot_ref R Nmot_ref R” ° 4

To calculate the overall power input or output from the battery pack, it is
also necessary to know the power supplied by the generators (if they are present).
In this version of the model, the possibility of integrating the vehicle with a
number of generators N, that is zero or greater than zero was considered,
where all the generators installed on the vehicle are identical and all have the
same operation instant by instant.

Furthermore, no resistance of the connection cables between generators
and batteries was considered, considered negligible. In particular, the generators
have a constant rotation speed and a constant rated power output over time,
unless the need to cut power due to the limitations imposed by the maximum
performance of the battery pack.

In the “Generators” subassembly, the electrical efficiency of the single
generator is obtained starting from the nominal power (Fjepn nom, positive) of the
single generator and its rotation speed wye,, through a two-dimensional Lookup
Table. Multiplying the efficiency by the rated power and by the number of
generators gives the total maximum power value (Pgep ¢, positive) that the

generators can supply as input to the battery pack.

For the comparison of the balance of the power required, entering or
leaving the battery pack, with the limitations of the pack itself, it is also necessary
to consider the contribution of the power lost inside the cells due to their electrical
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resistance. First of all, the model, starting from the total power entering or leaving
the battery pack and the voltage of the pack, calculates the theoretically required
current .., if there are no limitations given by the batteries, as in equation (2.22).

I _ Ptot_req + Pacc - Pgen_th (2.22)
req — v

where P, is the total power consumed by the vehicle accessories, considered
constant. A Lookup Table, which receives the temperature of the battery pack
and the SOC at the input, returns the resistance R; of the single cell to the output.

Finally, the calculation (2.23) of the total power Ppgor Of all cells,
dissipated by Joule effect in the entire battery pack is:

2
I 2.23
Pypattizr = Ns* R; < req) ( )

Ny

where Ny corresponds to the number of cells arranged in series inside the battery
pack, while N,, the number of those arranged in parallel. The power dissipated
by the Joule effect thus obtained is relative to the case in the absence of limitations
given by the maximum performance of the battery pack, but will be used, as an
approximation, even in the cases in the presence of such limitations. In this way,
in limited condition, an approximation of the power lost due to the internal
resistance of the cells is made for excess. In the “Battery Limitations” block, the
discharging and charging limitations of the batteries are considered. These
limitations can be expressed as powers or as currents.

In particular, these limits are defined in function of the SOC of the pack
and they are obtained in a dedicated subassembly which will be described later.
The power balance shown below, in inequalities (2.24) and (2.25), allows one to
distinguish the case of discharge from that of recharging the batteries.

Discharge of the battery pack:

Ptot_req + Pacc + Pgen_th =0 (224)

Charge of the battery pack:

Ptot_req + Pacc + Pgen_th <0 (225)

Depending on whether the power balance mentioned above is positive (or
null) or negative, one passes to considering an “if” subassembly or another in the
Simulink model. In the case that the previous power balance is positive or null,
the desired variables are the output from the “if” subassembly “Battery
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Discharge”. In this case, the generators can work by supplying the entire rated
power as output, without the need for limitations.

In this block there are in turn two further “if” checks that divide the case
in which there is no limitation imposed by the battery pack from that in which
the power absorbed by the electric motors must be limited. The available power
Pavaitabie, Which can be taken from the battery pack, is calculated as in equation
(2.26):

Pavaitabte = (V ' Idischrg_limit) *MNinv_aisch ~ Pousfer — Poattizr T Fgen (2.26)

where 1, qiscn is the efficiency of the inverter in discharge and which is valid in
the event that the discharge limit of the battery pack is supplied as a limit current
(positive, Iiscnrg 1imit), if it is expressed as a power (positive, Pyiscnrg 1imit) the
previous relationship must be reconstructed as follows, in equation (2.27):

= . 2.27
Pavailable - Pdischrg_limit Ninv_disch — Pbuffer - PbattlZR + Pgen ( )

where Py, rrer is simply a constant power that is used to keep within the
discharge and charge limits with a defined tolerance, equal to the value of this
constant and Py, is the “real” power supplied to the batteries by the generators,
which in case of discharge is equal to the maximum power Py, », without the
need for any limitation. The power to be taken from the battery pack consists of
the sum of the power absorbed by the vehicle accessories (P, considered
constant) and the total power required by the electric motors Pyt eq . By
subtracting the contribution of these two powers from the maximum available, it
is therefore possible to ascertain whether this is actually available and therefore
no limitation is necessary or vice versa (i.e., if the result of this subtraction is
positive or negative).

The losses associated with the inverter were considered by means of two
constant efficiency values (in charge and in discharge). However, if a more
precise implementation is needed, it would be good to consider the losses
associated with the inverter as the sum of the conduction losses (proportional to
the square of the current) and the commutation losses (which are a function of
the commutation frequency and the speed of the motor).

In the event that there are no limitations given by the battery pack being
discharged, the required quantities will actually be the “real” ones of the vehicle,
at the instant considered (remembering that the limitations of maximum drive

torque have already been considered), and they will be taken as output from the
first “if” block.
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A binary control variable is also defined, Limityg; qcc, defined in this case
equal to 0, defined instead equal to 1 in the condition of limitation of the motors
during traction due to the maximum performance of the batteries. The
calculations are carried out in the second “if” block if it is necessary to impose
limitations during the discharge phase. In the case with limitation in the
discharge phase, if the available power is not enough even to power the
accessories, obviously the electric motors will be turned off and it is necessary to
define the AP, variable to keep track of the amount of power missing for the
power supply of the accessories. AP, is defined equal to the difference between
available power and power that should be absorbed by the accessories. On the
other hand, if after the part of available power supplied to the accessories is
considered, a part of power remains available; the latter will be used to power
the electric motors.

In the presence of both motors, this power will be divided between front
Pparer and rear Pyqep through the distribution constant TractRatio,,.. Below are
the calculations of the front drive torque Ty, , in equation (2.28), and rear
Timot r, in equation (2.30).

P 2
[PbattF — Reapier ( bf}t tF) ] " Nmot_F (2.28)
T. =
motF WmotF
WmotF = Wmot_prev_F (2.29)
P 2
[PbattR — Reabier * (%) ] "Nmot_R (2.30)
T =
Motk WmotR
(2.31)

WmotR = Wmot_prev_R

For the calculation of both motors torques, it is taken into account the
resistance of the cables (but the relative voltage drop is neglected), the electrical
efficiency of the motors (9,0t r and Nyee r, Obtained by means of the Lookup
Table, starting from the efficiency map of the motors) and the equality of the
instantaneous rotation speed of the motor (w;er and wper ) is set as an
approximation to the rotation speed relative to the previous instant of calculation
(Wmot prevF aNd Wmot prev r) as show in the equations (2.29) and (2.31).

The foregoing is valid in the event that the electric motors must absorb
power from the battery pack, but it could fall into the limit case in which the
motors act as generators (Pryt req < 0), but the power absorbed by the accessories
is still sufficient to ensure that the batteries are being discharged. In this case, no
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limitation is required for the motors torque and the AP, . will be calculated as
follows (2.32).

(2.32)

APacc = Lavailable — Ptot_req - Pacc

The Limityge gcc control variable is defined for both motors and the
output variable to the “if” block will be equal to 1 if that relating to at least one
motor is unitary (i.e., if at least one of the motors is limited by the maximum
performance of the battery pack), equal to zero vice versa. If a motor (front or
rear) is not present on the vehicle in question, all the relevant quantities are
defined as null, including the Limit, ¢ 4. Variable. In case that the battery pack
is in a recharging condition, the desired variables are output from the “Battery
Charge” “if” subassembly, contained in the “Battery Limitations” block. In the
“Battery Charge” block there are in turn two further “if” blocks that divide the
case in which there is no limitation imposed by the battery pack from that in
which it is necessary to implement limitations. The maximum power that the
battery pack can absorb P,,s0rpanie is calculated using the following equation
(2.33):

_ (V ) Ichrg_limit)

2.33
Pabsorbable - ( )

+ Pbuffer - PbattIZR - Pacc
Ninv_ch

where 71;,,, ¢ is the efficiency of the inverter in charge. equation (2.33) is valid if
the discharge limit of the battery pack is supplied as a limit current (negative,
Ienrg 1imit), if it is expressed as a power (always negative, Pepyg 1imi¢) the previous
relationship must be reconstructed as follows, as in equation (2.34):

P chrg_limit

(2.34)

Pabsorbable - + Pbuffer - PbattIZR - Pacc

Ninv_ch
It is therefore possible to understand if it is necessary to make limitations
or not, considering the power contributions of generators and electric motors.
The outputs are obtained from the “if” subassembly relating to the absence of
limitations if the inequality (2.35) is valid, from the “if” subassembly relating to
the presence of limitations vice versa.

Pabsorbable + Pgen_th - Ptot_req <0 (2‘35)

When no limitation is required during the battery discharge, the system
variables are considered equal to those resulting from the comparison with the
maximum performance of the electric motors. Limityges prqx binary control
variable is also defined, null in the absence of limitations of the electric motors
when braking (and also even if the motors participate in traction), set equal to 1
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in the case of motor limitation during regenerative braking, due to battery
limitations. Limitg,, is instead a binary quantity useful for checking that the

generators have been limited (when it is equal to 1) or less (equal to zero).

The “if” subassembly relating to the presence of current limitations is in
turn divided into two “if” subassembly, “Without Motor Power Restrictions”
and “With Regenerative Braking Restriction”. The model recovers the variables
of interest from the first “if” block if the maximum P, 5orpqpie that the battery can
absorb (negative) is less than or equal to the required power Pyt ¢4 (input or
output to the battery pack) from the motors, vice versa from the second “if”
subassembly. The logic adopted is to limit the generators first, so as to be able to
guarantee the regenerative braking of the motors within the limits (so as to be
able to exploit the traditional brakes of the vehicle to a minimum) and only in
case of need for further limitation also limit the electric motors. If it is sufficient
to implement the limitation to the generators only, the only new quantity to be
calculated is precisely the “real” power that the generators supply to the battery
input Py, equal to the difference between the total power of the motors Pyt req
and the maximum absorbable power battery Pypsorpapie- The difference has been
structured in this way to ensure that the power of the generators is positive. If it
is also necessary to limit the power of the electric motors, the generators will be
turned off and all the power supplied as input to the battery will be guaranteed
by the electric motors Po¢ tor = Papsorbabie- In this case, the control variables will
assume the following binary values, represented in equations (2.36) and (2.37).

Limityo; prax = logical(1) (2.36)

logical(1), Nyory # 0
Limity,, = {0 ~ gen (2.37)
g logical(0), Ngen =0
The total power supplied by the motors Pyt ¢ is divided between the
front Pyger and the rear Pugg by means of the distribution constant

TractRatioy,q. The new quantities of the system are obtained by means of the
equations from (2.38) to (2.41).

P, 2
Poattr — Reapier * (~2LE) ] (2.38)
T —
mot.F Nmot_F * Wmot_prev_F
(2.39)

WmotF = Wmot_prev_F
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P 2
Poattr — Reabier * (%) ] (2.40)

Nmot_R * Wmot_prev_R

Tno tR =

(2.41)

WmotR = Wmot_prev_R

Again, the motors’ efficiencies are obtained by means of Lookup Tables
and the voltage drops caused by the resistances of the electric cables are
neglected. Furthermore, the rotation speed of the motors is approximated to that
of the previous calculation instant. This part of the Simulink model, which
includes the limitations of the battery pack, represents part modelling of the BMS.
The logic of the BMS is strongly linked to the type of battery and the strategies
adopted by the vehicle manufacturer. For this reason, these logics can vary
greatly depending on the type of vehicle and its mission.

2.2.2.2 Battery Parameters

Once the requests for electric motors and generators have been defined,
after applying the necessary limitations, it is necessary to know the input or
output current to the battery pack. The calculation of the current (I) is very
simple, and it is represented by the equation number (2.42) if there is a discharge
condition of the battery pack, otherwise, in charge condition, it is represented by
the equation (2.44).

| = Pmot_tot + Pacc + APaCC - Rgen (2'42)
V- Ninv_disch
_ (Pmot_tot + Pacc + APacc - Pgen) "MNinv_ch (2.43)

I

|4

where the total battery power deriving from the electric motors P,y ¢ is the
sum of the front contribution Py ,:r and rear contribution Ppg;¢p.

Considering the current passing through the battery pack, relative to the
previous calculation instant with respect to the one considered, it is possible to
obtain all the battery values of interest, including the voltage of the pack, used
for the calculations inside the blocks previously exposed.

In the model, the thermal balances are not taken into account, the
temperature can therefore be assumed constant or supplied as input starting
from experimental values measured according to the target speed profile.

Furthermore, by multiplying the current and voltage between them, it is
possible to obtain the incoming (negative) or outgoing (positive) power from the
battery pack, starting from the current of the previous calculation instant (I,,¢,)
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and the instantaneous temperature of the battery pack, it is possible, through the
“Datasheet Battery” (Figure 2.7) block of the Simulink library, to obtain battery
state of charge BattSoc and voltage (V) of the pack. The battery block of the
Simulink library is an internal resistance battery model [29] and it is easily
replicable for its discreet use if there is the need to perform this type of

simulation.
Batcur ol PR e ¥{100>
BattCrnt_prev SOG Ratio o % BattSoc
[A] atio to % [%]
R g
\\\
!l
BattTemp BattVolt Satvol » 2 )
BattTemp v BattVolt
[K] M

Datasheet Battery

Figure 2.7. The “Datasheet Battery” block and its connections with model parameters. The
“Datasheet Battery” block is present in the “Simulink Library Browser” in the
“Powertrain Blockset”. The model parameters “BattCrnt_prev” represents Iprey ,
“BattTemp” is the temperature of the battery pack (average temperature of the battery cells
measured by the BMS) expressed in Kelvin, “BattSoc” is the battery state of charge, and
“BattVolt” is the voltage V of the battery pack.

Finally, to conclude the discussion concerning the electrical part of the
model, the origin of the discharge and charge limits of the battery pack, obtained
starting from the state of charge of the battery pack, is described. Both limits are
obtained using Lookup Tables which contain information about the link between
SOC and limit in discharge and the link between SOC and limit in charge.

2.2.2.3 “Datasheet Battery” block
This subsection shows the parameters to be set in the “Datasheet battery”
block in detail. The Figure 2.8 shows these parameters.

The “Rated capacity at nominal temperature” (Cpqs) in the mask of the
“Datasheet Battery” block is the rated capacity of a single cell of the battery pack.
In the TEST model it has been chosen to give the tool user the possibility to decide
whether to set the capacity value of the single cell or to supply the capacity of the
entire battery pack as input data (see Section 2.3, in particular Figure 2.16). The
value of the type of capacity chosen (of the cell or of the pack) is written by the
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tool in the MATLAB® “Workspace” as variable BattChargeMax. The “Rated
capacity at nominal temperature” in the mask is then calculated using the
equation (2.44).

Cparr = BattChargeMax/Batt Np 2 (2.44)

where Batt Np 2 is equal to 1 if Cpq4 defined by the user corresponds to the
capacity of the single cell, otherwise, if it corresponds to the capacity of the entire
battery pack, Batt Np_2 is set by the tool equal to N,,.

Block Parameters: Datasheet Battery X

Datasheet Battery (mask) (link)

Implements a model for a lithium ion, lithium polymer, or lead acid battery based off of
discharge characteristics taken at different temperatures. The model can be
parameterized using a typical battery datasheet or through experimental measurement.

Block Options

Initial battery capacity: Parameter ©

Output battery voltage:  Unfiltered ©

Parameters

Rated capacity at nominal temperature, BattChargeMax [Ah]: battChargeMax/Batt_Np| :

Open circuit voltage table data, Em [V]: |Batt_SOC_Em(:,2)

Open circuit voltage breakpoints 1, CapLUTBp []: \Batt_SOC_Em(:,l)

Internal resistance table data, RInt [Ohms]: \Batt_Rint_table(Z:end,z:end)

Battery temperature breakpoints 1, BattTempBp [K]: |Batt7Rint7tabIe(2:end,1)

Number of cells in series, Ns []: |Batt_Ns

Number of cells in parallel, Np []: |Batt_Np

|

|

|

|
Battery capacity breakpoints 2, CapSOCBp []: |Batt_Rint_tabIe(1,2:end) | :

|

|

E

Initial battery capacity, BattCapInit [Ah]: |BattChargeMax/Batt_Np_2*init_SOC/ 100

Cancel Help Apply

Figure 2.8. “Mask” window "Block Parameters” of the “Datasheet Battery” block, in the
Simulink model TEST.

The “Datasheet Battery” block wants the open circuit voltage as input
data. Batt SOC_Emis a vector that reports the values of the open circuit voltage
of the single cell as a function of the SOC. The first column reports the SOC values
(“Open circuit voltage breakpoints 1”) and the second column reports the
corresponding values of open circuit voltage (“Open circuit voltage table data”).
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The mask wants also the internal resistance of a single cell in function of
temperature and SOC. Batt Rint table is a table where the first column
reports the temperature values (“Battery temperature breakpoints 1”), the first
row the SOC values (“Battery capacity breakpoints 2”) and at the centre the
corresponding internal resistance data (“Internal resistance table data”).

The “Number of cells in series” (Batt Ns)is simply Ny and the “Number
of cells in parallel” (Batt Np)is N,,.

Finally, the mask wants the “Initial battery capacity” (Cpq¢t init) €Xpressed
in Ah. In the TEST model it was chosen to provide the SOC of the battery pack at
the start of the simulation (init SOC), in percentage, as input data, so the initial
capacity is calculated using the following equation (2.45).

Cpatt init = BattChargeMax/Batt Np 2*init SOC/100 (2.45)

2.2.3 Power Longitudinal Dynamics Modelling: From Motor Torque to
Vehicle Speed
Once the limitations given by the electrical part have also been considered,
it is necessary to define how the vehicle responds to the set speed target,
faithfully following it or departing from it due to the limitations.

In the “Vehicle Acceleration” block, a balance of forces (see equation
(2.46)) is carried out again, as in the case of the “Reference Motor Torque” block,
but this time to find the “real” acceleration (a) of the vehicle, starting from the
limited motors torques (if necessary).

a= Ferp + Frr — theels_inertia_F B theels_inertia_R — Fprake —Fa — F — Fy (246)

Myenicte T Mariver T Mruet T Meargo

Thanks to the motor torque and the rotation speed of each of the electric
motors, it is possible to obtain the front F;,r and rear F, traction force provided
by the motors (positive if it is really a traction force, negative in the case of
regenerative braking). If there is an electric motor that acts on the front axle, the
related traction force is calculated as in (2.47), while it is imposed null in the
absence of this motor. It is the same with regards to the electric motor that acts
on the rear axle (2.48).

A ( WmotF )
Alw Taiffr ' T
Tmot_F ' ntransFT - (]motF +]inF) %} ' (TdiffF ' TredF) — Joutr W (247)
Fop = R
wheelF
withT = 1for Tpo r = 0, otherwise T = —1.
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A ( WmotR )
Al(w T4i " T
Tmot_R ) ntransRU - UmotR +]inR) %} ' (TdiffR ’ TredR) _]outF w (248)
Fop = R
wheelR
with U = 1 for Tpyor p = 0, otherwise U = —1.

The contributions given by the inertia of the front (Fypeeis inertia r) and
rear (Fypeers inertia ) Wheels are calculated as follows using equations from (2.49)
to (2.52).

If the front electric motor is present:

WmotF )

A (
wheels_inertia_l R

(2.49)

wheelF At

If the front electric motor is absent:

WmotR . RwheelR)

-9 Jwheetr (TdiffR "TredR Rwheelr
theels_inertia_F - R '

(2.50)

wheelF At

If the rear electric motor is present:

( WmotR )
Jwheelr . TaiffR " TredR

RwheelR At

(2.51)

theels_inertia_R =2

If a rear electric motor is not included:

WmotF . RwheelF)

_ Jwheelr (TdiffF *TredrF Rwheelr
theels_inertia_R =2 R '

(2.52)

wheelR At

The Fy,qk. braking force of traditional brakes must be that necessary to
integrate regenerative braking, if necessary, to allow the vehicle to follow the
speed target when braking, unless there is any limitation given by the maximum
permissible braking of the braking system. In the “Traditional Brakes” block,
located inside the “Vehicle Acceleration” assembly, the balance of forces reported
in (2.53) is carried out to obtain the braking force required (Fy,qke req, defined

positive) from the brake system.
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(2.53)

Forake req = Fere + Ferr — Faero — Fr — Fo — (Myenicte + Mariver + Mpuer + Meargo) * Aref
This force must be compared with the maximum force that can be
generated by the braking system (Fprqre max, defined positive). The effective
Fprake Will be equal to the smaller of the two. The following equation (2.54) shows

the calculation of Fp,qke max:

Pbrake max " Biasyraker - ApistonF "UpadF - Raiscr

 Runeerr (2.54)
) Pbrake max (1- BlaSbrakeF) ’ ApistonR "Upadr * Raiscr

Fbrake_max =2

RwheelR

where pprake max 15 the maximum pressure that can be generated inside the
master cylinder of the brake system; Biasy,qxer represents the pressure portion,
compared to that of the master cylinder, which acts on the front brakes; A;stonr
and A,;stonr are the total action areas of the brake pistons of the front and rear
callipers respectively; pyqqr and p,qqr are the dynamic coefficients of friction
between brake pads and brake callipers, front and rear; Ry;scr and Rgiscr are
respectively the average radii of application of the braking force on the front and
rear discs. In the “Traditional Brakes” block a further control parameter called
Limit,yqq prax is defined, which is set to 1 if there is a limitation of traditional
braking or equal to 0 instead.

The aerodynamic drag force Fj is equal to F,, calculated previously on
the basis of the target speed if in the instant considered there are no limitations
to the motors caused by the maximum performance of the motors themselves or
by the maximum performance of the battery pack and if there is no limitation of
the traditional brakes. Otherwise, F; is calculated using, as an approximation, the
vehicle speed of the instant of calculation preceding the one considered. To avoid
incurring approximation errors during the calculations, the “real” vehicle
acceleration output from block “Vehicle Acceleration” is that calculated using
equation (2.46) if there are limitations that lead to the failure to follow the target
speed, otherwise a is defined equal to a,.

A further block relating to the mechanical part with limitations is the one
called “Vehicle Speed”, which outputs the “real” vehicle speed. The logical
scheme adopted to obtain the “real” speed followed instant by instant by the
vehicle is shown in Figure 2.9. As can be seen, appropriate measures have been
taken to prevent the propagation of the approximation errors, inevitable during
the calculations and due to different approximations adopted in the model. The
sign of the Fy.r whees Variable is used to distinguish the case of the accelerator
pedal pressed from the case of the brake pedal pressed.
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O
v_prev
[mvs] > ~{\
\
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[m/is*2] imitati _ A ]
MotorsAccLimitation ~=0 \, ) 4\\
\
AN
BattMotAccLimitation AN
\
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(5 ) »> :I \
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[mis] Fref_wheels v
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N
™
BrakesLimitation —
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Figure 2.9. Simulink logical scheme adopted to obtain the instantaneous vehicle speed. In
the Simulink model shown in this figure, v is the variable v, v_prev is the variable Vp;.y,
a s a wvariable, v_ref is V. , Fref wheels is Firef wheels -
MotorsAccLimitation is Limit,y q.c , BattMotAccLimitation is
Limityge gcc, and BrakesLimitation is Limity.qq prak-

For the calculation of the speed (v), where necessary, a uniformly
accelerated motion between one instant of calculation of the simulation and the
next was considered, see equation (2.55).

V = Uppey + @ b (2.55)

Finally, from the speed it is also possible to obtain the space travelled by
the vehicle (x) during the execution of the actual driving cycle, once again
considering motion uniformly accelerated between two successive calculation
steps, as in the following equation (2.56):

a
X = Xprey + Vs + 5 t2 (2.56)

where x,,,, is the space covered by the vehicle from the start of the simulation

until the calculation step preceding the one considered.

2.24 Outputs

Once the simulation is completed, all variables will be saved in MATLAB®
workspace. Therefore, the outputs are completely “customizable by the user”
based on the variables he wants to analyse. In Section 2.4.1.6, and, in particular,
in Figure 2.23, an example layout will be shown for the outputs with the most
relevant quantities.
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2.3 GRAPHIC USER INTERFACE

For easier and simpler management of the Simulink model, a graphic user
interface has been created, using the “App Designer” tool of MATLAB®, which
allows for the control and modification of all the inputs of the model and starts
the simulation. In particular, it is possible to save, for a specific vehicle, six
different simulations (from Lap 0 to Lap 5), relating to six different speed profiles,
or use a standard driving cycle: WLTC (Worldwide Harmonized Light-Duty
Vehicles Test Cycle) relating to WLTP procedure (Worldwide Harmonized
Light-Duty Vehicles Test Procedure) [38], SFTP-USO6-regulated cycle, described
in the EPA Supplemental Federal Test Procedure (SFTP) or J227a cycle (Figure
2.10).

For the WLTC speed profile it is possible, through a special drop-down
menu, to choose the class of the cycle according to the classification of the WLTP
standard [38] and, through a specific switch, to set the simulation of the relative
urban or non-urban cycle (Figure 2.10). For the J227a cycle it is instead possible,
through the appropriate drop-down menu (Figure 2.10), to choose between the
simulation of the J227a Schedule B, C or D standard profile.

All speed profile (including regulated driving cycles) can be edited by
clicking on the “Define Speed Profile” button shown in Figure 2.10, each can also
be filtered through the average of k elements. It is also possible to define an
altimetric profile (clicking on the “Define Elevation Profile”), a temperature
profile of the battery pack (clicking on the “Define Battery Temperature Profile”),
a fixed sample time of simulation (t;) and an initial state of charge of the battery
pack (variable init SOC, used in the “Datasheet Battery” block, see Section
2.2.2.3) for each Lap (speed profile). k, the altimetric profile, the temperature
profile, t;, and the initial SOC can differ between a Lap and the other (Figure
2.10). The elevation profile can be provided as the elevation in function of the
space travelled by the vehicle or the time elapsed since the simulation began, the
choice is declared to the software by means of the appropriate switch shown in
Figure 2.10 (“Elevation profile vs. Space/Time”).

It is also possible to choose, through the appropriate switch (Figure 2.10),
whether, during the simulation, to repeat the set driving cycle until the SOC falls
below a certain value (defined in “Minimum SOC [%]” in the panel of Figure
2.10) or whether to set a number of repetitions (defined in “N° of driving cycle
repetitions” in the panel shown in Figure 2.10) of the driving cycle.
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4 Ul Figure — O X

Simulation I Results | Calibration | Environment and other | Vehicle and Wheels I >

Simulation Sample Time [s] | 0.05| [ Save ]

Lap 0 0.05 Lap 3 0.05| WLTC 0.01

J227a
WLTC class 2 v
Schedule Lap 1 005 Lap4 | 005 US06 & 0.01
uban Yes @ )No  Lap2 | 005 Lap5 | 005 J227a | 001
o - Local k-point mean values for the 1 Save
N* cycles C’ Min. SOC moving mean of speed profile | [ ]
N° of driving cycle repetitions Lap 0 30 Lap 3 = - - !
Lap 1 30 Lap4 30| USO8 1
ini 0,
Minimum SOC [%] Lap 2 30 Laph 30| J227a 1
Define Save final SOC Initial Battery State of
' 100 Save
Speed Profile as new initial SOC Charge (5.0.C.) [%] | | [ ]
Define Battery Yes () No  Lap@ 100| Lap3 100 WLTC 100

Temperature Profile

: Elevation Profile vs. Lap 1 100 Lap 4 100 Uso6 100
Define

Elevation Profile | Space () T Lap 2 100 Lap 5 100 | J227a 100

Figure 2.10. “Simulation” panel of the Graphic User Interface. In particular, the
“Simulation” panel allows you to enter the inputs regarding the simulation parameters.

Finally, always in the “Simulation” panel (Figure 2.10) it is possible, by
means of an appropriate switch, to decide whether at the end of the simulation
to save the final SOC value as the new initial SOC value of the battery pack (for
the Lap in question, to be used in a subsequent simulation).

Through the “Results” panel (Figure 2.11) it is possible to save 3 different
sets of data that will be graphically compared with the results of the simulation
of the TEST model, these data concern the following parameters as a function of
time: battery current voltage and SOC, and front and rear motor torque.
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4 Ul Figure - O X

: Simulation ‘ Results V Calibration Environment and other Vehicle and Wheels | >

Comparison of results with data obtained from acquisitions or with other reference data.

Data 1 Data 2 Data 3

[ Battery Current ] [ Battery Current ] [ Battery Current ]
[ Battery Voltage ] [ Battery Voltage ] l Battery Voltage ]
l Battery S.0.C. ] [ Battery S.0.C. ] ( Battery S.0.C. J
[ Front motor torque ] ( Front motor torque J l Front motor torque ]
[ Rear motor torque ] [ Rear motor torque ] [ Rear motor torque 1

Figure 2.11. “Results” panel of the Graphic User Interface. In particular, the “Results”
panel allows you to save 3 sets of data that will be graphically compared with the results of
the simulation of the TEST model.

During the validation phase, the need for calibration of the mechanical
part of the TEST model was found. This is particularly true for high-performance
vehicles (see Section 2.4.2). The possibility of doing this calibration has therefore
been integrated into the TEST model, through the “Calibration” panel (Figure
2.12) of the Graphic User Interface.

In particular, it is possible to calibrate the total motor torque (sum between
the torque of the front and rear electric motor, if both present, otherwise it is the
torque of the only motor present) as a function of the vehicle speed v (see Section
2.4.2.6). Below, in equation (2.57), the function used for calibration is shown.

y=cy N+t vi4cr v+ (2:57)

with N > 0 and where y is the ratio between the TEST total motor torque and the
“real” total motor torque. cy, -+, ¢,, ¢4, o are the calibration coefficient, which can
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be defined by pressing the “Define Calibration Coefficient” button in the panel
“Calibration” shown in Figure 2.12.

4 Ul Figure — O ¢

Simulation Results Calibration Environment and other Vehicle and Wheels >

y = Ratio between TEST and "real" data Total Motor Torque

v = vehicle speed

y = cN*VAN + ... + c2"vA2 + ¢c1"v + c0

Define Calibration Coefficient

START Simulation

Figure 2.12. “Calibration” panel of the Graphic User Interface. In particular, the
“Calibration” panel allows you to calibrate the model, in particular the motor torque
resulting from the simulation.

Furthermore, it is possible to define all the environmental parameters (air
density p, gravity acceleration g) and other parameters such as the resistivity
(pcu) of the conductor cable material (for example copper), the driver’s weight
(Mariver), the weight of fuel on board (my,,,), necessary to power any generators,
and the mass of the cargo carried by the vehicle (Figure 2.13). The latter can be
variable during the simulation and must be supplied as input to the model
according to the time elapsed from the start of the simulation. It is then possible
to define as input all the parameters relating to the vehicle in general and the
wheels (Figure 2.14), and the traditional braking system (Figure 2.15).
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4 Ul Figure - O X

Simulation Results Calibration Environment and other | Vehicle and Wheels >

Air Density [kg/m*3] 1.225

Gravity Acceleration [m/s*2] 9.81

Cu (copper) resistivity [Ohm mm*2 / m] 0.017

Driver Weight [kg]
T —

Define the mass of the transported load

Figure 2.13. “Environment and other” panel of the Graphic User Interface. In particular,
this panel allows you to enter the inputs regarding the environmental (and other)
parameters.

In the “Vehicle and Wheels” panel (Figure 2.14) you can define the total
mass of the empty vehicle (mMyepicie), the frontal area of the vehicle (Af), the
downforce coefficient (WHF), the drag coefficient (Cy), the front (R yeeir) and rear
(Rwheeir) Wheels loaded rolling radius, the rolling friction coefficients (f, and
fr 2), the moment of inertia of the front (Jyyneeir) and rear (Jy,peeir) Wheel, the
power absorbed by the vehicle accessories (F,..) and the distribution of motor
torque to the front axle in acceleration ( TractRatio,. ) and in braking
(TractRatioy,qi) phases.
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4\ Ul Figure — O X

Simulation Results Calibration Environment and other ‘ Vehicle and Wheels ‘ >

Total mass of the empty vehicle [kg] 1548.4
DOWNFORCE (D): Front Area [m*2] 3.231
D = 1/2 WHF*rho*vA2 WHF [m/\z] [:I
(rho: air density; Drag Coefficient 0.32
v: vehicle speed)
Front wheels loaded radius [m] 0.2987
Rolling friction coefficient (f): Rear wheels loaded radius [m] 0.3005
f=fr(1+v*fr_2)
(v: vehicle speed) 15 b1 fepmnl [ 0]
Moment of inertia of the front wheel [kg m*2] 0.882
Moment of inertia of the rear wheel [kg m"2] 0.882
Power absorbed by vehicle accessories [W] 1500
Distribution of motor torque to the front in acceleration
Distribution of motor torque to the front in braking

Figure 2.14. “Vehicle and Wheels” panel of the Graphic User Interface. In particular, this
panel allows you to enter the inputs regarding the vehicle and wheels parameters.

In the “Brakes” panel (Figure 2.15) you can define the following quantities
relating to the braking system: the maximum brake pressure in the master
cylinder (Pprake max), the pressure distribution to the front braking system in the
master cylinder (Biasp,qker), the total action area of the front (4,s¢onr) and rear
(Apistonr) brake pistons, the dynamic friction coefficient of the front (upqqr) and
rear (Upqqr) brake callipers, and the operating average radius of the front (Rgscr)
and rear (Ry;scr) brake callipers.

PhD Thesis GIULIA SANDRINI 42



UNIVERSITA DEGLI STUDI DI BRESCIA

4\ Ul Figure — | b4

< Results | Calibration | Environmentandother | Vehicle and Wheels ~ Brakes | Ba »

Maximum brake pressure in the master cylinder [MPa]
Pressure distribution to the front in the master cylinder of the braking system 0.85
Total area of front brake pistons [mm*2] [j]
Total area of rear brake pistons [mm*2]
Dynamic friction coefficient of the front brake calipers [j
Dynamic friction coefficient of the rear brake calipers l—j]
Operating average radius of the front brake calipers [m] 0.134
Operating average radius of the rear brake calipers [m] l—jl

Figure 2.15. “Brakes” panel of the Graphic User Interface. In particular, this panel allows
you to enter the inputs regarding the traditional braking system parameters.

The APP also allows you to set all the parameters relating to the batteries
(Figure 2.16), with the option of choosing, through appropriate switches, to enter
information regarding the charging and discharging limitations in Ampere or
Watt and whether to refer the limitations provided to the entire battery pack or
to the single battery module (limitations to be set by clicking the “Define Battery
Limitations” button in the panel of Figure 2.16).

These parameters include the number of cells in series (Ns) and in parallel
(Np) in the battery pack, the rated capacity of the pack or of the single cell (to be
chosen using the appropriate switch shown in the panel of Figure 2.16) at
nominal temperature, the power buffer for discharge and charge limits (Ppyffer),
and the inverter efficiency in discharge (7iny giscn) and in charge (Miny cn)-
Through the “Define Open Circuit Voltage” button it is also possible to define
the open circuit voltage as a vector that reports the values of the open circuit
voltage of the single cell as a function of the SOC (Batt SOC_Em, used in the
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“Datasheet Battery” block, see Section 2.2.2.3): the first column reports the SOC
values, and the second column reports the corresponding values of open circuit
voltage. Through the “Define Internal Resistance Table” button it is also possible
to define the internal resistance of a single cell in function of temperature and
SOC (Batt Rint table, used in the “Datasheet Battery” block, see Section
2.2.2.3): a table where the first column reports the temperature values, the first
row the SOC values, and at the centre the corresponding internal resistance data.

4 Ul Figure - O X
< | Environment and other Vehicle and Wheels Brakes Battery Pack Front Motor 2 >
f the batt k
Number of cells in series 250 e L
-
Number of cells in parallel 3 =
Rated capacity at nominal temperature [Ah] 30 of a single cell
Rated capacity at
Power buffer for discharge and charge limits [W] 0 nominal ter[;lpergture
Inverter efficiency in discharge 0.88 Inverter efficiency in charge 0.8
Watt Pack
Define Battery Limitations
ﬁ :r“'-.
o o Define Open Circuit Voltage
Ampere Module
Unit of Measurement Pack or Module Define Internal Resistance Table
of Battery Limitations Battery Limitations
START Simulation

Figure 2.16. “Battery Pack” panel of the Graphic User Interface. In particular, this panel
allows you to enter the inputs regarding the battery pack parameters.

The Graphic User Interface also allows you to set all the parameters
relating to the two electric motors, front (Figure 2.17) and rear (Figure 2.18). For
each motor it is possible to define both the continuous (by clicking the
“Continuous Front Motor Torque” and “Continuous Rear Motor Torque”
buttons, defining the torque as a function of the RPM) and peak (by clicking the
“Peak Front Motor Torque” and “Peak Rear Motor Torque” buttons, again
defining the torque as a function of the RPM) torque curve and choose which one
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to use during the simulation (by means of a special switch shown in panels “Front
Motor and Transmission” and “Rear Motor and Transmission”), as can be seen
from Figure 2.17 and Figure 2.18. Therefore, there is still no implementation in
the model of an automatic management of the peak torque for the maximum
allowed time and then an automatic transition to the maximum continuous
torque. Through “Motor Efficiency Map” buttons of Figure 2.17 and Figure 2.18
it is also possible to define the efficiency map of each electric motor: a table where
the first column reports the motor torque values, the first row the motor RPM
values, and at the centre the corresponding motor efficiencies (in percentage)
data.

4\ Ul Figure — m| X

< | Vehicle and Wheels | Brakes | BatteryPack | Front Motor and Transmission | Rearl »

—

Off () On Continuos \Cl) Peak [Continuous Front Motor Torque

Torque Curve [ Peak Front Motor Torque

S

Front Motor

-—

{ Motor Efficiency Map

Front gearbox transmission ratio 1.000

Transmission ratio of the front differential

Front transmission efficiency

Moment of inertia of the front motor [km m”2] 0.02

Moment of inertia of the components in input to the front reducer/differential [km m*2] 0.0001
Moment of inertia of the components in output to the front reducer/differential [km m”2] 0.0001
Length of the cables between front motor and inverter/battery [m]

Section diameter of the cables between front motor and inverter/battery [mm]

Slope (m) of the regenerative braking ramp [Nm/s]: Torque = m * Time 225

o
w = | BN

(]
o

Minimum speed for the RB [km/h] Torque limit for the RB [Nm]

Figure 2.17. “Front Motor and Transmission” panel of the Graphic User Interface. In
particular, this panel allows you to enter the inputs regarding the front motor and front
transmission parameters.
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4\ Ul Figure — O X

< Battery Pack H Front Motor and Transmission Rear Motor and Transmission \ Generatc »
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Rear Motor

[ Motor Efficiency Map

Rear gearbox transmission ratio 1.000

Transmission ratio of the rear differential

Rear transmission efficiency

Moment of inertia of the rear motor [km m*2] 0.02

Moment of inertia of the components in input to the rear reducer/differential [km m#2] 0.0001
Moment of inertia of the components in output to the rear reducer/differential [km m”2] 0.0001
Length of the cables between rear motor and inverter/battery [m]

Section diameter of the cables between rear motor and inverter/battery [mm]

Slope (m) of the regenerative braking (RB) ramp [Nm/s]: Torque = m * Time 225

BERALCERRE

Minimum speed for the RB [km/h] Torque limit for the RB [Nm]

Figure 2.18. “Rear Motor and Transmission” panel of the Graphic User Interface. In
particular, this panel allows you to enter the inputs regarding the rear motor and rear
transmission parameters.

In the panels of Figure 2.17 and Figure 2.18 you can also define the
following quantities relating to the electric motors: the front (7,¢qr) and rear
(Trear) gearbox transmission ratio, the transmission ratio of the front (74;5sr) and
rear (74rsg) differential, the moment of inertia of the components in input to the
front (J;,r) and rear (J;,z) reducer/differential, the moment of inertia of the
components in output to the front (/,,.r) and rear (J,,¢z) reducer/differential, the
length of the front (L.gpier) and rear (L.gpier) electrical conductor cables (i.e.
between motor and inverter/batteries), the section diameter of these front
(Pcapier) and rear (P qp10r) cables, the slope of the regenerative braking ramp of
the front (mgp r) and rear (mgp r) motor, the torque limit for the regenerative
braking of front (Trpmax r) and rear (Trpmqx gr) Mmotor, and the minimum speed
for the activation of the front (Vgpmin r) and rear (Vgpmin_r) regenerative braking.
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Furthermore, through the On/Off switch shown in Figure 2.17 and Figure
2.18, you can set whether the motors (front and rear) are present (“On”) or not
(“Oft”) in the vehicle powertrain layout.

Finally, it is possible to modify all the input parameters concerning any
generators in parallel installed on the vehicle (Figure 2.19): the generator nominal
power (Pyen nom), the turbine rotation nominal speed (wgye,), the torque curve and
the efficiency map. The torque curve can be defined by pressing “Generator
Torque” button of Figure 2.19 and setting the torque values as a function of the
rotation speed of the generators. Clicking on the “Generator Efficiency Map”
button of the panel of Figure 2.19 it is possible to define the efficiency map: a table
where the first column reports the generator torque values, the first row the
generator RPM values, and at the centre the corresponding generator efficiencies
(in percentage) data.

4 Ul Figure — O ¢
< lission Generators Regenerative Braking Logic Regenerative Braking Logic (LAT)
Number of generators 0 |

Generator Torque

Generator Efficiency Map

Generator nominal power [W] 1800007\
Turbine rotation speed [RPM] ‘ 784700(”
START Simulation

Figure 2.19. “Generators” panel of the Graphic User Interface. In particular, this panel
allows you to enter the inputs regarding the generators’ parameters. In this figure, you can
also see the Tabs of panels relating to a regenerative braking logic that was subsequently
integrated into the TEST model, see Section 3.
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Using the “START Simulation” button (shown in figure from Figure 2.10
to Figure 2.19), simulation is started, and the graphic results are shown. The
information regarding the simulation and some variables of the simulation itself
are also automatically saved in the workspace, such as the electric motors
torques, the voltage current and SOC of the battery pack, the space travelled by
the vehicle, etc. It is however possible to save any other quantity and display any
other graph as long as they represent variables calculated in some branch of the
Simulink model described in Section 2.2, entitled “Simulation Tool”.

2.4 MODEL VALIDATION

The validation of the model was carried out by comparing two borderline
cases: a low-performance vehicle in terms of traction performance and a very
high-performance hypercar. In the first case the validation was carried out
through the comparison between model results and experimental data acquired
through the VCU (Vehicle Control Unit) installed on a vehicle in the prototyping
phase. In the second case the validation was carried out through the comparison
between TEST and PROPS [22] results.

Furthermore, the driving missions of the two vehicles are also very
different, in the first case an urban driving context is considered, in the second
case the driving mission is of the Motorsport type, on the track.

2.4.1 Validation with Low Performance Vehicle

For the validation of the model under conditions of common driving
cycles used in the public roads, the results of the model (obtained by setting the
appropriate data concerning the specific vehicle) were compared with the data
obtained experimentally from the VCU (Vehicle Control Unit) of a waste
collection vehicle in the prototyping phase.

2.4.1.1 Powertrain

The prototype being simulated has a purely electric powertrain and it is a
rear-wheel drive, with a single electric motor powered by a lithium battery pack.
The configuration of this vehicle does not include any type of generator that
recharges the battery pack, the only charging function in the simulation is the use
of the electric motor as a generator during regenerative braking.

In particular, when the accelerator is released, there is a regenerative
torque which increases linearly with the time from the beginning of the release
up to a maximum value, later this value remain constant until the accelerator
pedal is pressed. In the same way, regenerative braking also intervenes with the
brake pedal pressed.
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2.4.1.2 Traction Motor

The electric motor is three-phase with an assembly mass of 57.2 kg and a
rotational inertia of 0.086 kg-m?. It is characterized by the peak and continuous
torque curves shown in Figure 2.20. In particular, the maximum peak torque is
380 Nm, while the maximum continuous torque is 304.3 Nm. Finally, Figure 2.21
shows the motor efficiency map.

Max Motor Torque

—@—Peak Torque  —@®— Continuous Torque

400
350
300
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200

Torque (Nm)

150
100

50

0 2000 4000 6000 8000 10000
Rotational speed (RPM)

Figure 2.20. Peak torque and the continuous torque (in Nm) of the traction motor vs. the
speed of rotation of the electric motor itself (in RPM).
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Figure 2.21. Motor efficiency map.
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2.4.1.3 Battery Pack

The battery pack consists of 108 lithium cells arranged in series which give
it a maximum nominal capacity of 120 Ah. Regarding the outgoing current
(positive) and incoming current (negative), the battery pack has the limits shown
in Figure 2.22, depending on the state of charge.

The open circuit voltage (OCV) and the internal resistance (RES) of the
battery pack were considered constant, in fact the average temperature of the
cells detected by the BMS is constant during the test and the SOC does not vary
significantly. OCV and RES were derived from the experimental data and their
values are represented in the Table 2.1, together with the other main data of the

vehicle.
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Figure 2.22. Discharge and charge current limits (in Ampere) vs. the State of Charge
(SOC, in percentage) of the battery pack.
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Table 2.1. Main data of the waste collection vehicle.

Parameter Value Unit
Vehicle weight 3450 kg
Front area of the vehicle 3 m?
Drag coefficient 0.7 -
Wheels loaded radius 0.35 m
Maximum motor power 160 kW
Maximum motor torque 380 Nm
Torque limit for the regenerative braking 50 Nm
Gearbox transmission ratio 21.5385 -
Battery rated capacity at nominal temperature 120 Ah
Number of battery cells in series 108 -
Number of battery cells in parallel 1 -
OCYV (Open Circuit Voltage) 356.1 \%
RES (internal resistance of the battery pack) 0.097 Q
Power absorbed by vehicle accessories 620 W

2.4.1.4 Data Acquisition System

The data needed for comparison with the program results was acquired

2.4.1.5 Target Speed Profile

through the vehicle control unit. The VCU installed on the prototype is an
Ecotrons VCU, model EV2274A. A speed profile followed by the vehicle was
used for the simulation and the corresponding motor torque and battery SOC,
current, voltage and power were used for the comparison with the model results.

The mission of the waste collection vehicle object of this model validation

Table 2.2. Main information of the waste collection vehicle driving cycle.

is a public road driving cycle. The target speed profile for validation was
obtained thanks to road tests carried out with a vehicle prototype, acquiring all
the data of interest from the VCU. Table 2.2 shows the main data of the target

speed profile considered.

Parameter Value Unit

Lap time 600 S

Space travelled 2395 m
Maximum speed 31.1 km/h
Minimum speed 0 km/h
Medium speed 14.4 km/h
Maximum acceleration 1.8 m/s?
Maximum deceleration 2.4 m/s?
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Figure 2.23. General overview of the results screen, where the abscissa axes show the time
expressed in seconds. The units of measure and the parameters of the ordinate axes are
shown in the legends. In the two graphs showing the acceleration and deceleration
limitations, the value of the limitation is equal to one if this has intervened, 0 vice versa. In
particular, “Max Motors Torque Limitation Traction” correspond to Limit,e; gcc
variable, “Motor Limited by Battery in Traction” corresponds to Limitpge gec .
“Generators Limitation” is Limitge,, “Max Negative Motors Torque Limitation” is
Limit,, ot prak, “Regenerative Braking Limitation to Battery” is Limitpaes prar, and,
finally, “Traditional Braking Limitation” corresponds to Limit,.qq pyqx binary variable.

PhD Thesis GIULIA SANDRINI 52



UNIVERSITA DEGLI STUDI DI BRESCIA

2.4.1.6 Comparison between Model Results and Experimental Data
Figure 2.23 shows a general overview of the results screen. The most
important model results for validation will be analysed in more detail later.

The mechanical part of the model works well, as can be seen in Figure 2.24,
which shows the comparison between the motor torque obtained from the model
and the experimental motor torque.

The motor torque values obtained in output from the model are much
noisier than the real torque values (acquired through the VCU). This is because
the model does not consider transients; it calculates the quantities considering
only the calculation instant in question (and the previous). The quantities of the
model (such as the motor torque and the battery power) can therefore
theoretically vary instantly abruptly.

ool —— Motor Torque (TEST results) (Nm)

— Motor Torque (acquisitions) (Nm)

120—

20H

40

80

o 100 200 300 400 500 600

Figure 2.24. Motor torque (in Nm) vs. lap time expressed in seconds. In particular, in the
figure, there are the motor torque resulting from the model (in red) and the motor torque
acquired through the Vehicle Control Unit (VCU) of the waste collection vehicle prototype
(in blue).

For the electrical part of the model, it was necessary to adjust the power
required at the battery terminals resulting from the TEST model, calibrating the
two inverter efficiencies, one for the discharge case (i giscn) and one for the
charging case (7;n, cn)- These efficiencies represent the power dissipations in the
inverters and in the BMS. Figure 2.25 shows the comparison between the power
obtained experimentally and the battery power resulting of the calibrated model
while Figure 2.26 shows the comparison regarding current and voltage of the
battery pack.
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Figure 2.25. Battery power (in kW) vs. lap time expressed in seconds. In particular, in the
figure, there are the battery power resulting from the calibrated model (in red) and the
battery power acquired through the VCU of the waste collection vehicle prototype (in blue).
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Figure 2.26. Battery current (in Ampere, first graph) and the battery voltage (in Volt,
second graph) vs. lap time expressed in seconds. In particular, in the figure, there are the
battery current and voltage resulting from the calibrated model (in red) and the battery
current, and voltage acquired through the VCU of the waste collection vehicle prototype
(in blue).

The differences between battery current and voltage obtained through
simulation and acquired by the BMS (real data) are partly due to the fact that the
battery model (“Datasheet Battery”) does not consider transients. For example,
between 100 and 200 seconds elapsed from the start of the test there are about 20
seconds in which the vehicle is stationary, the current outgoing from the battery
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pack is constant and equal to about 2 Amperes and the battery voltage in output
from the model is constant and equal to about 356 Volts. The current is not zero
since, even when the vehicle is stationary, the auxiliaries must be powered. In
real data it is possible to observe that the battery voltage does not remain constant
in these 20 seconds but gradually increases. This is an effect due to the transient,
in fact the Open Circuit Voltage (OCV) of a battery pack at rest tends to increase

until it stabilizes at a maximum value.

Finally, the Figure 2.27 shows the comparison between the SOC obtained
experimentally thanks to the BMS (Battery Management System) and the SOC
resulting of the model. The SOC acquired through the VCU has a sensitivity of
only 0.5% of variation, for this reason the SOC curve represented in the graph of
the Figure 2.27 is piecewise linear, it was obtained by joining the points where
the BMS has detected a change in SOC. To obtain the performance indices of the
model (shown in Table 2.3), the error was obtained (calculated as the difference
between the output parameter of the model and the parameter acquired through
the VCU prototype) and its mean and standard deviation were calculated. The
mean and the standard deviation (std) were also calculated for the absolute value
(abs) of the error. The differences between the model results and the experimental
data can be considered negligible; the model is thus validated.

Battery SOC (TEST results) (%)
Battery SOC (acquisitions) (%)
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Figure 2.27. Battery SOC (in percentage) vs. lap time expressed in seconds. In particular,
in the figure, there are the battery SOC resulting from the calibrated model (in red) and
the battery SOC acquired through the VCU (in particular from the BMS) of the waste
collection vehicle prototype (in blue).
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Table 2.3. Performance indices of the waste collection vehicle simulation.

Parameter mean error std abs mean error std (abs)
Motor torque 4.44 Nm 13.96 Nm 11.30 Nm 9.33 Nm
Battery power 0.58 kW 418 kW 2.66 kW 3.28 kW

Battery current 1.54 A 12.01 A 7.58 A 943 A
Battery voltage 0.18V 141V 091V 1.10 V

2.4.2 Validation with High-Performance Hypercar

For the validation of the model with data and operation typical of a high-
performance vehicle, the data of an ultra-high performance hypercar, which is in
the design stage, were considered. The speed profile adopted was obtained
through a best lap time test of the car in question on the Niirburgring circuit,
implemented in VI-CarRealTime® (VI-Grade®). The results from the TEST model
were compared with those coming from a different simulation tool (PROPS) as
reported in [22] and the comparison allowed for the performance of a correct
calibration of the program.

2.4.2.1 Powertrain

The simulated hypercar is an APU (Auxiliary Power Unit) hybrid car,
equipped with two electric motors, one acting on the front axle and one acting on
the rear axle. Electric motors are powered by a lithium battery pack and they
provide (or absorb) the same power at all times. Two generators are also installed
on the vehicle, represented by two turbines powered by a liquid fuel, in particular
by petrol. These generators are used to recharge the battery pack at constant
power, unless limited by the battery pack itself. The generators are therefore
always active while driving, rotating at constant speed, and their power is cut
where the maximum charging limits (depending on the SOC) of the battery pack
require it.

2.4.2.2 Traction Motor
The two electric motors of the car are identical, and they present the torque
curve in maximum admission condition represented in Figure 2.28. The

maximum torque of the motors is equal to 530 Nm and the rotation speed is
limited to 23000 RPM.
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Figure 2.28. Maximum motor torque vs. motor RPM. The graph is relating to the hypercar
electric motors in maximum admission condition.

2.4.2.3 Battery Pack

The battery pack configuration consists of 226 cells in series and 4 in
parallel, for a total of 904 cells, with a maximum capacity of 6.55 Ah. The
operating temperature of the cells must remain around 60 °C and the maximum
charge and discharge limits must not be exceeded, limits that depend on the SOC
and they are represented in the Figure 2.29, where the positive powers refer to
the discharge and the negative ones to the charge of the battery pack.
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Figure 2.29. Discharge (positive) and charge (negative) current limits (in Watt) vs. the
SOC of the battery pack (in percentage).
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In order not to exceed the maximum limits it was defined to remain within
the limits with a buffer of 1500 Watts. From Figure 2.30 it is possible to observe
how the Open Circuit Voltage (OCV) varies according to the SOC of the battery
pack. The internal resistance of each cell varies as a function of SOC and
temperature, as can be seen from Table 2.4. Furthermore, in Table 2.5 main
vehicle data is reported.

Open Circuit Voltage
4.5
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3.9
- 3.7
= 3.5
3.3
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2.9
2.7
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

SocC

Figure 2.30. OCV (Open Circuit Voltage, “Em” expressed in Volt) vs. the SOC of the
battery pack.

Table 2.4. Internal resistance (expressed in Ohm) of each cell in function to the SOC (from
0 to 1, first row of the table) and to the temperature in Kelvin (from 243.1 K to 313.1 K,
first column of the table).

0 0.2 0.4 0.6 0.8 1

243.1 0.00442 0.00466 0.00451 0.00424 0.00516 0.00657
253.1 0.00319 0.00328 0.00278 0.00276 0.00302 0.00390
263.1 0.00218 0.00205 0.00203 0.00173 0.00192 0.00226
273.1 0.00102 0.00128 0.00127 0.00123 0.00136 0.00152
283.1 0.00072 0.00091 0.00090 0.00089 0.00096 0.00112
298.1 0.00028 0.00036 0.00034 0.00038 0.00037 0.00051
313.1 0.00051 0.00067 0.00050 0.00077 0.00077 0.00139
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Table 2.5. Main data of the hypercar.

Parameter Value Unit
Vehicle weight 900 kg
Front area of the vehicle 1.752 m?
Drag coefficient 0.518 -
Wheels loaded radius 0.3517 m
Maximum motor power 610.5 kW
Maximum motor torque 530 Nm
Front and rear gearbox transmission ratio 2 -
Transmission ratio of the front and rear differential 3.9 -
Maximum brake pressure in the master cylinder 30 MPa
Pressure distribution to the front in the master cylinder 0.6 -
Total area of front brake pistons 5058 mm?
Total area of rear brake pistons 4084 mm?
Dynamic friction coefficient of the front brake callipers 0.4 -
Operating average radius of the brake callipers 0.141 m
Battery rated capacity at nominal temperature 6.55 Ah
Operating temperature of the battery 333.15 K
Number of battery cells in series 226 -
Number of battery cells in parallel 4 -
Battery pack weight 118 kg
Power absorbed by vehicle accessories 400 W

2.4.2.4 Generators

The vehicle in question is equipped with two generators for recharging
the battery pack. Each generator can deliver a nominal power of 180 kW and a
maximum torque of 530 Nm, thanks to the relative turbine which rotates at a
constant speed of 84 thousand RPM. These values are shown in Table 2.5, which
summarizes the main quantities of interest of the hypercar used for the validation
of the model.

2.4.2.5 Target Speed Profile

The mission of the hypercar object of this model validation is of the
MotorSport type. The target speed profile for validation was obtained thanks to
a maximum performance test in VI-CarRealTime® on the Nordschleife variant of
Niirburgring racetrack as shown in Figure 2.31 while

Table 2.6 shows the main data of the target speed profile obtained (Figure
2.32) and Figure 2.33 shows the elevation profile of the track.
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Figure 2.31. Niirburgring track, in its Nordschleife variant.
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Figure 2.32. Target speed profile obtained thanks to a maximum performance test in VI-
CarRealTime® on the Nordschleife variant of Niirburgring racetrack.
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Table 2.6. The table shows the main information of the hypercar driving cycle.

Parameter Value Unit
Lap time 319.951 s

Space travelled 211 km
Maximum speed 389.7 km/h
Minimum speed 0 km/h
Medium speed 237.2 km/h
Maximum acceleration 22.2 m/s?
Maximum deceleration -41.1 m/s?

Elevation Profile
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-200
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Figure 2.33. Elevation profile of the Nordschleife circuit. In particular, the graph shows
the elevation (“z”) vs. the “longitudinal” position (“x”) of the hypercar on the track (the
space travelled by the hypercar on the Nordschleife circuit).

2.4.2.6 Model Calibration

Once the results of TEST and PROPS [22] were compared, a deviation was
noted between the torques required (required by the electric motors) to perform
the same speed profile imposed. By isolating blocks of the program gradually, it
was found that the problem arises with the balance of forces, in the TEST
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program the resisting forces are overestimated at low speeds, for the vehicle in
question, due to the various approximations of the model. The latter therefore
requires calibration. The calibration was carried out by studying the acceleration
phase, imposing a speed ramp, with constant acceleration, from 50 to 380 km/h
in 30 seconds. The ramp starts from 50 km/h and not from zero speed for a correct
comparison with the results of the PROPS [22] program, which presents
problems at low speeds (speeds close to zero).

Furthermore, to allow the PROPS [22] results to stabilize, a 30-second
interval at a constant speed of 50 km/h is taken before the ramp. The speed profile
imposed for the simulations of TEST and PROPS [22], necessary for the
calibration of the model, is shown in Table 2.7 and in Figure 2.34. For the
comparison of the results between TEST and PROPS [22], the total motor torque
was considered, equal to the sum of the torque delivered by the electric motor
acting on the front axle with that delivered by the rear electric motor. The torques
necessary for the execution of the ramp, obtained from the TEST (without
calibration) and PROPS [22] programs, are shown in Figure 2.35.

Target Speed

400
350
300
250

200

v (km/h)

150

100

0 10 20 30 40 50 60
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Figure 2.34. Speed profile imposed for the calibration of the model, for the simulation of the
hypercar.
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Table 2.7. Speed profile imposed for the calibration of the model, for the simulation of the

hypercar.
Time Vehicle speed
(s) (km/h)
0 50
30 50
60 380

Total Motor Torque

500 :

)

Total Motor Torque (Nm

100 f- i
50 f- -

30 35 40 45 50 55 60
Time (s)

Figure 2.35. Comparison between TEST (without calibration), in blue, and PROPS, in
orange, total torques during the execution of the calibration speed profile.

From Figure 2.35 it is possible to see the difference between the two torque
trends. In particular, the behaviour of the ratio between the TEST and PROPS [22]
torque result was analysed, represented in the Figure 2.36 as a function of the
vehicle speed. To obtain “clean” results, the results were analysed starting from
the 35 seconds elapsed from the start of the simulation. In this way the results of
the PROPS [22] model have time to stabilize. The coefficients of the second-order
polynomial equation that approximate the ratio between the torques were found.
The result of the approximation function is shown in red in Figure 2.37. The
function (y) identified for the approximation is expressed unction identified for
the approximation is expressed by equation (2.58).

y =5.5-10"7 v2 — 0.0007 v + 1.4668 (2.58)

The polynomial coefficient 5.5 - 10~7, 0.0007 and 1.4668 were obtained
through the “polyfit” function of MATLAB®. The lower order coefficient of the
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squared speed indicates that the ratio between the torques has an approximately
linear trend as a function of the speed, in particular the results of TEST and
PROPS [22] tend to realign for high vehicle speeds. Equation (2.58) mentioned
above was then used to perform the TEST calibration for the hypercar described
in Section 2.4.2.

Longitudinal Vehicle Speed vs. Total Motor Torque Ratio
I

1.5 T
I
£ 1 ‘ ‘ ‘HHI\ i .
(E(: 1.35 —
1.3 —
1.25 \ ! L ! \ !
100 150 200 250 300 350
Speed (km/h)
Figure 2.36. Ratio between the TEST and PROPS torques vs. vehicle speed.
5 Longitudinal ‘Vehicle Speed vs. Total Motor Torque Ratio : :
Ratio between TEST and PROPS Total Motor Torque
Polynomial Function
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13—
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Figure 2.37. Second degree polynomial (in red) that approximate the ratio between the
TEST and PROPS torques (in blue).
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2.4.2.7 Conditions for Validation of the Model

For the validation of the TEST model equipped with calibration, a
comparison was made once again with the PROPS [22] results, this time on the
speed profile of the Niirburgring obtained with VI-CarRealTime®. The version of
the PROPS [22] adopted does not allow to cut power to the generators if the
limitations of the batteries require it, they provide constant power throughout
the simulation. Therefore, in order to also validate the electrical part of the model,
it was decided to turn off both generators for the entire TEST and PROPS [22]
simulations, to obtain comparable SOC, current, voltage and power data of the
battery pack. Furthermore, the same braking logic of the TEST model has also
been adopted for the PROPS [22].

2.4.2.8 Comparison between TEST and PROPS Results

Towards the end of the simulation the battery pack is completely
discharged, as can be seen from the Figure 2.38. To make a comparison, it is
therefore better to focus on the first 150 seconds that have passed since the start
of the simulation. In fact, in these first 150 seconds the battery pack has a SOC
higher than about 20% and therefore there are no problems of excessively
discharged pack. The results of state of charge as a function of time in TEST and
PROPS [22] model are not perfectly aligned, but the difference between the two
can still be considered acceptable. In the first 150 seconds the total torque results
of TEST and PROPS [22] are comparable, as can be seen in Figure 2.39.
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Figure 2.38. TEST (in blue) and PROPS (in red) battery SOC (in percentage) vs. Lap
Time (in seconds).
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Figure 2.39. This graph shows TEST (in blue) and PROPS (in red) total motor torque (in
Nm) vs. Lap Time (in seconds).

Returning to the parameters of the battery pack, also the results of power,
input (negative) or output (positive) current from the pack and voltage at the
battery terminals can be considered consistent between the two analysed models
(always focusing on the first 150 seconds from the start of the simulation). It is
possible to compare the results by observing the graphs shown in Figure 2.40,
Figure 2.41, and in Figure 2.42.

As can be seen from the graphs of figure from Figure 2.39 to Figure 2.42,
the results of the PROPS [22] program are more fluctuating. This is due to the
presence of PI controller, which is absent in the TEST model.
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Figure 2.40. TEST (in blue) and PROPS (in red) battery power (in kW) vs. Lap Time (in
seconds).
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Figure 2.41. TEST (in blue) and PROPS (in red) battery current (in Ampere) vs. Lap Time
(in seconds).
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Figure 2.42. TEST (in blue) and PROPS (in red) battery voltage (in Volt) vs. Lap Time
(in seconds).

To obtain the performance indices of the TEST model (shown in Table 2.8),
the error was obtained (calculated as the difference between the output
parameter of the TEST model and the output parameter of the PROPS model,
which has been validated with real-world data [22]) and its mean and standard
deviation were calculated. The mean and the standard deviation (std) were also
calculated for the absolute value (abs) of the error.

It is worth highlighting that both tools have on average the same accuracy
and estimation capabilities as shown in Table 2.8; however, the proposed method
requires a lower computational burden as it is designed using the “Backwards-
Facing” technique as mentioned in Section 2, which has been proved to be more
efficient. This makes this simulation tool suitable for real time applications such
as driving simulators [39-42]. The same applies if compared with [27,29].

Furthermore, it is key to note that sampling time t; plays an important role
on simulation performance, so that a sensitivity analysis has been carried out to
assess its influence. In fact, when t; is too big the computation is faster, but the
final accuracy is poor due to aliasing effect, especially when ¢ is lower or close
to the sampling rate of the input target speed profile. On the other hand, when ¢;
is too small the computational burden grows exponentially without being
justified by a substantial increase in accuracy. In general, using a sampling time
between 0.05 s and 0.01 s is recommended.
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Table 2.8. Performance indices of the hypercar simulation with the TEST model.

Parameter mean error std abs mean error  std (abs)
Total motor torque -15.80 Nm 187.50 Nm 80.00 Nm 170.31 Nm
Battery power -18.35 kW 277.44 kKW 110.15 kW 255.30 kW
Battery current -20.03 A 31431 A 125.50 A 288.87 A
Battery voltage 322V 12.39 V 541V 11.60 V
Battery SOC percentage 1.88 0.96 1.89 0.94

2.5 FINAL CONSIDERATIONS AND FUTURE DEVELOPMENTS

The main target of TEST tool was to obtain shorter calculation times and
perform closed-loop simulation in a more efficient way comparing to other tools
reported in literature. Such tool is reliable, robust and numerically stable. It is
also intuitive and easy to use for people with no specific training, thanks to a
specifically designed graphical user interface. Moreover, it features the
possibility to avoid any PID (or PI) controllers to perform closed-loop simulation
with a target speed profile, hence avoiding complex calibration procedures. This
is possible due to the “Backwards-Facing” design technique adopted for its
development. The TEST simulation tool allows also to simulate performance of a
multitude of hybrid or full electric powertrains with low computational burden,
short simulation time and good accuracy of results. Due to the approximations
adopted in the calculation of the forces, the model may require a calibration as
function of the vehicle speed (in particular for high-performance cars). The
electrical part of the model requires the knowledge of all the electrical
efficiencies, for calculating the power at the battery terminals. If some of these
efficiencies are unknown it is possible to consider them as calibration coefficients.

Furthermore, the program is made up of several blocks, thus resulting in
a program that is modular, flexible and open to simple modifications. By making
the appropriate modifications to the blocks, replacing some blocks or integrating
the program with additional modules, it is possible to use the model for the
simulation of other types of vehicles, for example fuel cell vehicles, or to test
different on-board energy management strategies, for example regenerative
braking logics. This allows for high flexibility in the simulations.

Validation is also provided, based on a comparison with real data (VCU
acquisitions) and with another consolidated simulation tool [22]. Maximum error
on mechanical quantities is proved to be within 5% while it is always lower than
10% on electrical quantities.
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Further developments of the model will concern, as already anticipated,
the replacement of equations (2.18) and (2.19) with equations (2.20) and (2.21),
which allow the electrical efficiency of the motors to be taken into account also
for the calculation of losses due to the Joule effect, and further improvements
reported by following.

The current at the motor terminals is an alternating electric current (AC),
while the electric current supplied by the battery pack is a direct electric current
(DC). Between the motor and the battery pack there is an inverter, a DC/AC
converter in the simplest architecture and an inverter plus a booster DC/DC
converter in the most complex, but realistic, architecture. When calculating a
direct current from an alternating power, the power factor cos(¢) should be
considered.

Another improvement that can be made to the TEST model relates to the
losses associated with the inverter. In the version of the TEST model described in
this chapter (Section 2), the losses associated with the inverter have been
considered by means of a constant efficiency value. In a future development of
the model, these losses could be implemented in a more precise way, as the sum
of the conduction losses (proportional to the square of the current) and the
commutation losses (which are a function of the commutation frequency and the
motor speed).

In the TEST model, the presence of the electric connection cables between
the generator/s and the battery pack was not considered. The power dissipated
due to the Joule effect in these cables was in fact considered negligible. In a future
version of the model, it could therefore, for greater accuracy, take into account
the resistance of these cables and therefore implement the calculation of the losses
due to the Joule effect also in these cables, as done for the electric connection
cables between the motor/s and the battery pack.

PhD Thesis GIULIA SANDRINI 70



UNIVERSITA DEGLI STUDI DI BRESCIA

3 REGENERATIVE BRAKING LOGIC THAT MAXIMIZES
ENERGY RECOVERY ENSURING THE VEHICLE
STABILITY (RB LOGIC)

This chapter presents a regenerative braking logic that aims to maximize
the recovery of energy during braking without compromising the stability of the
vehicle. This model of regenerative braking, called “RB logic” and presented in
[13], published in “MDPI - Energies” journal, ensures that the regenerative
torque of the electric motor (for front- and rear-wheel drive vehicles) or electric
motors (for all-wheel drive vehicles equipped with one motor for each axle) is
exploited to the maximum, avoiding the locking of the driving wheels and,
subsequently, if necessary, integrating the braking with the traditional braking
system. The priority of the logic is that of maximizing energy recovery under
braking, followed by the pursuit of optimal braking distribution. This last aspect
in particular occurs when there is an integration of braking and, for vehicles with
all-wheel drive, also when choosing the distribution of regenerative torque
between the two electric motors. The logic was tested via simulation on a front-,
rear-, and all-wheel drive compact car, and from the simulations, it emerged that,
on the WLTC driving cycle, the logic saved between 29.5 and 30.3% in
consumption compared to the same vehicle without regenerative recovery, and
22.6-23.5% compared to a logic commonly adopted on the market. On cycle
US06, it saves 23.9-24.4% and 19.0-19.5%, respectively.

Model validation was carried out by means of the VI-CarRealTime®
simulation package by VI-Grade® and the TEST (Target-speed EV Simulation
Tool) model described in Section 2 [10,22,23].

This chapter is organized as follows:

* In Section 3.1 a literature review is carried out, to highlight the
differences and advantages of the RB logic compared to logics
already present in the literature.

* In Section 3.2, the general layout of this logic is presented together
with the related mathematical background. In particular, the logic
is modular, and the details of each submodel are provided. This
section begins with the definition of the model’s inputs and
outputs, including an explanation of how the logic interprets the
brake demand signal and a calculation of the optimal braking
distribution. The calculation of the electric motor” torque requests,
which also prevents wheel locking, is then shown. Subsequently,
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various situations are considered that may make it necessary to
limit these motor torques, that is, the maximum braking torques
available from the electric motor/s and the battery pack limitations.
Finally, once these torques have been calculated, taking into
account all the limitations, the logic will calculate pressures in the
front and rear braking systems in order to guarantee the amount of
braking required by the brake demand.

* In Section 0, the results achieved through this logic are presented.
In particular, results based on standard driving cycles (to validate
energy savings) and test outcomes (aimed at showing how the logic
does not impair vehicle stability) are shown.

» In Section 3.4, the results obtained in Section 0 are discussed, some
future developments for the logic object of this thesis are presented,
and some future fields of application are proposed (the context in
which it is possible to know the road friction coefficient, for
example, in the context of smart roads).

* Section 3.5 explains how the RB logic has been integrated into the
TEST model (described in Chapter 2).

* In Section 3.7 concluding remarks are provided, and the most
important information in Section 3.4 is summarized.

3.1 LITERATURE REVIEW

Before presenting the regenerative braking model in detail, it is interesting
to analyse the literature, comparing the characteristics of this logic, highlighting
its improvements, with those of existing logics.

In [43], a strategy was proposed for the distribution of braking torques
according to ECE regulations [44] and the so-called fold lines. Such a strategy
meets the requirements of braking regulations and aims at maximizing the
recovery energy, but, on the other hand, it may occasionally result in reduced
stability and braking efficiency due to the fold lines deviating from the ideal
curve [12]. The logic of regenerative braking (RB logic) presented in this thesis
solves the problem of stability, as the logic not only maximizes energy recovery
but also restores the system to the condition of optimal braking distribution if the
vehicle is in critical conditions and at the limit of wheel locking. Once this last
condition has been reached, the vehicle will then lock the wheels in conditions of
optimal braking distribution, as it would in the absence of RB logic. Therefore, it
is appropriate to associate RB logic with a correct ABS logic, which also takes the
contribution of the electric motor into account in braking. In this regard, it is
interesting to mention article [45]. In [46] a method to maximize regenerative
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braking is proposed, where the braking torques on the front and rear axles are
distributed according to the ideal curve and the motor ensures braking torque
demand through the driving wheels according to its regenerative braking torque
capabilities; otherwise, the friction braking torque comes into play in order to
supplement the braking torque [12]. By always following the ideal curve for
braking distribution, energy recovery is not fully maximized. The RB logic, by
bringing the system back to optimum braking distribution conditions only when
it is close to critical conditions, allows for the maximization of regenerative
recovery in standard conditions by moving the braking distribution toward the
axle driven by the electric motor (in the case of vehicles with front- or rear-wheel
drive only). The approach adopted for the RB logic is therefore a hybrid of those
exposed in articles [43,46]. In this way, the resulting problems are solved for both
logics, and the related advantages are exploited.

In [47], a distribution control law for regenerative braking torque and
hydraulic braking torque is proposed, but in this control, the various constraint
factors on energy recovery are not considered [12]. Unlike the latter regenerative
braking logic, the RB logic object in this document takes into account not only the
limitations imposed by the maximum torque in the motors but also the
limitations on energy recovery imposed by the maximum currents that the
battery pack can accept at the input of the considered operating point.
Furthermore, if limitations occur, the model outputs can be corrected by suitably
integrating braking with traditional brakes.

In [48,49], a fuzzy control strategy distributing the regenerative braking
torque and the hydraulic braking torque is presented. An ABS logic is already
integrated into these two strategies. This can be an advantage over RB logic. On
the other hand, not having an ABS strategy already integrated in the regenerative
braking logic can allow for the adoption of, downstream of the RB logic, a specific
one according to the needs, provided that the latter takes into account the
intervention of the electric motors during braking, such as the logic presented in
article [45]. In the studies cited above, the vertical load variation on the front and
rear axles due to longitudinal load transfer is not considered; therefore, the
stability of the vehicle cannot be fully guaranteed. However, as stated in [50], the
aim of the regeneration control strategy is to ensure the maximum recovery of
braking energy while also ensuring braking stability; therefore, this aspect must
be taken into consideration for the sake of active safety.

Paper [51] describes a method for improving the braking stability of the
vehicle. An optimal braking torque distribution, front to rear, is achieved by
controlling the longitudinal slip ratio of each tire; see also [12]. The load transfer
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between the wheels is also considered in the RB logic, both due to longitudinal
and lateral accelerations, but the logic object of this thesis is suitable for use on
vehicles where electric motors act on the axles and not on a single wheel. The
motor torques are then managed for the axles and not for each individual wheel.

In [52], the regenerative braking strategy takes into account the ideal
braking torque distribution, but the characteristics of the battery pack are not
considered, unlike in the RB logic proposed in this chapter.

In [12], a braking torque distribution algorithm is presented: calculation of
the optimal braking torque distribution is based on the ECE braking regulation
[44], and the motor and battery limitations are taken into account together with
various limitations, as with the RB logic, but the strategy is mainly based on the
concept of optimal braking distribution. Conversely, the RB logic causes the
system to deviate from the latter in order to maximize energy recovery whenever
dynamic conditions allow it without compromising the stability of the vehicle.

A recent comprehensive literature review (year, 2021) on energy
management issues when using braking controllers is presented in [53]. In this
study, the literature analysis is carried out according to different categories [54]:

» For gradual braking and emergency braking;

» With or without the estimation of the road surface friction
coefficient;

» With fixed or allocated torque distribution;

* By tools used for simulation (MATLAB/Simulink®, AMESIim®,
CARSIm®, or co-simulation);

* By the type of model validation (without validation, with physical
imitators, or with real vehicles).

The controllers for regenerative braking can be classified into
conventional and intelligent controllers. Conventional controllers are basically
the proportional-integral-differential controllers (PIDC), threshold controllers
(TC), and sliding-mode controllers (SMC). Intelligent controllers are fuzzy logic
controllers (FLC), neural network-based controllers (NNC), and model reference
controllers (MRC) [53].

The regenerative braking strategy presented in this article can be
considered to be a conventional controller. It is based on a modular and flexible
Simulink® model. It can be implemented in the vehicle control unit (VCU) of
front-, rear-, or all-wheel drive vehicles equipped with electric traction only (full
electric vehicles, hybrid APU vehicles, and fuel cell electric vehicles). In
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particular, the vehicle in question can have an electric motor acting on the front

or rear axle or on two electric motors, one for each axle.

The model combines several characteristics considered by the different
studies cited above, in particular:

* Various vehicle, driveline, electric motor(s), and brake system data
are considered;

* The model calculates the brake force request, starting from the
brake demand i.e., from driver force acting on the brake pedal;

* The optimal braking distribution between front and rear axles is
obtained considering the load transfer due to longitudinal
acceleration/deceleration;

* The logic aims at maximizing energy recovery under braking
considering various limitations that can come into play;

* The limitations related to tire grip are considered;

* Motor and battery limitations are also considered;

* Finally, traditional brakes integrate regenerative braking to ensure
the braking torque request is met in all conditions while keeping
the system closer to the optimal braking distribution.

3.2 REGENERATIVE BRAKING MODEL

The regenerative braking logic object of this chapter was modelled in the
MATLAB/Simulink® software. Indeed, the Simulink® environment is very
popular in the programming of automotive control units.

The model can be set for use on an electric vehicle equipped with a single
motor, both front- and rear-wheel drive, or for an all-wheel drive vehicle with an
electric motor for each axle. The vehicle braking system must be equipped with
two master cylinders, allowing for the separate management of front and rear
brake pressures.

Figure 3.1 summarizes the structure of the regenerative braking logic.
Model inputs are the brake demand from the driver, the vehicle acceleration, the
rotation speed of the motor or motors, and of the wheels and battery
characteristics. Both load transfer and optimal braking distribution between front
and rear axles are calculated based on vehicle acceleration.
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Figure 3.1. Structure of the regenerative braking logic.

Regenerative motor torques are calculated based on brake demand in
order to optimize energy recovery considering the optimal brake distribution if
there are two motors and ensuring the stability of the vehicle by considering its
slip limits. Then, it is also necessary to consider the limitations imposed by the
maximum performance of the motors and batteries. Finally, traditional brakes
can be integrated with the electric motor brake in order to ensure the deceleration
intensity requested by the driver. All this while keeping the system close to
optimal braking conditions.

The next subsections show the equations and logics implemented in the
Simulink® model for deploying a regenerative braking logic aimed at maximizing
energy recovery.

3.2.1 Model Inputs and Outputs
The Simulink® model inputs are listed below.

* Brake demand (BrakeDemand): value from 0 to 1, proportional to
the force imposed by the driver on the brake pedal.

* Longitudinal vehicle deceleration (j): positive value for vehicle
deceleration.
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= Lateral vehicle acceleration (a,): absolute value.

* Vehicle speed (v): longitudinal vehicle speed.

* Angular velocity of the front wheels (wypeeir): average value
between left and right front wheels.

* Angular velocity of the rear wheels (wypeeir ): average value
between left and right front wheels.

* Angular velocity of the front electric motor (wecr): if the front
motor is present.

* Angular velocity of the rear electric motor (wy,o¢r): if the rear motor
is present.

= Battery voltage (V).

* Maximum charging current of the battery pack ( Crntyuy ):
maximum current that the battery is able to accept in input from
the motors at the moment considered.

The model outputs are listed below.

* Front brake pressure (Presy,qrer): signal required for the control
logic of the front braking system.

» Rear brake pressure (Presprqrer): signal required for the control
logic of the rear braking system.

* Front motor torque (T r): output torque of the front electric
motor.

* Rear motor torque (T0¢r): Output torque of the rear electric motor.

3.2.2 Brake Demand
The “BRAKE DEMAND” module receives the brake signal from the driver
as an input and associates the required braking force to this signal.

The BrakeDemand signal range is a value from 0 to 1, proportional to the
master cylinder pressure and, hence, to the force imposed by the driver on the
brake pedal, and the required braking force is imposed proportional to the
maximum traditional brake force. Therefore, the BrakeDemand =1 value
represents the maximum braking pressure, which is set a priori in the vehicle
model.
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The maximum force (Fyaxpraker) that the traditional front brakes can
generate at the tire contact patch is calculated in equation (3.1):

) Presyaxpraker ApistonF * Upadr " Raiscr (3.1)

Fyaxvraker = R
wheelF

Presyaxpraker 1S the maximum pressure that can be generated inside the
master cylinder of the front brake system, Ay;stonr is the total area of the brake
pistons in the front callipers, p,4qr is the dynamic coefficient of friction between
the front brake pads and brake discs, Ry;scr is the average radius of application
of the braking force on the front discs, and Rypeer is the nominal rolling radius
of the front wheels.

The maximum force (Fyaxpraxer) that the traditional rear brakes can
generate at the tire contact patch is calculated in equation (3.2):

_ PreSyaxpraker " Apistonr * Upadr * Raiscr (3.2)
Fyaxbraker = 2° R
wheelR

Presyaxpraker 15 the maximum pressure that can be generated inside the
master cylinder of the front brake system, Ay;sonr is the total area of the brake
pistons in the front callipers, 1,44z is the dynamic coefficient of friction between
the front brake pads and brake discs, Ry;scr is the average radius of application
of the braking force on the front discs, and R\,peeir is the nominal rolling radius

of the front wheels.

The maximum disc brake force (Fyaxprake) 1S the sum of the maximum
front braking force ( Fyaxpraker ) and the maximum rear braking force

(FMAXbrakeR)'

The total braking force associated with the brake demand (Fp,gkereq) is

calculated in equation (3.3).

FbT‘akeReq = BTakeDemand " FMAXbrake (3.3)

3.2.3 Optimal Brake Distribution

The “OPTIMAL BRAKE DISTRIBUTION” module calculates the optimal
brake distribution between the front and rear axle, taking the longitudinal (j) and
lateral (a,) vehicle acceleration as inputs. The braking distribution guarantees the
correct stability of the vehicle during braking events.

The optimal braking distribution is calculated by taking into account the
load transfer and the road friction coefficient to consider the road-tire adhesion
limit that leads to locking the front and rear wheels at the same time.
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The load on the front axle ( Wy), considering only the static weight and the

longitudinal load transfer, is calculated in (3.4):

M-g J 3.4
W =0 (11, o

M is the vehicle mass, g is the gravitational acceleration equal to 9.81 m/s?, L is
the wheelbase, h, is the centre of gravity height, and L, is the longitudinal
distance between the rear axle and the centre of gravity of the vehicle, which is
the difference between the wheelbase and the longitudinal distance between the
front axle and the centre of gravity (L,), as in equation (3.5):

L,=L—L, (3-5)

The load on the rear axle (W), considering only the static weight and the
longitudinal load transfer, is calculated in (3.6):

M-g J 3.6
WT=T-(La+hg-§) (3.6)

The load transfer, due to lateral acceleration, depends on the roll stiffness
distribution and the roll angle.

The roll stiffness (ko) of the front axle is calculated in equation (3.7):

tT'aCkF2> (3.7)
2

krour = <kspringF +2- kARBf ’

kspringr is the stiffness of the front suspension springs, k,gp is the stiffness of the

front anti-roll bar, and tracky is the front track of the vehicle.

The roll stiffness (k,;r) of the rear axle is calculated in equation (3.8):

tTaCkR2> (3.8)
2

krollR = <kspringR + 2 Kagpr

kspringr is the stiffness of the rear suspension springs, k4gp, is the stiffness of the

rear anti-roll bar, and tracky, is the rear track of the vehicle.

The roll angle, 90y, is calculated in equation (3.9):

(Mg + mgg) - hy — Mg * hegp — Mg Aegr . (3.9)
y

19R =
OLL
krollF + krollR

mgp is the front sprung mass of the vehicle, msR is the rear sprung mass, hcg 7 is
the height of the front roll centre, and hcg, is the height of the rear roll centre.
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Finally, the front (AF,r) and rear (AF,r) load transfers, due to lateral
acceleration, are calculated, respectively, in equations (3.10) and (3.11):

AF.. = krour - 9o, + Msp - ay - hCRf n 2 Mygp - ay - Ry heetr (3_10)
zF trackg trackg

AF.. = krour " OrorLr + Mg ay - hCRr n 2 myep- ay - Ryheetr (3,11)
ZR tracky trackg

Considering a single-wheel assembly, m,r is half the front unsprung
mass of the vehicle and m,,, is half the rear unsprung mass.

In the end, the reference loads on the front (W,.rr) and rear (W,.fg) axles,

considering the inner wheel when cornering, is imposed, respectively, in
equations (3.12) and (3.13).

W, 12
Wyesr = 2 ( Zf _AFZF) (3.12)
%
Wrepn = 2- (5 = APy ) (313)

2

The model calculates the maximum forces on the front and rear axles
considering the reference forces above.

The front total maximum braking force (F,syax) is expressed in equation

(3.14), where u is the road-tire friction coefficient.

Fprmax = 1 Wrefr (3.14)

The rear total maximum braking force (Fy,,y4x) is expressed in equation

(3.15):
Formax = 1 Wiesr (3.15)
In the end, the optimal braking distribution (BD) is defined as follows
(3.16):
BD — Fprmax (3.16)
FbT‘MAX

3.2.4 Motors Request — Slip Limits

The Simulink® model includes three different logics for a front-wheel
drive vehicle (FWD) with a single electric motor acting on the front axle, a rear-
wheel drive vehicle (RWD) equipped with an electric motor acting on the rear
axle, and for all-wheel drive vehicle (AWD) equipped with an electric motor for
each axle.
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3.24.1 FWD

For the FWD vehicle, the braking force required from the motor (Fy..qr) is
imposed as the minimum between the total braking force requested by the driver
(Fprakereq) and the front total maximum braking force (Fjsmax), multiplied by a
safety coefficient (SC).

The front electric motor torque required (Ty¢qr) is calculated in equation
(3.17), taking into account the front wheel radius, the inertia of the wheels, the
inertia of the differential, the inertia of the motor, and the transmission ratios [13].

A(w
FreqF “Rwneetr + (2 - Jwheetr + Joutr) - ( VXEedF) A(wmotr) (3]7)

+ Uinr + Jmotr) T *NtransF

TreqF = .
TaiffF * TredF

A . : N . o .
s the time derivative; ] peeir is the moment of inertia for a single front wheel;

Joutr and Ji,r are the moments of inertia of the transmission before and after the
front motor reducer, respectively; ;o is the moment of inertia of the front
electric motor; 74;¢fF is the gear ratio of the front differential; 7,4 is the gear
ratio of the front motor reducer; and 71¢qnsr is the general efficiency of the whole
front transmission.

3.2.42 RWD

For the RWD vehicle, the braking force required from the motor (F.qg) is
imposed as the minimum between the total braking force requested by the driver
(Fprakereq) and the rear total maximum braking force (Fy,,max), multiplied by a
safety coefficient (SCg).

The rear electric motor torque required (Tr.qg) is calculated in equation
(3.18), taking into account, as in the FWD case, the wheel radius, the inertia of the
wheels, the inertia of the differential, the inertia of the motor, and the
transmission ratios [13].

Alw
FreqR "Ryheetr + (2 " Jwheelr +]outR) ) ( vX;:eelR) A(wmotR) (318)

+ (]inR +]motR) T "Neransk

Trear = TaiffR " TredR
Jwheeir 15 the moment of inertia for a single rear wheel; J,,,;z and Ji,r are the
moments of inertia for the transmission before and after the front motor reducer,
respectively; [ ;o is the moment of inertia for the rear electric motor; 745 is
the gear ratio of the rear differential; 7,4z is the gear ratio of the rear motor
reducer; and n¢-qnsr is the general efficiency of the whole rear transmission.
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3.243 AWD
For the AWD vehicle, the rear braking force associated with the driver
demand (Fprqkereqr) is calculated in equation (3.19):

F _ FbrakeReq (3,19)
brakeReqR — BD + 1

The front braking force associated with the driver demand (Fpyqkereqr) iS

instead the difference between Fy,qxereq and Fprakereqr-

The braking force required from the front motor (Fy..qr) is imposed as the
minimum between the front total braking force requested by the driver
(Fyrakereqr) and the front total maximum braking force (Fy,sy4x), multiplied by a
safety coefficient (SCr). Similarly, the braking force required from the rear motor
(Freqr) is imposed as the minimum between the rear total braking force requested
by the driver (Fprqkereqr) and the rear total maximum braking force (Fypmax),
multiplied by a safety coefficient (SCx).

The equations (3.17) and (3.18) are also used for the calculation of the
required driving torques for the AWD case but they are calculated starting from
the values of Fy..qr and Fy.4p calculated as explained in this subsection.

3.2.5 Motors Limits

In the subsystem called “Motors Limits” in Figure 3.1, the electric motor
torques required under braking, front (T;..qr) and rear (Ty.q4r), are compared with
the maximum regenerative motor torques available at the motor RPM of the
considered instant.

Outputs from this subsystem are the minimum value of torque, front
(Tresr) and rear (Tyefg), between the maximum available and the required torque
(both considered in absolute value).

The maximum value of available torque for each motor (front and rear) is
obtained by means of Simulink® lookup tables containing the torque curves of
the motors as a function of the RPM of the motors themselves.

3.2.6 Battery Current Request

The “Battery Current Request” subsystem calculates the current that the
motors should send to the battery if they provided the output braking torque
from the “Motor Limits” subsystem.
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The charging current of the front motor (Crnt,.qF), if present, is obtained
with Relationship (3.20):

TrefF " WmotF 2
(TrefF ' wmotF) *Nmotr — RcableF ' - v
%

Nmotr 15 the efficiency of the front motor at the point of operation considered, and

(3.20)

CrntreqF =

it is obtained through the use of a two-dimensional Simulink® lookup table. This
lookup table contains the front motor efficiency map; it receives the motor torque,
Trefr, and the RPM of the motor in input and returns the efficiency at the
operating point in output. R 4per is the electric resistance of the front connection
cables, and it is calculated as in equation (2.16).

Similarly, the charging current of the rear motor (CrntreqR), if present, is
obtained through Relationship (3.21):

Trefr * Wmotr 2
(TrefR : wmotR) "Nmotk — Reabier - v
V

Nmotr 1S the efficiency of the rear motor at the point of operation considered, and

(3.21)

Crntyreqr =

it is obtained using a two-dimensional Simulink® lookup table that receives the
motor torque Ty.rg and the RPM of the motor in input and returns the efficiency
at the operating point in output. R gper is the electric resistance of the rear
connection cables, and it is calculated as in equation (2.17).

In the equations (3.20) and (3.21), implemented in the RB logic, the
electrical efficiency of the motor has been neglected for the calculation of the
power dissipated to Joule effect, without affecting the final results. For the sake
of accuracy, the two equations should be rewritten as equations (3.24) and (3.25).
In a version of the RB logic following the one described in this chapter (Section
3), the equations (3.20) and (3.21) will therefore be replaced by equations (3.24)
and (3.25).

2

Trefr * WmotF * Nmotr
(TrefF ' (‘)motF) ‘Nmotr — Reabler * ( e m[}) = ) (3-22)
Crityeqr = v
Trefr * Wmotr * Nmotr 2
(TrefR ' wmotR) *Nmotr — RcableR ' ( ref m‘; e ) (323)
Crityeqr = v

Finally, the total current that the motors should send to the battery
(Crntyeq) is provided by the sum of Crnty.qr and Crntyqqr.
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3.2.7 Battery Limits

In the “Battery Limits” subsystem, the limits of the battery pack are
considered; in particular, it is checked if the current that the motors should send
to the battery does not exceed the maximum that can be absorbed by the battery
pack at the moment (Crnty4x). If this limit is not respected, it is necessary to limit
the regenerative motor torques.

In case the motors do not need to be limited due to restrictions due to the
battery pack, the following equations apply (equations from (3.24) to (3.26)):

Crittymer = CTNtyeq (3.24)
Tnotr = TrefF (3.25)
Tmotr = TrefR (3.26)

Crntyee is the charging current of the battery pack generated by the motor or
motors, Ty,o¢r is the braking torque of the front motor, and T}, is the braking
torque of the rear motor.

In case of battery limitations, equations from (3.24) to (3.26) are not valid.
The current generated by the motor or motors is obtained through equation (3.27)
and the other two quantities are calculated as shown in the following sections,
depending on the type of vehicle: FWD, RWD, or AWD.

Crntpyor = Crntyax (3.27)
3.2.71 FWD

For FWD vehicles, in the event of battery limitations, the regenerative
front motor torque is recalculated from the maximum charging current, as in
equation (3.28):

V- Crntyax + Reapier Cratyax’ (3.28)

Nrwp * WmotF

motF =

Nrwp is the actual efficiency of the front electric motor (in the case of an FWD
vehicle), calculated with a Simulink® lookup table containing an efficiency map
of the front motor.

3.2.7.2 RWD

Similar to the case of FWD vehicles, for RWD vehicles, in the event of
battery limitations, the regenerative rear motor torque is recalculated based on
the maximum absorbable current, as in equation (3.29):
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V- Crntyax + Regpier - Crtyax” (3.29)

NRWD * WmotR

Thotr =

Nrwp is the actual efficiency of the rear electric motor (in the case of an RWD
vehicle), calculated with a Simulink® lookup table containing an efficiency map
of the rear motor.

3.2.7.3 AWD
For AWD vehicles, the maximum power that can be sent to the battery by
the motors is divided between the front (Payps) and rear (P p,) motors by

means of the optimal braking distribution ratio, as in equations (3.30) and (3.31):

p _ V- CT‘ntMAX (330)
AWDT T BD +1

(3.31)

Pawpr =V - Crntyax — Pawpr
By applying the optimal distribution to the power, the optimal
distribution between the braking forces of the two axles is obtained, with an
approximation due to losses related, in turn, to the resistance of the connection
cables. In fact, the power is provided by the product between the force and the
speed, and the longitudinal speed can be considered constant between the two
axles; therefore, distributing the power in a certain way between the two axles
means distributing the braking forces in the same way.

The maximum regenerative torque (Tywp maxs) that can be obtained from
the front motor, exploiting the absorbable power, Py pf, of the battery pack, is
provided by Relation (3.32).

2

PAWDf)

Pawps + Reapier - ( % (3.32)

TA =
WD_MAXf -
Nawpf * WmotF

Nawpy is the electrical efficiency of the front motor at the operating point
characterized by the parameters P,y pr and wp,¢r, obtained thanks to Simulink®

lookup tables containing efficiency maps of the front motor.

At this point of the model, a further check is carried out: it is verified that
Tawp maxs is not greater than T,..rr, calculated as an output by the “Motors
Limits” subsystem.

If Tawp maxys is not greater than T, the hypothetical front regenerative

torque (Tawp_nypy) is equal to Tuyp maxy; Vice versa, it is equal to Tyefp.
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Moreover, if Tyyp maxs is not greater than Ty..sr, the hypothetical charging
power provided by the rear motor (Pyyp gypr) is equal to Payp,; otherwise,
Pawp nypr is calculated with equation (3.33):

Pywp_nypr = (CrntMAX — CrntrefF) -V (3.33)

Crnty.sr is the current that the front motor sends to the battery pack when it

produces a regenerative motor torque equal to T, fF-

Crnt,qsr is calculated as follows in Relation (3.34):

TrefF ’ wmotF)Z (3.34)

TrefF " WmnotF " MrefF — Reapier * ( vV
vV

Nrefr is the electrical efficiency of the front motor at the operating point

Critresp =

characterized by the parameters T, rr and wyo¢r, Obtained thanks to a Simulink®
lookup table containing an efficiency map of the front motor.

The hypothetical rear regenerative torque (T4 p nypr) is calculated using
the equation (3.35), starting from the power Py p gypr-

2
P AWD_HYPr) (3.35)

Pawp nypr + Reabier ( %

Tawp_nypr = .
Nawbp_Hypr * WmotR

Nawp_nypr 1S the electrical efficiency of the rear motor at the operating point

characterized by the parameters Py p gypr and wper , Obtained thanks to
Simulink® lookup tables containing efficiency maps of the rear motor.

Now, a further check is carried out: it is verified that Ty p yyp, is not
greater than T.. ¢, calculated as output by subsystem “Motors Limits”.

If Tawp mypr is not greater than T,.sg, the actual rear regenerative torque
(Trmotr) is equal to Taywp pypr, and Troer is equal to Tyyp gypy; vice versa, Troeg is
equal to T, FR and, in this case, it is necessary to recalculate the regenerative front
motor torque as in equation (3.36).

Pawp_NEWF (3.36)
Tmotr = - ’
Nawp_NEWf * WmotF

Nawp news is the electrical efficiency of the front motor at the operating point
characterized by the parameters P,yp ypws and @, Obtained thanks to

Simulink® lookup tables containing efficiency maps of the front motor.
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Pawp newy is calculated in equation (3.37):

2 3.37
Pawp newr = (CrntMAX - CrntrefR) "V + Reapier (CrntMAX - CrntrefR) ( )

Crnt,erg is the current that the rear motor sends to the battery pack when it

produces a regenerative motor torque equal to Ty.qs.

Crnt,esg is calculated as follows in equation (3.38):

TrefR ) wmotR>2 (3.38)

TrefR " WmotR " MNrefR — Reabier ( vV
vV

Nrerr is the electrical efficiency of the rear motor at the operating point

Crityerg =

characterized by the parameters Ty, rgr and wyor, Obtained thanks to a Simulink®

lookup table containing an efficiency map of the front motor.

3.2.8 Traditional Brakes

The “Traditional Brakes” subsystem calculates the pressure on the front
(PreSpraker) and rear (Presp,qxer) master cylinders of the brake system necessary
to integrate the braking forces provided by the motor or motors in such a way as
to guarantee the total braking force requested by the driver. Moreover, the
integration of braking through the traditional brake system ensures that the
system comes as close as possible to the condition of optimal braking distribution
to guarantee vehicle stability.

If only the motor (or motors) is able to guarantee the braking request from
the driver, the pressures Presp,qker and Presy,qxer are imposed equal to the null
value; vice versa, the model must calculate the two pressure values. In this
second case, Presy,qker is calculated as in equations (3.39) if the value resulting
from (3.39) is smaller than Presyaxpraker; Otherwise, Presy, qer is imposed equal
to PresSyaxpraker, While Presy,qrer is calculated as in equations (3.40) if the value
resulting from (3.40) is smaller than PresSyaxpraker; otherwise, Presp,qker iS
imposed equal to Presyaxpraker-

FbrakeReq Totr TaiffF * TredF
[(FbrakeReq “"BD+1 > - Roheelr ] * Rywheelr (3.39)
Prespraker =
raxe ApistonF "UpadF * Raiscr
FbrakeReq Totr TdiffR " TredR
BD+1 Ryheelr ] *Rwneetr (3.40)
PreSpraker =

ApistonR "Upadr * Raiscr
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3.3 MODEL VALIDATION

This section reports the results of simulation tests carried out with VI-
CarRealTime® on an FWD, an RWD, and an AWD car to check the braking
efficiency and stability of a vehicle equipped with the logic presented in this
chapter.

Finally, through the Simulink® TEST model [10], the energy saving
obtained through this regenerative braking logic is estimated.

3.3.1 Reference Vehicles

Three fully electric compact cars were taken as reference vehicles: one with
front-wheel drive with an electric motor acting on the front axle, one with rear-
wheel drive with an electric motor acting on the rear axle, and one with all-wheel
drive with an electric motor for each axle.

The three vehicles share the characteristics shown in Table 3.1.

Table 3.1. Reference vehicles characteristics.

Dimension Value Unit
Total weight 1548.38 kg
Front suspended mass 835.50 kg
Rear suspended mass 548.15 kg
Front unsprung mass (of a single wheel group) 44.21 kg
Rear unsprung mass (of a single wheel group) 38.15 kg
Wheelbase 2577 .4 mm
Front track 1506.3 mm
Rear track 1476.9 mm
Centre of gravity height 563.92 mm
CG longitudinal front wheel distance 1021.55 mm
Frontal area of the vehicle 3.23 m?
Drag coefficient 0.32 -
Front rolling wheel radius 298.7 mm
Rear rolling wheel radius 300.5 mm
Rolling friction coefficient of the wheels 0.01 -
Transmission ratio 1 -
Drive ratio of differential ! 3.7 -
Power absorbed by vehicle accessories 1500 \

1 Drive ratio of front differential for an FWD vehicle, of rear differential for an RWD vehicle,
and of front and rear differentials for an AWD vehicle.

Figure 3.2 represents the torque and power curves of the motor for both
the FWD and RWD vehicles and for the two motors of the AWD vehicle.
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Figure 3.2. Torque and power of electric motors of FWD, RWD, and AWD vehicles.

Table 3.2 shows the characteristics of the braking system of the three
vehicles. If the vehicles are equipped with the regenerative braking logic, the

front and rear master cylinders should be controlled by the logic independently;

otherwise, there is a master cylinder controlled by the force input on the brake

pedal, which distributes the pressure (total pressure equal to 15 MPa) between

the front and rear cylinders with a bias on the front equal to 0.65.

Table 3.2. Braking system characteristics.

Dimension Value Unit
Maximum front brake pressure 9.75 MPa
Maximum rear brake pressure 5.25 MPa
Front pistons area 2000 mm?

Rear pistons area 1100 mm?

Front effective piston radius 134 mm
Rear effective piston radius 104 mm
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Table 3.3 shows the main suspension characteristics of the three vehicle
models, useful for defining the constant parameters of the regenerative logic. The
three vehicles do not feature anti-roll bars for simplicity.

Table 3.3. Suspension characteristics.

Dimension Value Unit
Front centre roll height 39.20 mm
Rear centre roll height 128.84 mm

Front spring stiffness 25 N/mm
Rear spring stiffness 27 N/mm

Table 3.4 shows the characteristics of the battery pack of the reference
vehicles.

Table 3.4. Battery pack characteristics.

Dimension Value Unit
Number of cells in series 96 -
Number of cells in parallel 2 -
Nominal capacity of the pack 105 Ah
Nominal capacity of the pack 42 kWh
Available battery capacity 37.5 kWh
Operating temperature 23 °C
Maximum deliverable power in discharge 87 kW
Maximum absorbable power in charge 85 kW
Open Circuit Voltage of a single cell 4.17 Vv

The available capacity of the battery pack is the portion of capacity that
can actually be used during vehicle operation. It differs from the nominal
capacity, which is instead the real battery capacity, without considering that,
during the operation of the vehicle, there will be limitations that will ensure that
this capacity is not fully used in order to preserve the battery from premature
decay.

When the three vehicles are equipped with the regenerative braking logic
described in this thesis, a minimum speed equal to 15 km/h is defined for the
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activation of regenerative recovery, and the safety coefficients SCr and SCy are
both set equal to 0.9; finally, the road-tire friction coefficient, u, considered in the
logic is set to constant.

Furthermore, none of the vehicles analysed are equipped with an ABS
system.

3.3.2 Test of Regenerative Braking Logic

In this section, straight braking tests performed with VI-CarRealTime® are
presented to show how the regenerative braking logic object of this thesis acts on
the regenerative motor torque and on the pressure in the traditional brake
system.

The tests are carried out for the three vehicle types (FWD, RWD and
AWD), equipped with RB logic with the u coefficient constant equal to 1.

Table 3.5 shows the parameters of the tests; in particular, the initial vehicle
speed is set equal to 108 km/h (30 m/s). At the start of the test (“Start time” equal
to zero seconds), 100% brake demand is achieved linearly in 10 s (“Ramp up
time”). The test ends when the vehicle stops. Therefore, a brake demand equal to
1 may not be reached during the test. The braking imposed was specifically
chosen not to be very intensive so as not to lead to wheel locking or vehicle
instability.

Table 3.5. Parameters of straight braking test.

Dimension Value Unit
Initial vehicle speed 108 km/h
Final vehicle speed 0 km/h

Start time 0 S

Ramp up time 10 s
Brake demand 1 -
Road friction coefficient 1 -

Figure 3.3 shows the speed of the three vehicles (FWD, RWD, and AWD)
featuring the RB logic, as well as the brake demand during the straight braking
test. Figure 3.3 also shows the motor torque and the brake pressure during the
tests. Only the brake pressures on the left side of the vehicle are graphically
represented because the left and right pressures are the same.
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Figure 3.3. Straight braking tests. (a) Vehicle speed; (b) motor torque; (c) brake demand;
(d) brake pressure at the front left wheel (L1) and at the rear left wheel (L2).

Figure 3.3 shows that, in the initial stage of braking, only the braking

torque of the motor (or motors) intervenes, while when braking becomes more

intensive, the contribution of the traditional brakes integrates the regenerative

braking.

3.3.3 Braking Performance and Handling

In this section, tests performed with the VI-CarRealTime® software are

presented to check the performance and handling of vehicles equipped with RB

logic.

3.3.3.1 Straightline Panic Brake

First of all, a panic braking test on a straightline is carried out via VI-

CarRealTime® to verify the braking effectiveness of the vehicle equipped with RB
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logic. The behaviour of the latter is compared with that of the same vehicle
without regenerative braking.

The tests are carried out for the three vehicle types, as stated before (FWD,
RWD, and AWD), and with two different coefficients of road surface friction (1
for dry tarmac; 0.7 for a wet surface), remembering that the u model coefficient
in the RB logic is defined as a constant value because it is not possible to know
the real road friction coefficient on board the vehicle.

In the RB logic, the u model coefficient is normally set equal to 1. The tests
with a road friction coefficient of 0.7 for vehicles equipped with regenerative
braking logic, are also repeated with a u model coefficient set to 0.7 to verify the
influence of the correct definition of this parameter for panic braking
performance.

These tests are used to verify that the RB logic performs well in
comparison with a standard vehicle (i.e., without any regenerative braking), even
in the case of a low friction coefficient. For this reason, no tests were carried out
below the value of 0.7: as a matter of fact, any standard vehicle without an anti-
lock braking system (ABS) performs poorly in a panic stop manoeuvre on wet
pavement because wheel locking occurs immediately; therefore, it makes no
sense to take its behaviour as a reference. The same goes for the tests of the next
subsection. Braking in turn manoeuvres can be carried out successfully only if an
appropriate ABS logic is implemented on the vehicle, either with or without a
regenerative braking logic. An appropriate ABS strategy, downstream of the RB
logic, also considering the contribution of the electric motors during braking, is
therefore required. An example of ABS logic suitable for the purpose, as already
anticipated, is presented in [45].

Table 3.6 shows the test parameters: the initial vehicle speed is set to 90
km/h; this speed is maintained for 1 s (“Start time”), then 100% brake demand is
achieved linearly in 1 s (“Ramp up time”).

Table 3.6. Parameters of straight panic braking test.

Dimension Value Unit
Initial vehicle speed 90 km/h
Final vehicle speed 0 km/h

Start time 1 S
Ramp up time 1 S
Brake demand 1 -
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Figure 3.4 shows the results of various panic brake tests carried out on a
straightline.

FWD FWD
90 ' T T 100
No RB logic - Road friction = 1 No RB logic - Road friction = 1
30 RB logic - Road friction = 1 ~— RBlogic - Road friction = 1
No RB logic - Road friction = 0.7 50 No RB logic - Road friction = 0.7
RB logic - Road friction =0.7 - p =1 —— RB logic - Road friction =0.7 - p =1
70 - - - - RB logic - Road friction = 0.7 - p = 0.7 [{ - - - -~ RBlogic - Road friction =0.7 - p=0.7
0 AN e |
60 1 7
£ -3
.50 J
3 50 1 g
g :
=]
@ [t
40 1 . J
g 5 100
5 £
30 1
> -150 q
20 1
-200 1
101 1
0 1 1 1 7250 | 1 |
0 3 4 5 6 3 4 5 6
Time [s] Time [s]
(a) (b)
RWD RWD
90 T T T 100
N I No RB logic - Road friction = 1
No RB logic - Road friction = 1 RB logic - Road friction = 1
80 RB logic - Road friction = 1 B . L
o L 50 No RB logic - Road friction = 0.7
No RB logic - Road friction = 0.7 . P _
. - - - - - RB logic - Road friction = 0.7 - p =1
70 RBlogic-Road fricion =07-p=1 | 4\ . - RB logic - Road friction = 0.7 - p = 0.7
——— RB logic - Road friction = 0.7 - y = 0.7 - -
— 0 frmrm = R ]
£ 60 R = 1
E 1
x Z f
= 50 g -50 ! 1
$ & -
o o '
o 40 1 ' 100 | 1
© =} 1
5 g |
30 1
> 1
-150 ' 1
20 o T O T S T oo e st s RRUSPOS! I, !
-200 ; 1
10 o T S PN N S P S '
0 L - L 250 . . |
3 4 5 6 3 4 5 6
Time [s] Time [s]
(c) (d)
PhD Thesis GIULIA SANDRINI 94



UNIVERSITA DEGLI STUDI DI BRESCIA

Vehicle speed [km/h]

= [ w
o [=) o
T T T

o

w
o
T

B
o
T

AWD AWD
100 T T T
No RB logic - Road friction = 1
RB logic - Road friction = 1
No RB logic - Road friction = 0.7 50 F
RB logic - Road friction = 0.7 - p = 1
- - = - RBlogic - Road friction = 0.7 - y = 0.7
\
A EE
0 |- T T 'MN""W[" A B
T N i
z B\ '
;‘ AL :
3 S0y W !
g i it I
c VY [ !
= { ‘\ i !
® -100 (SR |
§ ._.4.__&#;
o Front motor - No RB logic - Road friction = 1
= = = = = Rear motor - No RB logic - Road friction = 1
-150 | Front motor - RB logic - Read friction = 1
= = = = Rear motor - RB logic - Road friction = 1
Front motor - No RB logic - Road friction = 0.7
Rear motor - No RB logic - Road friction = 0.7
-200 = = = = Front motor - RB logic - Road friction = 0.7 - p = 1
= = = = Rear motor - RB logic - Road friction = 0.7 -p =1
s Front motor - RB logic - Road friction = 0.7 -y = 0.7
i i i i | 250 | | e Rear motor - RB logic - Road friction =0.7 -y = 0.7
1 2 3 4 5 6 0 1 2 3 4 5 6
Time [s] Time [s]
(e) (f)

Figure 3.4. Vehicle speeds and motor torques during the straightline panic brake tests. In
particular: (a) vehicle speed in tests with FWD wvehicles (with and without RB logic) on
surfaces with road friction coefficients equal to 1 and 0.7; (b) motor torque in tests with
FWD wvehicles (with and without RB logic) on surfaces with road friction coefficients equal
to 1 and 0.7; (c) vehicle speed in tests with RWD vehicles (with and without RB logic) on
surfaces with road friction coefficients equal to 1 and 0.7; (d) motor torque in tests with
RWD wvehicles (with and without RB logic) on surfaces with road frictions coefficient equal
to 1 and 0.7; (e) vehicle speed in tests with AWD vehicles (with and without RB logic) on
surfaces with road friction coefficients equal to 1 and 0.7; (f) motor torque in tests with
AWD vehicles (with and without RB logic) on surfaces with road friction coefficients equal
to1and0.7.

As shown by Figure 3.4, panels (a), (¢), and (e), the RB logicleads to a slight
deterioration of the panic braking performance of all three vehicles (FWD, RWD,
and AWD) on road surfaces with a friction coefficient equal to 1. As for surface
tests with a yu model coefficient of friction equal to 0.7, the FWD vehicles
equipped with RB logic behave like the vehicle without the regenerative braking;
the RWD vehicles equipped with RB logic have slightly lower performance in the
panic brake test compared with the RWD vehicle without regenerative braking;
and, finally, the RB logic in AWD vehicles leads to an improvement in panic
braking compared to the same vehicle not equipped with RB logic.

In these tests, the contribution of the variation of the u model coefficient
assumed that the RB logic does not lead to substantial variations in the behaviour
of the cars.

It can be said that effective panic braking has been achieved through RB
logic even without an ABS system.
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Furthermore, unlike what happens on vehicles equipped with classic
regenerative braking logics in the literature, the RB logic object of this chapter
also allows for an intensive intervention of electric motors in generator mode for
panic braking, as can be seen from panels (b), (d), and (f) in Figure 3.4.

Figure 3.5 shows the mean between the angular speeds of the left and right
front wheels and the mean between the angular speeds of the left and right rear
wheels for all the FWD vehicles in the panic brake tests (with road friction
coefficients equal to 1 and 0.7): the vehicle without RB logic, the vehicle with RB
logic with a 4 model coefficient equal to 1, and the vehicle with RB logic with a u
model coefficient equal to 0.7.
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Figure 3.5. Mean between the angular speeds of the left and right wheels (front mean and
rear mean) of the FWD wvehicles (with and without RB logic) during the straight panic
brake tests on road surfaces with friction coefficients equal to 1 and 0.7.

As shown by the graph in Figure 3.5, in the tests with a road friction
coefficient equal to 0.7, all the vehicles lock the front wheels and not the rear
wheels, even those equipped with RB logic; this is positive to ensure stability, as
it is necessary to avoid locking the rear wheels or, in any case, to assure the front
wheels lock before the rear ones.

Figure 3.6 shows the mean between the angular speeds of the left and right
front wheels and the mean between the angular speeds of the left and right rear
wheels for all the RWD vehicles in the panic brake tests.
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Figure 3.6. Mean between the angular speed of the left and right wheels (front mean and
rear mean) of the RWD wvehicles (with and without RB logic) during the straight panic
brake tests on road surfaces with friction coefficients equal to 1 and 0.7.

As shown in Figure 3.6, in all the tests (with road friction coefficients equal
to 1 and 0.7), all the vehicles lock the front and rear wheels almost
simultaneously. The tests with RWD vehicles, therefore, achieved excellent
results.
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Figure 3.7. Mean between the angular speeds of the left and right wheels (front mean and
rear mean) of the AWD vehicles (with and without RB logic) during the straight panic
brake tests on road surfaces with friction coefficients equal to 1 and 0.7.
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Finally, Figure 3.7 shows the mean between the angular speeds of the left
and right front wheels and the mean between the angular speeds of the left and
right rear wheels for all the AWD vehicles in the panic brake tests.

As shown in Figure 3.5 and Figure 3.7, the tests with AWD vehicles
obtained similar results to those of the FWD vehicles; in fact, even for AWD
vehicles, in the case of a road friction coefficient equal to 0.7, front-wheel locking
occurs before the rear, thus ensuring yaw stability.

3.3.3.2 Braking in Turn

The “braking in turn” test consists of driving along a constant radius curve
at a predetermined speed and then braking with a target deceleration. Table 3.7
shows the related parameters.

Table 3.7. Parameters of the “braking in turn” test.

Dimension Value Unit
Initial vehicle speed 35 m/s
Final vehicle speed of the test 0 m/s
Constant deceleration in braking 10 m/s?
Turn radius 300 m
Turn direction right -
Start time of the braking 5 s
Distance traveled before the start of the maneuver 5 m

In this test, the vehicle, traveling at 126 km/h, turns into a circular
trajectory with a radius of 300 m. After 5 s, the braking phase begins with target
deceleration equal to 10 m/s2. The simulation ends when the vehicle reaches zero
speed.
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Figure 3.8. Vehicle speeds and motor torques during the “braking in turn” tests. (a)
Vehicle speed of FWD wvehicles (with and without RB logic) on surfaces with road friction
coefficients equal to 1 and 0.7; (b) motor torque of FWD wvehicles (with and without RB
logic) on surfaces with road friction coefficients equal to 1 and 0.7; (c) vehicle speed of
RWD wvehicles (with and without RB logic) on surfaces with road friction coefficients equal
to 1 and 0.7; (d) motor torque of RWD vehicles (with and without RB logic) on surfaces
with road friction coefficients equal to 1 and 0.7; (e) vehicle speed of AWD vehicles (with
and without RB logic) on surfaces with road friction coefficients equal to 1 and 0.7; (f)
motor torques of AWD vehicles (with and without RB logic) on surfaces with road friction

coefficients equal to 1 and 0.7.
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Figure 3.8 shows the vehicle speeds and motor torques of FWD, RWD, and
AWD vehicles for all the “braking in turn” tests performed.

As shown by Figure 3.8, panels (a), (c), and (e), the RB logic leads to a slight
deterioration of the braking performance in the “braking in turn” test for the
FWD vehicle on the surface with a coefficient of friction equal to 0.7, for the RWD
vehicle on both surfaces, and for the AWD vehicle on the surface with a friction
coefficient equal to 1. In the remaining cases, the RB logic does not lead to
substantial differences in the behaviour of the vehicle when braking in cornering
compared to the case of a vehicle without regenerative braking.

Even in these tests, the contribution of the variation of the RB logic u
model coefficient does not lead to substantial variations in the behaviour of the
cars.

The RB logic object of this chapter allows for an intensive intervention of
the electric motors in generator mode, as can be seen from panels (b), (d), and (f)
of Figure 3.8.

Figure 3.9 shows the trajectory of the centre of gravity of the vehicles
during the tests. In particular, the coordinates of the centre of gravity of the
vehicle are reported along two orthogonal axes, where the initial position of the
vehicle at the start of the test corresponds to zero coordinates at the origin of the
orthogonal coordinate system.

Figure 3.10 shows the angular speed of each wheel for all the FWD
vehicles in the “braking in turn” tests (with road friction coefficients equal to 1
and 0.7): the vehicle without RB logic, the vehicle with RB logic with a 4 model
coefficient equal to 1, and the vehicle with RB logic with a u model coefficient
equal to 0.7.
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Figure 3.9. Lateral chassis displacements as a function of longitudinal chassis
displacements during “braking in turn” tests. In particular: (a) tests with the FWD
vehicle; (b) tests with the RWD vehicle; (c) tests with the AWD vehicle.
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Figure 3.10. Angular speed of each wheel of the FWD vehicles (with and without RB logic)
during “braking in turn” tests, where L1 is the front left (outer) wheel, R1 the front right
(inner) wheel, L2 the rear left (outer) wheel, and R2 the rear right (inner) wheel. In
particular: (a) tests on a road surface with a friction coefficient equal to 1; (b) tests on a
road surface with a friction coefficient equal to 0.7.

As can be seen from the graphs in Figure 3.10, in the tests with a road
friction coefficient equal to 1, the vehicle without RB logic first locks the front
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inner (right) wheel; then the rear inner (right) wheel; and then, finally, the front
outer (left) wheel. The rear outer (left) wheel is not locked during the test. The
vehicle equipped with RB logic, on the other hand, locks only the front wheels
(the front inner wheel first and the front outer only toward the end of the test).
For this test, the regenerative braking logic can, therefore, lead to benefits in
terms of vehicle stability.

In the tests with a road friction coefficient equal to 0.7, the vehicle without
RB logic locks the front wheels and not the rear wheels, while the vehicle
equipped with RB logic has the same behaviour with y model parameters equal
to both 1 and 0.7, and it locks the front wheels first and the then the rear inner
(right) wheel. On the low road surface friction, the RB logic, therefore, resulted
in locking the rear wheel inside the curve as a detrimental effect, and it delayed
the locking of the front outer (left) wheel with respect to the front inner (right)
one as compared to the case of the vehicle without regenerative braking.

Figure 3.11 shows the angular speed of each wheel for all the RWD
vehicles in the “braking in turn” tests.

As can be seen from the graphs in Figure 3.11, in the RWD tests, there is
never a complete locking of any wheel, for any vehicle.

Figure 12 instead shows the angular speed of each wheel for all the AWD
vehicles in the “braking in turn” tests.

As can be seen from Figure 3.12, in the tests with a road friction coefficient
equal to 1, the vehicle without RB logic first locks the front inner (right) wheel;
then the rear inner (right) wheel; and then, finally, the front outer (left) wheel.
The rear outer (left) wheel is not locked during the test. The vehicle equipped
with RB logic, on the other hand, locks only the front wheels (the front inner
wheel first and the front outer wheel afterward). For this test, the regenerative
braking logic, therefore, led to benefits in terms of AWD vehicle stability, as with
the front-wheel drive vehicle.

In the tests with a road friction coefficient equal to 0.7, the vehicle without
RB logic locks the front wheels and not the rear wheels, as does the vehicle
equipped with RB logic, which has the same behaviour with y model parameters
equal to both 1 and 0.7.

Therefore, on the low road friction surface, the RB logic for this vehicle
does not lead to substantial changes in the behaviour of the vehicle itself.

Finally, for “braking in turn” tests it is also interesting to show the yaw
angle of the vehicles during the test (Figure 3.13).
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Figure 3.11. Angular speed of each wheel of the RWD vehicles (with and without RB logic)
during the “braking in turn” tests, where L1 is the front left (outer) wheel, R1 the front
right (inner) wheel, L2 the rear left (outer) wheel, and R2 the rear right (inner) wheel. In
particular: (a) tests on a road surface with a friction coefficient equal to 1; (b) tests on a

road surface with a friction coefficient equal to 0.7.
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Figure 3.12. Angular speed of each wheel of the AWD vehicles (with and without RB logic)
during the “braking in turn” tests, where L1 is the front left (outer) wheel, R1 the front
right (inner) wheel, L2 the rear left (outer) wheel, and R2 the rear right (inner) wheel. In
particular: (a) tests on a road surface with a friction coefficient equal to 1; (b) tests on a
road surface with a friction coefficient equal to 0.7.
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Figure 3.13. Chassis yaw angle in function to the time elapsed since the start of the
“braking in turn” tests. In particular: (a) tests with the FWD wvehicle; (b) tests with the
RWD vehicle; (c) tests with the AWD wvehicle.

As can be seen from Figure 3.13, panels (a) and (b), the FWD and RWD
vehicles, during the test, have a yaw angle with a similar trend as regards vehicle
without regenerative braking logic and vehicle equipped with RB logic, both on
road surfaces with a high friction coefficient (1) and low coefficient of friction
(0.7). The same applies to the tests with a coefficient of friction equal to 0.7 for the
AWD vehicle (Figure 3.13, panel (c)). For the AWD vehicle, on the other hand, a
worsening given by the RB logic can be observed for the case with unit friction
coefficient (Figure 3.13, panel (c)), where the yaw angle, after about 7 seconds,
begins to decrease in module for the vehicle equipped with RB logic, while it has
a tendentially increasing behaviour in module for the whole test for the same
vehicle without regenerative braking logic.

3.3.4 Energy Consumption and Recovery Estimation

This section uses the test model described in paper [10] to estimate the
energy savings associated with the adoption of the regenerative braking logic (RB
logic, [13]), covered by this chapter of thesis, in the three vehicles (FWD, RWD,
and AWD). In particular, the RB logic is integrated into the TEST model [10], and
through the graphic user interface of the model, it is possible to activate this logic
or keep it deactivated and simulate the braking phase as described in paper [10],
which is considered a classic, traditional, or standard regenerative braking logic,
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the simplest adopted on the market. The integration of the RB logic [13] into the
TEST model [10] will be detailed in Section 3.5.

The energy consumption of the three vehicles (FWD, RWD, and AWD)
equipped with RB logic, without brake recovery, and equipped with a classic and
simple regenerative braking logic, commonly adopted on electric vehicles on the
market, which will be explained later, has been estimated on the basis of two
different standard driving cycles (WLTC and US06), keeping in mind that energy
consumption is strongly influenced by the driving cycle considered [24]. Vehicles
without regenerative recovery and vehicles equipped with classic logic are used
to estimate the energy savings guaranteed by the RB logic.

3.3.4.1 Vehicle Models

The vehicles subject to simulations using the TEST model [10] are the same
(FWD, RWD, and AWD) as those previously analysed through the tests with VI-
CarRealTime, i.e., those described in Section “3.3.1 Reference Vehicles” with
characteristics shown in tables from Table 3.1 to Table 3.4. The AWD vehicle
features a 50% distribution of the drive torque between front and rear in
acceleration and, in the case of regenerative recovery with classiclogic, in braking
as well.

As already mentioned, three simulations are carried out for each vehicle
type, one with RB logic, one without braking energy recovery, and one with a
classic regenerative braking logic according to [10].

In the case of classic regenerative braking, maximum torque is considered
for regenerative braking, which has a trend that increases linearly as a function
of the time elapsed from the beginning of braking and then reaches a predefined
maximum value (absolute value only). This is the approach typically adopted in
electric vehicles on the market. This approach is also the one adopted in the waste
collection vehicle in the prototype state used for the validation of the TEST model
in paper [10] and in the Section 2.4.1 of this thesis. The values of the maximum
regenerative braking trend (Figure 3.14), i.e.,, the slope (22.5 Nm/s) of the
increasing linear section and the constant plateau value (50 Nm), are also taken
from the waste collection vehicle considered in paper [10] (see Section 2.4.1 of
this Ph.D. thesis). These values are used for the simulations of the FWD and RWD
vehicles, while for the AWD vehicle, such values are equally split between the
two motor units (11.25 Nm/s and 25 Nm) so that the total contribution of the
maximum regenerative braking is the same as the other vehicles.
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Figure 3.14. Maximum regenerative motor torque trend for the classic regenerative
braking logic for the FWD and RWD vehicles.

For both regenerative braking logics, a minimum speed of 15 km/h is set
for the activation of the logic itself. Below this speed, there is no energy recovery
during braking.

The simulations were carried out starting with a battery SOC equal to 70%
so as to exploit the central range of SOC in such a way that only limitations due
to the maximum current and maximum power (in absolute value, positive and
negative, in input and output from the battery pack) come into play within this
range, therefore avoiding the more stringent limitations related to the extremes
of the SOC range.

3.3.4.2 WLTP Procedure

First, consumption and energy recovery are estimated on the regulated
cycle known as WLTC (Worldwide Harmonized Light-Duty Vehicles Test
Cycle), as described in the WLTP procedure (Worldwide Harmonized Light-
Duty Vehicles Test Procedure) [38].

The standard in [38] differentiates various classes for the WLTC
depending on the power/weight ratio. The vehicles examined have a maximum
power of 87 kW and a weight of 1548.4 kg with a power/weight ratio of
approximately 56.2 W/kg; therefore, they fall within class 3. Furthermore, the

PhD Thesis GIULIA SANDRINI 109



UNIVERSITA DEGLI STUDI DI BRESCIA

maximum speed of these vehicles is higher than 120 km/h; therefore, they fall
into subclass 3b. The class 3b WLTC is composed of the phases “Lows”,
“Mediums-2”, “Highs2”, and “Extra Highs”, as defined by [38].

The tests with the TEST model [10] were then carried out on the class 3b
WLTC cycle, which has a duration of 1800 s on a distance of about 23.3 km.

Figure 3.15 reports some results of the simulations carried out for the FWD

vehicles.
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Figure 3.15. Results of FWD vehicle simulations on the class 3b WLTC. (a) Vehicle speed;
(b) motor torque; (c) battery current; (d) output (positive) and input (negative) power to
the battery pack; (e) battery SOC.
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In panels (a), (b) and (d) of Figure 3.15, it can be seen how the regenerative
braking of the RB logic is decidedly more intensive than that of the vehicle
equipped with classic logic. This results in a higher SOC at the end of the driving
cycle, as can be seen in panel (e) of Figure 3.15.

FWD vehicles, as well as RWD and AWD vehicles, manage to faithfully
follow the class 3b WLTC. Graph (a) of Figure 3.15 is, therefore, basically the
same for all vehicle types.

Figure 3.16 reports some results of the simulations carried out for the
RWD vehicles.
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Figure 3.16. Results of the RWD vehicle simulations on the class 3b WLTC. (a) Motor
torque; (b) battery current; (c) output (positive) and input (negative) power to the battery
pack; (d) battery SOC.

Panels (a), (b) and (c) of Figure 3.16 show how the regenerative braking of
the RB logic is decidedly more efficient for the RWD vehicle as well. This again
improves the average SOC during the driving cycle, as shown in panel (d) of

Figure 3.16.

Figure 3.17 reports some results of the simulations carried out for the
AWD vehicles.
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Figure 3.17. Results of simulations with AWD wvehicles on the class 3b WLTC. In
particular: (a) front motor torque; (b) rear motor torque; (c) battery current; (d) output
(positive) and input (negative) power to the battery pack; (e) battery SOC.

The same considerations made for FWD and RWD vehicles can also be
made for the simulations of AWD vehicles, i.e., those from panels from (a) to (d)
of Figure 3.17; it can be seen how the regenerative braking of the RB logic is an
improvement over the traditional logic. This results in a lower decrease in SOC
during the driving cycle, as can be seen in graph (e) of Figure 3.17.

Table 3.8 reports energy consumption and SOC on the class 3b WLTP
cycle, for the FWD, RWD, and AWD vehicles, equipped with RB logic, classic
regenerative braking logic, and without braking recovery. The final SOC of the
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simulation on the single cycle is also reported, remembering that the initial SOC

was set to equal 70%. The specific energy consumption is also reported on the

basis of the distance travelled by the vehicles during the simulation.

Table 3.8. Consumption in the class 3b WLTC.

Type of Regenerative Final SOC . Energy. Specific Enf:ergy
Vehicle  Braking Logic SOC Consumption Consumption Consumption
(0/0) (0/0) (kWh) (kWh/ (100 km))
RB logic 60.18 9.82 4.12 17.73
FWD  No brake recovery 55.91 14.09 592 25.43
Classic logic 57.17 12.83 5.39 23.16
RB logic 60.19 9.81 4.12 17.72
RWD  No brake recovery 55.91 14.09 5.92 25.43
Classic logic 57.17 12.83 5.39 23.16
RB logic 60.07 9.93 417 17.92
AWD  No brake recovery 55.91 14.09 5.92 25.44
Classic logic 57.17 12.83 5.39 23.17

3.3.4.3 US06 Cycle

Consumption and energy recovery are also estimated on the SFTP-US06-

regulated cycle, described in the EPA Supplemental Federal Test Procedure

(SFTP). We also chose to carry out simulations on the US06 cycle to obtain results

on a cycle with more intense acceleration and deceleration levels than the

relatively mild ones of the WLTP. The simulations were performed again by
means of the TEST model [10].

The US06 cycle has a duration of 600 s, and the vehicle travels about 12.9

km on this cycle.

Figures from Figure 3.18 to Figure 3.20 graphically report some results of
the simulations carried out for the FWD, RWD, and AWD vehicles on the US06

cycle.
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Figure 3.18. Results of simulations with FWD wvehicles on the US06 cycle. In particular:
(a) vehicle speed; (b) motor torque; (c) battery SOC; (d) battery current; (e) output

(positive) and input (negative) power to the battery pack.
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Figure 3.19. Results of simulations with RWD wvehicles on the US06 cycle. In particular:
(a) motor torque; (b) output (positive) and input (negative) power to the battery pack; (c)
battery current; (d) battery SOC.
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Figure 3.20. Results of simulations with AWD wvehicles on the US06 cycle. In particular:
(a) front motor torque; (b) rear motor torque; (c) battery SOC; (d) battery current; (e)
output (positive) and input (negative) power to the battery pack.
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As shown in section (a) of Figure 3.18, the FWD vehicle (both with the two
regenerative braking logics and without any) is unable to follow the target profile
defined by cycle US06; the vehicle speed deviates from the target in some
acceleration phases. The same situation was found for all RWD and AWD
vehicles, whose speed profiles are the same as the FWD vehicle, i.e., section (a)
of Figure 3.18. As a matter of fact, the vehicles in question lack the torque and
performance to faithfully follow the US06 standard cycle, which is particularly
demanding with regard to acceleration phases.

Again, on the US06 cycle, braking energy recovery is generally higher for
vehicles equipped with the RB logic presented in this thesis, and this is true for
all vehicles considered (FWD, RWD, and AWD). This can be easily seen in graph
(b), (d) and (e) of Figure 3.18; (a), (c) and (d) of Figure 3.19; and (a), (b), (d) and
(e) of Figure 3.20.

Table 3.9 reports the energy consumption and SOC on the US06 cycle,
again for all three vehicles featuring RB logic, traditional braking logic, and
without braking recovery. The final SOC of the simulation on the single cycle is
also reported, remembering that the initial SOC was set to equal 70%. The specific
energy consumption is also reported.

Table 3.9. Consumption on the US06 cycle.

Type of Regenerative Final SOC . Energy. Specific Ene.argy
Vehicle  Braking Logic SOC Consumption Consumption Consumption
(%) (%) (kWh) (kWh/(100 km))
RB logic 62.86 7.14 3.00 23.67
FWD  No brake recovery 60.55 9.45 3.97 31.33
Classic logic 61.12 8.88 3.73 29.42
RB logic 62.86 7.14 3.00 23.68
RWD  No brake recovery 60.55 9.45 3.97 31.32
Classic logic 61.12 8.88 3.73 29.43
RB logic 62.81 7.19 3.02 23.84
AWD  No brake recovery 60.55 9.45 3.97 31.34
Classic logic 61.12 8.88 3.73 29.44
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3.4 DISCUSSION AND FUTURE DEVELOPMENTS

In this chapter, a regenerative braking logic aimed at the optimization of
energy recovery during braking is presented to be adopted on electric vehicles
with FWD, RWD, or AWD (equipped with a motor for each axle) transmission
layouts.

Section 3.3.2 shows the operation of the RB logic and, in particular, how
regenerative torque and pressures in the front and rear brake systems intervene
during the braking phase in a normal braking manoeuvre.

In Section 3.3.3, a panic braking manoeuvre is used to verify that the RB
logic does not lead to a loss of vehicle stability. A comparison is made with
similar vehicles without any regenerative braking logic. Section 3.3.3.1 presents
straightline panic braking and shows how deceleration performance is not made
worse when compared to a reference vehicle without regenerative recovery.
Section 3.3.3.2, on the other hand, shows the correct operation of the RB logic
even during a phase of intense braking when cornering.

Section 3.3.4 demonstrates the energy savings that can be obtained thanks
to the use of the RB logic, either on the WLTC or on the more demanding US06
cycle. For both cycles and for all vehicle types (FWD, RWD, and AWD), a
comparison is also made with the consumption obtained by implementing a
standard type of regenerative logic.

The RB logic in the FWD vehicle made it possible to save 7.70 kWh
(savings of 30.3%) of battery on the class 3b WLTC and 7.66 kWh (savings of
24.4%) on the US06 cycle compared to the same vehicle without regenerative
recovery. Comparing the RB logic with a classic logic commonly adopted on the
market, a saving of 5.43 kWh (savings of 23.4%) on the WLTC and 5.75 kWh
(savings of 19.5%) on the US06 cycle was found instead.

The RB logic in the RWD vehicle made it possible to save 7.71 kWh
(savings of 30.3%) of battery on the class 3b WLTC and 7.65 kWh (savings of
24.4%) on the US06 cycle compared to the same vehicle without regenerative
recovery. Comparing the RB logic with a classic logic commonly adopted on the
market, a saving of 5.45 kWh (savings of 23.5%) on the WLTC cycle and 5.75 kWh
(savings of 19.5%) on the US06 cycle was found instead.

Finally, the RB logic in the AWD vehicle made it possible to save 7.52 kWh
(savings of 29.5%) of battery on the class 3b WLTC and 7.50 kWh (savings of
23.9%) on the US06 cycle compared to the same vehicle without regenerative
recovery. Comparing the RB logic with a classic logic commonly adopted on the
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market, a saving of 5.25 kWh (savings of 22.6%) on the WLTC cycle and 5.59 kWh
(savings of 19.0%) on the US06 cycle was found instead.

The RB logic performs better in terms of energy savings on the relatively
mild WLTC compared to the US06.

The different tests reported in this thesis were all carried out with a
constant tire-road friction model coefficient (u); in particular, in the base case, u
is equal to 1. By setting u to be constant in the model, however, it is possible to
optimize the operation of the RB logic for a certain friction coefficient and then
act on the two safety limits (SCr and SCg) to avoid locking the drive wheels in
other cases (with different coefficients of adhesion) due to regenerative braking
alone, even before the braking system has intervened.

For the correct operation of the RB logic, it is necessary to correctly set all
the vehicle parameters within the model and, if necessary, to use the unknown
parameters as calibration values. It is also necessary to tune the braking system
of the vehicle correctly for a correct distribution between the maximum pressures
in the front and rear braking system in particular in order to guarantee correct
braking even in the event of 100% brake demand.

Another interesting opportunity is the adoption of an ABS strategy
specifically tuned for the RB logic, where control of the regenerative torques
offered by the electric motors is also taken into account when necessary. In this
way, it is possible to optimize the logic for a given condition, for example, in
different road friction conditions.

The RB logic also lends itself to further optimization in cases where a real-
time estimate of the road friction coefficient is available. Review paper [55]
reports various techniques for this purpose, as well as the role and practicality of
this coefficient in the vehicle system.

Paper [56] reports another review on the topic. Various estimation
methods are also classified based on:

» Offboard sensors (laser profilometer, camera, intelligent tire with
accelerometer, ultrasonic transmitter, receiver, etc.);

* Onboard sensors and vehicle dynamics model (lateral,
longitudinal, and coupled dynamics model);

» Data-driven (neural networks and so on).
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The RB logic model has a modular structure, so it lends itself to
modifications and improvements. Here are some aspects concerning possible

future developments of the RB logic:

» Integration of the logic with a model for the estimation of the tire—
road friction coefficient, as stated above;

* Improvement of the tire simulation model —in particular, the tire—
road interaction, for example, by implementing a fully nonlinear
Pacejka Magic Equation;

* Integration of a specific ABS strategy also acting on the braking
torques of the electric motors; see [45] for an example.

3.5 INTEGRATION OF THE RB LOGIC IN THE TEST MODEL

The regenerative braking (RB) logic [13] has been integrated into the TEST
[10] model in order to create a new version of the latter also suitable for fuel
consumption estimation and simulation of vehicles equipped with this RB logic.
In particular, the RB logic has been inserted as a Simulink “submodel” in the
main board of the TEST model and the inputs and outputs of the logic have been
linked, directly or with appropriate calculations, to the variables of the model. In
addition, it was necessary to make some changes and additions to the TEST
model.

The “submodel” of the RB logic is performed in the TEST model only if
the logic is active (the RB logic can be activated through the appropriate panel of
the graphic user interface, see Section 3.5.1) and only for Fror yheeis < 0, i.e. if a
braking force is required from the wheels.

The battery voltage (V) is calculated in the TEST model described in
Section 2 and used as an input variable in the RB logic. The absolute value of the
acceleration (a), calculated in the TEST model, is used as input j for the RB logic,
remembering that the “submodel” of the RB logic will provide results only in
case of Fror wheets < 0 and therefore for negative acceleration (deceleration) of the
vehicle. The variables v, Wmotr, Wmotr are also calculated in the TEST model and
their calculation value, relative to the instant of iteration preceding the one
considered, is used as an input variable in the RB logic. For the wpeeir input of
the RB logic, the speed v, is used, calculated in the TEST model, divided by
the front wheel radius R,peer. Similar situation with regard to the w,peeir input,
which is associated with the vy, variable divided by R, peer- The input a,, of
the RB logic is extrapolated thanks to a Lookup Table containing information
regarding the lateral acceleration as a function of time, defined by the user of the
model as an input quantity. The input Crnty4x of the RB logic is instead set equal
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to the absolute value of I.p;g 1imi¢ if this charge limit is defined in current, equal
to the absolute value of Pcyyg imi: divided by the voltage V, if the charge limit is
defined in the form of power. Finally, as regards the definition of the
BrakeDemand input of the RB logic, a preliminary calculation is required within
the TEST model, as described below.

In particular, BrakeDemand is calculated in the TEST model as the inverse
of the ratio between Fr.f wheets and Fprare maxrs, all limited between the values
of 0 and 1. Where Fp; ke maxrp 1S the maximum braking force that the traditional
hydraulic brake system of the vehicle equipped with RB logic can unload to the
ground and it is calculated in the TEST model using the following equation (3.41).

Presyaxpraker - ApistonF "UpadF - Raiscr

RwheelF (3.41)
Presyaxpraker * ApistonR "Upadr * Raiscr

F brake_.maxRB —

RwheelR
The Tpotr and Tpoer outputs of the “submodel” of the RB logic are used as
input values for the “Power Required” block (see Section 2.2.2.1) of the TEST
model, in case of active RB logic and in Fy.¢f yneers < 0 condition. Under these
conditions, Ty..q f is replaced with T, in equation (2.18) and T, g is replaced

with Ty,0¢r in equation (2.19).

On the other hand, the Presy,qxer and Presy,qxer outputs of the RB logic
are used as inputs for the “Vehicle Acceleration” block (see Section 2.2.3) of the
TEST model.

In the version of the TEST model described in Section 2, the total braking
force given by traditional hydraulic brakes (F,,qe) is obtained as the minimum
between the force required by the hydraulic braking system (Fprqe req) and the
maximum force that can be developed by this system (F,,qke max)- In the new
version of the TEST model described in this section, born from the integration of
the TEST model of Section 2 with the RB logic object of this chapter, Fj, 4. is set
null for Fref wheeis = 0, vice versa it is calculated again as in the block
“Traditional Brakes” described in Section 2.2.3 if the RB logic is inactive (it is not
present on the simulated vehicle), otherwise, with active logic (vehicle equipped
with RB logic), it is calculated through equation (3.42) in an additional module,
called “Traditional Brakes with RB Logic”, inserted in the model inside the
“Vehicle Acceleration” block. Furthermore, in this new version, the “Traditional
Brakes” block of the version of the TEST model described in Section 2 is renamed
“Traditional Brakes without RB Logic”, to distinguish it from the “Traditional
Brakes with RB Logic” block.
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Prespyraker ApistonF *UpadF * Raiscr n

RwheelF (3.42)
Prespraker ApistonR "Upadr * Raiscr

Fprake =

+2
RwheelR

Finally, also the binary variable Limit; 44 prqr, mentioned in Section 2.2.3,
has been updated in the model in such a way as to take into account the
possibility of the presence on the vehicle of the RB logic. However, it will still be
defined equal to 1 in case of limitation by the traditional system occurred, that is,
if the traditional hydraulic system is not able to meet the requests necessary to
satisfy the braking request by the driver (remembering that part of braking will
be guaranteed by the electric motor/s), equal to 0 vice versa.

3.5.1 Graphic User Interface Integration

In the graphic user interface of the TEST model described in Section 2.3,
two new Tabs have been added for the definition of the inputs and of all those
quantities necessary for the operation of the RB logic, quantities that are not
already defined through the other interface panels (see Section 2.3).

Thanks to the panel of Figure 3.21 it is possible to activate (On) or
deactivate (Off) the RB logic. In the event of inactive logic, the vehicle will be
equipped with regenerative braking logics defined through the appropriate
parameters in the interface panels relating to the electric motors (Figure 2.17 and
Figure 2.18).

Through the “Regenerative Braking Logic” panel (Figure 3.21) it is
possible to define the following parameters: the wheelbase of the vehicle (L), the
distance between the center of gravity and the front axle (L,), the height of the
centre of gravity (hy), the maximum pressure that can be generated inside the
front brake hydraulic system (Presyaxpraker), the maximum pressure that can be
generated inside the rear brake hydraulic system (Presyaxpraker) the road
friction coefficient u used as a constant parameter within the RB logic, the two
safety factors SCr and SCr and finally the minimum speed necessary for the
intervention of the regenerative braking.
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Regenerative Braking Logic Wheelbase [m] 2.577

Center of gravity longitudinal front wheel distance [m] 1.022

Center of gravity height [m] 0.5639

Maximum front braking pressure [MPa]

Maximum rear braking pressure [MPa]

Road friction coefficient

Safety coefficient for the front regenerative braking (from 0 to 1, 1 for maximum recovery)

Safety coefficient for the rear regenerative braking (from 0 to 1, 1 for maximum recovery)
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Minimum vehicle speed for regenerative braking [km/h]

Figure 3.21. “Regenerative Braking Logic” panel of the Graphic User Interface of the TEST
model. In particular, this panel allows you to enter the inputs regarding the “RB logic”
parameters.

Through the “Regenerative Braking Logic (LAT)” panel (Figure 3.22), it is
possible to define all those parameters necessary for the correct operation of the
RB logic in the event of lateral acceleration. The latter can in fact be provided as
an input variable thanks to the “Define lateral acceleration of the vehicle” button
in Figure 3.22, which allows you to define the lateral acceleration values as a
function of the time elapsed from the start of the simulation.

Through the panel of Figure 3.22, it is therefore possible to define the
following parameters: the height of the front roll centre (h¢gf), the height of the
rear roll centre (h¢g,), the stiffness of the front anti-roll bar (ksgpy), the stiffness
of the rear anti-roll bar (k4grp,), the stiffness of the front suspension springs
(kspringr ), the stiffness of the rear suspension springs (kgpringr ), the front
unsprung mass of a single wheel assembly (m,,sr), the mass rear unsprung mass
of a single wheel assembly (m,,sr), the front suspended mass of the vehicle (m),
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the rear suspended mass (mgy) and, finally, the front (trackr) and rear (trackpg)
track of the vehicle.

|
|
X

4 Ul Figure

< ission { Generators Regenerative Braking Logic Regenerative Braking Logic (LAT)

Height of the front roll centre [m] 0.039

( Define Lateral Vehicle Acceleration ] Height of the rear roll centre [m] | 0.1288

Stiffness of the front anti-roll bar [N/m]

Stiffness of the rear anti-roll bar [N/m]

Stiffness of the front suspension springs [N/m] 25000

Stiffness of the rear suspension springs [N/m] 27000

Front not-suspended mass of the vehicle (of a single wheel group) [kg] 44.21
Rear not-suspended mass of the vehicle (of a single wheel group) [kg] 38.15
Front suspended mass of the vehicle [kg] 835.5

Rear suspended mass of the vehicle [kg] 548.2

Front track of the vehicle [m] 1.506
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Rear track of the vehicle [m] 1.477

Figure 3.22. “Regenerative Braking Logic (LAT)” panel of the Graphic User Interface of
the TEST model. In particular, this panel allows you to enter the inputs regarding the “RB
logic” parameters, necessary for the correct operation of the logic in the event of lateral
acceleration of the vehicle.

3.6 COMPACT SIMULATOR

A very important tool for this work was the compact simulator available
at the University of Brescia, in particular available to “Automotive Engineering
and Design Group” of DIMI Department (Figure 3.23).

The simulator helped a lot in the code development phase of the
regenerative braking logic (Figure 3.24). In fact, thanks to co-simulations between
the VI-CarRealTime software, the simulator and the RB model, it was possible to
qualitatively test the logic and find various bugs and errors in the development
phase. It was also possible to test the perception of the driver driving a vehicle

PhD Thesis GIULIA SANDRINI 127



UNIVERSITA DEGLI STUDI DI BRESCIA

equipped with RB logic, in order to verify that this does not lead, for example, to
abrupt changes in the amount of braking following small variations in the
pressure that the driver applies to the brake pedal.

Figure 3.23. Driver’s station of the compact driving simulator available at the University
of Brescia.

Once any errors and inaccuracies in the logic have been resolved, through
various tests on the compact simulator during the development of the logic itself,
it was possible to ascertain how the behaviour of the vehicle with RB logic is
perceived unchanged compared to the case of the same vehicle without this logic.

In particular, total braking (hydraulic plus regenerative braking) has been
set in the logic with a linearly variation as a function of the brake pressure. The
logic, starting from this initial information, calculates the braking torque of the
electric motor (or motors) and the pressures in the hydraulic systems of the
traditional front and rear brakes, in order to integrate the braking, to bring it back
to the value defined initially, directly related to the input that the driver provides
on the brake pedal.
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Figure 3.24. PC station of the compact driving simulator: for data analysis during tests,
for setting the simulation environment and for saving test data.

During operation, the proportion of regenerative motor torque unloaded
to the ground and ground force given by the hydraulic braking system varies
according to the operating conditions and the amount of braking request.
Through the simulator, it was possible to ascertain that the result perceived by
the driver is linear braking as a function of the pressure input on the brake pedal.
This aided in the development of the logic, providing confirmation that the logic
being implemented was working correctly.

By appropriately defining the graphs of the “SIMulation Workbench
Control Center” tool, it is possible to monitor the trend of the different quantities
during driving simulations. In Figure 3.24, the screen on the left shows the
graphics window of this software.
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As already mentioned, in the current state of work on the RB logic, well-
structured tests with the driving simulator have not yet been carried out. The
tests carried out were mainly of a qualitative nature. One of the next steps will be
the use of the compact simulator for the realization of a well-structured and
meaningful set of tests to show the behaviour of the RB logic.

Below, by way of example, are the screenshots of some graphics during
tests carried out with the FWD vehicle of Section 3.3.1, during a panic braking,
during a really mild braking and during an intermediate braking between the

two (from Figure 3.25 to Figure 3.31).

W|_CarRealTime. Outputs. driver_demands. brake |

demanda . braks

(b)

Figure 3.25. “SIMulation Workbench Control Center”. Graphs related to a panic braking
test on the compact simulator. In particular, in function of the time (in seconds): (a) brake
demand (in percentage); (b) motor torque (in Nm).
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W|_CarRealTime. Qutputs. Brake. Chamber_Pressure. L1

= &

Figure 3.26. “SIMulation Workbench Control Center”. Graphs related to a panic braking
test on the compact simulator. In particular, in function of the time (in seconds): (a)

pressure of the left front brake chamber (in Mpa); (b) pressure of the left rear brake chamber
(in MPa).
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VI_CarRealTime. Outputs. driver_demands. brake =

demanda.brake

Seconda

Figure 3.27. “SIMulation Workbench Control Center”. Graphs related to a really mild
braking test on the compact simulator. In particular, in function of the time (in seconds):
(a) brake demand (in percentage); (b) motor torque (in Nm).
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W|_CarRealTime. Outputs. Brake. Chamber_Pressure.L1

= X

Figure 3.28. “SIMulation Workbench Control Center”. Graphs related to a really mild
braking test on the compact simulator. In particular, in function of the time (in seconds):

(a) pressure of the left front brake chamber (in Mpa); (b) pressure of the left rear brake
chamber (in MPa).
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W|_CarRealTime. Outputs. driver_demands.brake = B

demands .brake

Figure 3.29. “SIMulation Workbench Control Center”. Graphs related to a medium
braking test on the compact simulator. In particular, in function of the time (in seconds):
(a) brake demand (in percentage); (b) motor torque (in Nm).
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WI_CarRealTime. Outputs. Brake. Chamber_Pressure.L1

(=]

Seconds

Figure 3.30. “SIMulation Workbench Control Center”. Graphs related to a medium
braking test on the compact simulator. In particular, in function of the time (in seconds):

(a) pressure of the left front brake chamber (in Mpa); (b) pressure of the left rear brake
chamber (in MPa).
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Figure 3.31. “SIMulation Workbench Control Center”. Vehicle speed (in km/h) in

tests on the compact simulator, related to:

(a) a panic braking test; (b) a really mild braking test; (c) a medium braking test.

7

functions of the time (in seconds). In particular

136

GIULIA SANDRINI

PhD Thesis



UNIVERSITA DEGLI STUDI DI BRESCIA

The images from Figure 3.32 to Figure 3.34 show the graphical results
obtained by performing different braking tests on the compact driving simulator,
with the front-wheel drive vehicle equipped with RB logic, vehicle presented in
Section 3.3.1. From all three figures it is possible to observe the zeroing of the
motor torque below 15 km/h, the limit set for regenerative braking.

100 T T
Vehicle speed [km/h]
50 -
0 | | 1 | 1
22 23 24 25 26 27 28
Time [s]
100 T T T T
50 Brake Demand [%] -
0 | | 1 | |
22 23 24 25 26 27 28
Time [s]
200F T T T T
| Motor Torque [Nm]
(e R
-200 & L L ! I !
22 23 24 25 26 27 28
Time [s]
10 T

Pressure of the left rear brake chamber [MPa]
Pressure of the left rear brake chamber [MPa]

e

22 23 24 25 26 27 28
Time [s]

Figure 3.32. Graphic results of the panic braking test on the compact driving simulator.
FWD vehicle with RB logic.
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From the results of panic braking (Figure 3.32), it can be seen that pressure
is generated in both hydraulic brake systems (front and rear) in a timely manner
as a result of the driver pressing the brake pedal. Likewise, the maximum
regenerative torque of the motor is reached in a short time.
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Pressure of the left rear brake chamber [MPa]
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Figure 3.33. Graphic results of the really mild braking test on the compact driving
simulator. FWD vehicle with RB logic.
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From the results of very mild braking (Figure 3.33), it can be seen how the
electric motor alone, thanks to regenerative braking, can guarantee the required
braking amount. The traditional hydraulic braking system only intervenes
approximately in conjunction with the limit of 15 km/h. Finally, thanks to the
intermediate braking test (Figure 3.34), it is possible to notice how the hydraulic
system intervenes to integrate the regenerative braking of the electric motor, in
such a way as to respect the brake demand.
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Figure 3.34. Graphic results of the medium level braking test on the compact driving
simulator. FWD vehicle with RB logic.
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Finally, a next step, for this work on the regenerative braking logic, will be
to implement the TEST logic inside a MoTeC control unit (Figure 3.35) and to test
everything in co-simulation with the compact driving simulator (Figure 3.36).

Figure 3.35. MoTeC M150 control unit, available to “Automotive Engineering and
Design Group” of the University of Brescia (DIMI Department).

Figure 3.36. MoTeC M150 control unit connected to the computer of the compact driving
simulator of the University of Brescia.

PhD Thesis GIULIA SANDRINI 140



UNIVERSITA DEGLI STUDI DI BRESCIA

3.7 FINAL CONSIDERATIONS

This chapter presents a regenerative braking logic aimed at maximizing
energy recovery when braking without compromising the stability of the vehicle.
Such RB logic was tested on the vehicle dynamics models of FWD, RWD, and
AWD compact cars. Furthermore, the RB logic has been integrated into the TEST
model [10] (see Chapter 2), obtaining a more complete version.

In summary, the RB model ensures that the regenerative torque of the
electric motor(s) is exploited to the maximum while also preventing the locking
of drive wheels at the same time, and subsequently, if necessary, integrating
motor braking with the action of the traditional brake system.

For FWD and RWD vehicles, the integration between regenerative and
traditional braking also aids the optimal braking distribution and the
maximization of regenerative braking at the same time.

In the case of an AWD vehicle, the logic aims to pursue, instant by instant,
the optimal motor braking distribution on the basis of the longitudinal
acceleration and related load transfer effects.

For the FWD and RWD compact cars, the RB logic makes it possible to
save around 30% in terms of energy consumption on the class 3b WLTP cycle
compared to a vehicle without regenerative recovery and about 23.5% compared
to a vehicle equipped with a classic regenerative braking logic, commonly
adopted on vehicles on the market according to [10]. On the US06 cycle, on the
other hand, it made it possible to save 24.4% and 19.5%, respectively. Similar,
promising results have been achieved with the AWD car.

The next work on the RB logic will concern tests to be carried out on the
compact driving simulator and the implementation of the logic inside a control
unit, which will then be connected to the simulator.

Finally, it is pointed out that the paper [13] relating to the work presented
in this chapter has been cited in the scientific article [57] (published on “MDPI —
Applied Sciences”), therefore a first interest in the scientific world has already
been found.

PhD Thesis GIULIA SANDRINI 141



UNIVERSITA DEGLI STUDI DI BRESCIA

4 MODELLING OF A HYBRID FUEL CELL POWERTRAIN
WITH POWER SPLIT LOGIC FOR ONBOARD ENERGY
MANAGEMENT (PEMFC MODEL)

This work presented in this chapter aims to develop a mathematical model
for the simulation of a Fuel Cell (FC) hybrid powertrain. This study was carried
out in collaboration with a master's thesis [58] and was presented in the scientific
article [20].

The work starts from modelling a single cell to obtain information on the
entire FC stack’s characteristic curve (current and power). The model obtained
was integrated into the TEST simulation tool presented in the literature and in
the Section 2 of this thesis, that, as already mentioned, simulates the longitudinal
dynamics of APU (Auxiliary Power Unit) hybrid electric vehicles and fully
electric vehicles. Therefore, the integrated model allows the simulation of hybrid
vehicles equipped with FC and a battery pack that acts as a peak power source.
The tool simulates the mechanical and electrical behaviour of the vehicle,
introducing an investigation of the power flows relating to the FC and batteries.
In this regard, an appropriate power split logic has been implemented, allowing
the correct management of the power distribution between the FC (delivered
power) and the battery pack (both input and output power). The importance of
analysing FC vehicles’ behaviour arises from the recent necessity to find
alternative propulsion systems, overcoming the range problems associated with
full electric vehicles. The innovation lies in the versatility and modularity of the
model, which is open to modifications and features a low computational burden,
making it suitable for testing new solutions by performing first design and sizing
calculations.

This chapter is organized as follows.

* In Section 4.1 the operating principles of a hydrogen fuel cell are
briefly explained.

* In Section 4.2 a summary overview of the application of hydrogen
FC technology in the automotive field is carried out, and a typical
architecture, adopted on vehicles, for a proton exchange membrane
fuel cell is described.

* In Section 4.3 a literature review is carried out.

= Section 4.4 describes the model for the FC stack [59,60] and the
integration of the FC hybrid system in a longitudinal dynamic
simulation tool, the “TEST” model described in paper [10] and in
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Chapter 2 of this thesis, which is a model with the same
functionality as the one described in article [22].

Section 4.5 presents the validation of the FC model and the data
adopted for a generic simulation.

Section 4.6 illustrates the simulation outline, the model’s output
graphs, and a brief analysis of the results, recalling that the aim of
the work is to present software useful for the simulation of FCHEV,
not a study of a particular hybrid vehicle equipped with FC.
Section 4.7 describes a fuel cell compressor model.

Section 4.8 provides discussions about the proposed FC model and
some future developments.

Section 4.9 gives some concluding remarks and some final
considerations.

4.1 OPERATING PRINCIPLE OF A HYDROGEN FUEL CELL
A fuel cell is a galvanic cell in which the chemical energy of a fuel is

converted into electrical energy through an electrochemical process. The fuel and

oxidizing agents are hydrogen and oxygen, while the reaction products are

water, electricity, and heat. The chemical reaction in a fuel cell is similar to that

in a battery, but, in contrast to a chemical battery, reactants are not stored in the

cell. On top of that, energy is produced as long as the fuel supply is maintained,

without the need for a charge.

The following steps summarize the operating principle of a hydrogen fuel

cell (FC):

1.

2.

The FC is fed with hydrogen coming from a tank and air from the
external environment containing the oxygen necessary for the
chemical reactions;

Within the FC, chemical reactions take place, which lead to the
consumption of hydrogen and oxygen for the production of
electricity;

Following the chemical reactions that take place inside the FC,
electricity, heat and water are produced by the fuel cell itself.
Electricity is the desired product; heat and water are released into
the environment, and the heat can possibly be used in a heating
system (both for stationary use and for heating the passenger
compartment of the vehicle).
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4.2 UsE OF HYDROGEN FUEL CELLS ON BOARD THE VEHICLE

The different types of FC are distinguished mainly by the type of
electrolyte used, and, among the various types, PEM (polymer electrolyte
membrane) fuel cells are preferred for use in road vehicles [61,62] due to their
low operating temperature, high power density, long cell life, and ability to
respond quickly to variable power needs. Furthermore, compared to an internal
combustion engine, they have greater efficiency at partial load, which
corresponds to the normal use conditions in a propulsion system. These cells
require the membrane to be kept humid in order to operate properly, that is, to
conduct ions. Therefore, they need water management, which is one critical issue
of this system. Some fuel cell stacks use an external humidifier to supply water
by the electrodes.

In a fuel cell system, the reactants are stored externally from the cell.
Typically, the hydrogen is contained in the gaseous state inside a high-pressure
tank, while oxygen is not stored but is obtained from the air outside the vehicle
[63]. This is why an FC requires some auxiliary systems to feed the cell. They
include a compressor, a water pump, a fuel supply pump, and an electrical
control unit, all powered by the FC itself. Among these auxiliaries, the
compressor is the most demanding in terms of energy. When the FC works at
low power, the auxiliaries use up a large share of the FC output power, and the
system efficiency is low. FCs are usually coupled with a PPS (peak power source)
such as a battery or a supercapacitor [64] under a hybrid layout to overcome the
problem stated above. Furthermore, the adoption of a PPS, a battery pack, for
example, also makes it possible to recover energy during braking, thus increasing
the overall efficiency of the propulsion system.

A fuel cell has an optimal operation range, usually within the middle of
its possible current range: the FC can therefore exploit its optimum operating
point to work at high efficiency, providing traction to the electric motor and using
the surplus power to recharge the batteries whenever required. The power
demand in fuel-cell hybrid vehicles (FCHEVs) alternates between the FC and the
battery, thus requiring a reliable energy management system (EMS), which
controls the power flow between FC and battery according to the operation mode
or power demand of the vehicle [65,66]. Several physics-based, dynamic models
of FC have been developed [67,68].
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4.2.1 Architecture of a Fuel Cell Propulsion System
The Fuel Cell system, in order to provide the power required by the

vehicle in operating conditions, must necessarily be integrated with other

components. In fact, it requires:

* A system that feeds the anode with hydrogen;
* An air suction and treatment system for the cathode;
* A humidifier, to ensure the correct humidity of the membrane, of

particular importance for PEM fuel cells;
* A cooling system to keep the cell in its optimal temperature regime.

Figure 4.1 shows a schematic representation of a proton exchange fuel cell

(PEMEFC).
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Figure 4.1. Schematic representation of a complete system of a PEMFC [69].

In the fuel supply circuit, to store hydrogen at the high pressures required
(around 70 MPa), it is essential to equip the system with a tank. In particular,
there are three main forms of hydrogen storage on vehicles [70]:

* the most used one, represented in Figure 4.1, involves the
compression of hydrogen at high pressure and at environmental

temperature;
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» storage of hydrogen in liquid form through the use of cryogenic
temperatures;

» storage of hydrogen in solid form through materials capable of
combining with hydrogen to form metal alloys, such as metal
hydrides.

As far as the storage of hydrogen under pressure is concerned, high
pressurization is an obligatory choice due to energy factors, as can be seen from
Figure 4.2, which shows the energy contained in a litre of hydrogen as a function
of pressure and the equivalent litres of gasoline that guarantee the same amount
of energy. In particular, the energy available in a litre of hydrogen is a low, less
than 2 kW, even at a pressure of 700 bar, whose petrol equivalent is less than 0.2
litres.
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Figure 4.2. Energy contained in a litre of hydrogen and equivalent litres of petrol,
depending on the storage pressure [62].

Furthermore, in the graph of Figure 4.2, the energy required to compress
hydrogen is also shown, it represents about 20% of the total energy of hydrogen.
The losses due to the air compression process, on the other hand, cover about
25% of this energy.

From Figure 4.1, it can be seen that a safety valve is installed downstream
of the tank. This valve is connected to the pressure and temperature sensors,
receives their signals and uses them to manage the hydrogen flow, guaranteeing
the optimal predefined level of pressurization [69]. The hydrogen then flows
towards the anode of the FC, an area maintained at high pressure and high
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temperature to promote diffusivity through the proton exchange membrane of
the PEM.

In the layout shown in Figure 4.1 there is a two-stage turbocharger, but in
other configurations there may be only one centrifugal compressor driven by an
electric motor. The two-stage turbocharger (or simply the single compressor)
draws air from the atmosphere and sends it to the humidifier, necessary to
maintain the optimal level of humidity of the membrane to ensure its maximum
efficiency and durability. After being humidified, the air enters the cathode side
of the FC. The pressure at which the air is in the cathode is greater than the
atmospheric one because a higher pressure favours the development of the
reaction and decreases the voltage losses due to the concentration of the
reactants.

When the gaseous hydrogen comes into contact with the PEM (Proton
Exchange Membrane), it dissociates into an ionic form. The membrane allows
only the passage of hydrogen cations, while the electrons are forced to pass
through an external circuit, to go towards the cathode. The incoming oxygen
reacts with hydrogen cations and with free electrons to form water molecules,
this is the result of an exothermic reaction.

The excess humid air that comes out of the FC and the water produced by
the reaction are conveyed to the water separator, which by separating the air
from the water is able to supply the air flow needed by the expander to produce
a fraction of the work required by the compressor. The water collected at the
separator instead feeds the humidifier, which is necessary to bring the air
entering the fuel cell to the optimal hygrometric level.

The refrigerant fluid circuit is also present, an essential part of the FC
system as it is able to maintain a correct operating temperature. In fact, the heat
generated by the stack, in the absence of a circuit for thermal management, could
excessively raise the temperature and damage the membrane of the fuel cells [69].
The refrigerant circuit is equipped with a radiator to lower the temperature of
the refrigerant itself, kept in circulation by the action of a pump that guarantees
the maintenance of the optimal flow rate in the circuit. In fact, a too high flow
rate can damage the microchannels of the FC, while a too low flow rate may not
dissipate enough heat.

In the end, an ion exchanger has also been incorporated into the system of
Figure 4.1. The ion exchanger task is to remove excess ions from the refrigerant
flowing into the stack. These excess ions are in fact the main cause of
microchannel erosion.
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As can be seen from Figure 4.1, the auxiliaries of the FC are powered by
the FC itself, therefore, these auxiliaries will affect the efficiency of the system
and the portion of energy generated by the fuel cell stack that can power the
propulsion system. Figure 4.3 [62] shows the efficiency of the entire FC system,
this efficiency differs from that shown in Figure 4.4 [62], which instead reports
the efficiency of the single cell, without considering the contribution of the

auxiliaries of the system.
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Figure 4.3. FC system efficiency, single cell voltage and net power density as a function of
the net cell current density for a Fuel Cell system [62].
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Figure 4.4. Efficiency and output power from the single cell of the stack as a function of
the current density for a hydrogen fuel cell [62].
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Figure 4.3 it can be seen that for low currents, where the cell works at high
efficiency, most of its energy produced is used to power the auxiliaries,
drastically reducing the efficiency of the system [62]. At high currents, on the
other hand, both the voltage losses and the high-power consumption of the
compressor intervene. The optimal use region of the Fuel Cell is therefore that

within its average current range.

4.3 LITERATURE REVIEW

In this chapter, a model of FC and battery-based hybrid powertrain is
developed as an integration of a longitudinal vehicle dynamics model. A simple
EMS (Energy Management System) logic and an approximation of the FC
auxiliary systems to obtain a versatile simulation tool while keeping calculation
time under control are usually required for first step design and powertrain
sizing. The tool is suitable for first-level design analysis, i.e., selecting the size of
the various powertrain components (electric motor units, fuel cell, battery pack,
etc.) and estimating fuel consumption and overall efficiency.

Some of the authors’ previous work was inspirational for the model. For
example, a power split logic module aimed at tuning the energy management
strategy in an FC hybrid system similarly to [23], while the EMS logic applied to
a longitudinal vehicle dynamics model was presented in [10] and in the Section
2 of this thesis. Such a model can be considered consolidated and validated as it
has been widely used in the past few years (my Ph.D. years) by our research
group (Automotive Engineering Group of the Mechanical and Industrial
Engineering Department of the University of Brescia); see [22] as well, for
instance.

Among the related literature, article [71] describes a hybrid vehicle model
powered by FC and battery pack and created in MATLAB/Simulink. This model
was created ad hoc for a vehicle, in particular, the Daewoo Tico, unlike the tool
proposed in this chapter, which can be set for the simulation of various vehicles,
from small cars to commercial vehicles to heavy vehicles, by appropriately
setting the vehicle data and the various variables of the model through the
graphical user interface of the tool itself.

Article [72] also describes a model suitable for simulating an FCHEV. This
study focuses more on optimizing the energy management strategy, neglecting
vehicle modelling, which is rather simplified. Some aspects are, in fact,
overlooked, such as the efficiency of the transmission and the inertia of various
components (wheels, rotating parts of the transmission, etc.). The same is true for
the study presented in [73]. The tool described in the present chapter, created
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with the integration of an FC model and an energy management logic [10],
accurately considers the different components of the vehicle driveline,
considering the related efficiencies and inertias.

Again, the study presented in [74] describes a power management
strategy based on a fuel cell, battery and supercapacitor. The fuel economy
analysis starts with the load power data resulting from a driving cycle. At the
same time, the model focuses only on the FC, battery and supercapacitor
components without simulating the entire vehicle, unlike the work proposed in
this thesis, which was built from an existing vehicle model (TEST model [10], see
Section 2) allowing for the simulation of the entire powertrain, including the
driveline, FC, battery pack and power management strategy.

4.4 FC MODEL AND INTEGRATION IN THE TEST MODEL

A model was developed to study the behaviour of an FC-based hybrid
powertrain system. In particular, a model simulating a PEMFC (proton exchange
membrane fuel cell) was created. This model was then integrated into a
powertrain model, in particular in the TEST model (see paper [10] and Section 2
of this thesis), to be used as the propulsion system in a specific simulation tool
for EV vehicles through appropriate logic. The PEMFC model is written in
MATLAB/Simulink. It consists of a main submodule that simulates the FC stack,
integrated into the TEST model with two other submodules: one that simulates
power generation by the fuel cell and the second for the power distribution
control system.

4.4.1 PEMFC Stack Model

The output voltage from a fuel cell is not constant: it is linked to various
operating parameters of the cell itself, such as the current delivered, the
temperature of the cell, and the pressure of the reagents. For this reason, the
mathematical model computes the link between voltage and current in the cell
(polarization curve), as well as the open-circuit voltage and voltage drops as a
function of the operating parameters of the cell. The fuel cell stack is composed
of several cells in series, so the purpose is to find the output voltage of a single,
elementary cell to easily calculate the total voltage of the entire FC pack as the
sum of all the voltages of the individual cells, that are supposed to be equal to
each other.

The net output voltage of a cell (V) can be calculated as the difference
between the open-circuit voltage and the losses in the cell when the current is
drowned, as in equation (4.1).
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— 4.1
Vcell - Vr — Vact — Vornm — VYeonc ( )

where V. is the open-circuit cell voltage, while vy, Vonm, and vgoncare the voltage
drop due to the activation, ohmic, and concentrations loss, respectively. The
reversible open-circuit voltage or Nernst voltage is given by the energy released
from the chemical reaction inside the cell and is mathematically calculated
applying the Nernst equation [59,75]. The standard Nernst voltage is evaluated
using the thermodynamic values of the standard state, as shown in [62]. If the
temperature is different from the standard one (298.15 K), the open circuit voltage
can be calculated by modifying the equation as shown in (4.2).

1
V, = 1.229 — 0.85 - 1073(T,, — 298.15) + 4.3 - 1075 T, [ln(pHZ) + E1n(poz)] (4.2)

where the Nernst voltage (V;.) is expressed in Volts. The value 1.229 is the
reference potential expressed in Volts, Ty, is the temperature (expressed in
Kelvin) of the Fuel Cell, and py, and p,,, expressed in atm, are the partial
pressure at the anode and at the cathode, respectively. The definition of the three
voltage drops depends on different cell operating conditions, such as the
temperature, the humidity of the membrane, and the current required.

The activation loss (v4¢) results from the chemical reaction occurring in
the two electrodes: the break of chemical bonds, the transfer of electrons, and the
creation of new bonds. The relation between the activation loss, expressed in
Volts, and the output current (Is.) is described in (4.3), where a series of
parametric coefficients (1, &;, &3, &4) is used to explain the Tafel equations [59].

498
vact = - 51 + ngfC + f3TfC ln <p02197 - 10_7eTfC> + €4ch ln(lfc)l (43)

where the output current is expressed in Ampere, and the temperature is
expressed in Kelvin.

The Ohmic loss (v,p,,) is related to the internal resistance of the cell due to
the resistance of the electric circuit of the cell (R;) and the resistance in the
membrane during the transfer of protons (Ry). The second one is dominant, and
it is related to the geometrical parameters of the cell, as shown in (4.4).

Pm - lm 4.4
Vohm = Ifc "Ronm = Ifc *(Rc + Ry) = Ifc ’ (RC + ) (4.4)
where v,y is expressed in Volts, Ry, is the total resistance of the cell (in Ohm),
while py, is the membrane resistivity (Q - cm), [, is the membrane thickness (cm),
and A is the active cell area (cm?). Usually, R, Iy, and A are constant values
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reported in the dataset of the cell, while resistivity is correlated with the operative
parameter of the cell (I;. and Ty.), and it can be expressed as follows in equation
(4.5).

1816 [1+0.03 - (Ir./A) + 0.062 - (Irc/A)** - (303)?] 45)
o T 0,634 3+ (f;o/A)] - € 18(T7c=309)/4)

The parameter A defines the humidity of the membrane, and it could be
considered a constant and expressed in the dataset of the cell.

Lastly, the concentration loss (vgn.) is a loss of potential due to the
inability of the cell to replace the reactants instantaneously in the electrodes, so it
is related to the mass transfer. In (4.6), V;on is expressed in Volts, and it is a
function of the fraction between the actual current density (J = Ir./A) and the
maximum current density of the cell (J;,,45), both expressed in A/cm?.

J ) (4.6)

max

Veone = —B In (1 -
where £ is a parametric coefficient expressed in Volts.

The net output voltage range produced from the single cell is usually
between 0 and 1 Volts (typically 0.7 V).

In this model, pressures at the electrodes are assumed constant, and
variation of temperature during the cell cycle is considered negligible, so the
temperature is also constant. To obtain the polarization curve, the current
required is set as a value that linearly grows between the minimum and
maximum values. The model calculates the output voltage of the single cell, and
this value is multiplied by the number of cells to obtain the output voltage and
the polarization curve of the FC stack.

4.4.2 Integration of FC Powertrain into TEST Model

Through the above model, it is possible to define the characteristic curve
of the FC stack. These data are then transferred to the TEST model [10], where
they are used to define the dataset of the FC-based powertrain system. As
previously mentioned, the TEST model simulates electric vehicles, so it was
necessary to integrate new modules able to simulate the behaviour of the FC into
the original model. However, all the original features of the model are
maintained. Thus, it is still possible to simulate full electric vehicles and APU
(Auxiliary Power Unit) hybrid electric vehicles. The user can set the presence or
absence of the FC through a graphical user interface, and if the FC is not present
on the vehicle, the model will follow the same calculation steps described in
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Section 2 of this thesis. The schematic illustration of the operations performed in

the TEST model is reported in Figure 4.5, with a focus on the new module added

in this study, represented by the blocks in dashed lines. The purpose is also to

maintain the characteristics of the TEST model: reliability, calculation speed, and

flexibility. The first step is the introduction of a module that manages the power
split between FC and PPS.
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Figure 4.5. Conceptual scheme of the TEST model [10]. The new modules introduced for
the simulation of the FC hybrid powertrain are reported in dashed lines. The arrows
indicate the computational flow (not the energy flow): a backward-facing approach is
adopted as in [10,21]. In the field of vehicle dynamics simulations, a backward-facing
approach consists, in fact, of a calculation flow that goes from the target speed profile or, in
any case, from the variables (forces, torques, speeds, etc.) associated with the wheels, all the
way back to the variables related to the motors and to the system supplying the energy
(battery pack and FC). Following the backward-facing approach, the power that the FC is
requested to generate is calculated starting from the required motor torque; therefore, once
the operating point of the FC has been calculated, it is possible to calculate the hydrogen
consumption and the flow from the hydrogen tank.

PhD Thesis GIULIA SANDRINI 153



UNIVERSITA DEGLI STUDI DI BRESCIA

4.4.2.1 Power Split Module

Because of the low efficiency of the FC stack at low and high power, due
to the high consumption of energy of the auxiliaries, the FC is usually introduced
in hybrid vehicles with a series architecture. The power flows between the peak
power source (PPS) and FC are controlled by the power management system of
the vehicle. According to the power or torque inputs received from the
accelerator, the brake pedal, or other operating signals, the vehicle controller
splits the energy flow between the fuel cell system and the PPS. The control
strategy should ensure that the fuel cell system operating point is within its
optimal operating region, which is typically in the middle power range [76].
Furthermore, the PPS’s energy level is always maintained within its optimal
region. The possible operating modes of the drivetrain are the following.

1. Hybrid traction mode: if the power required by the electric motor is
greater than the maximum power of the FC (Prcpmay), the fuel cell
system operates at its rated power.

2. FC alone traction mode: if the power required is between the
minimum (Prcpmin) and maximum (Ppepgy) power of the FC, the
traction is guaranteed only by the latter. The battery pack can be
recharged by the FC if necessary.

3. PPS alone traction mode: if the power required is smaller than the
pre-set minimum power (Prcmin) Of the fuel cell system, the fuel cell
system can be turned off, or it can charge the batteries if needed.

4. Charging mode: if the power required is smaller than the maximum
power of the fuel cell system and the PPS needs charging, FC
charges the batteries. This operating mode can be active both in the
case of “FC alone traction mode” and in the case of “PPS alone traction
mode”.

A power split module input is the traction power required by the electric
motor/s (Pt req), computed in the power required module as the sum of the front
and rear motor power, obtained by means of equations (2.18) and (2.19) reported
in Chapter 2. A second input of the module is the battery pack’s state of charge
(SOCQ), referred to as the previous instant of the iteration. The power split block
includes a series of “if” checks that first verify if the tested vehicle has the Fuel
Cell and, in the case of the FC hybrid powertrain, define the operating modes. In
this case, using the logic described before, the module calculates the power
required from the battery (Ppqtt req) and the power required from the FC (Pg¢). In
the case of charging mode, it is also necessary to define the fraction of FC power
that is used to charge the PPS (Pyep_pc tn)-
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In the case of “hybrid traction mode”, the power required from the batteries
is calculated as in equation (4.7), and Py.p ¢ ¢n is set equal to zero.

(4.7)

Pbatt_req = Prot — Prcmax

where Py, is the sum of the traction power request (Pt r¢q) and the power of the

auxiliary systems.

The “PPS alone traction mode” is divided into two cases, according to the
battery SOC. If the SOC is less than a set limit value (SOC,,,,), the FC works at
idle and charges the batteries (Pyey pc ¢ is equal to Prepin). Vice versa, the FC is
turned off (Pyen_rc ¢n is equal to zero). In both two cases, the battery pack alone

guarantees traction (Ppq¢t req 1S set equal to Pyyt).

The “FC alone traction mode” is also divided into two cases, according to
the battery SOC. If the SOC is less than a set limit value (SOC,,;;,), which must be
less then SOC,,4,, the FC operates at its maximum power, ensuring vehicle
traction and supplying the excess power to the batteries. In this case, Pyep_gc ¢n 1S
calculated as the difference between Prcmax and Pyoe. On the other hand, the FC
delivers exactly the power required to ensure traction without recharging the
batteries (Pgen_rc ¢ is set equal to zero). In both cases Pyqt req is set equal to zero.

Finally, the power of the FC is calculated as in equation (4.8).

Prc = Prot + Pyen_rc th — Pratt req e

Lastly, a binary output signal is generated to define which system between
the battery pack and FC is the main energy source in an instant.

4.4.2.2 Power Converter Module

The power converter block, shown in Figure 4.5, defines the power bus
voltage of the hybrid FC and PPS system as a function of the binary value
calculated in the power split module. If the FC is off, the bus voltage is imposed
equal to the battery voltage, obtained in output from the data sheet battery block
of the Simulink Library Browser [10]. Otherwise, the bus voltage is set equal to
FC voltage, calculated as the ratio of PFC and the FC current. The latter is
estimated thanks to the lookup table containing the information regarding the
characteristic curve of the FC (power vs. current) obtained from the PEMFC stack
model (see Section 4.4.1).

4.4.2.3 Adjustment to the Electrical Part

As shown in Figure 4.5, the battery power required (Ppq¢t req) is sent to the
battery limitation module, which verifies if the input and output power limits to
the battery pack are respected and defines the effective power of the battery.
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Within this block, the inequalities (2.24) and (2.25) reported in Section 2.2.2, that
compute the case of battery discharge or charge, are replaced with inequalities
(4.9) and (4.10), which are introduced in the inequalities of the power generated
by the fuel cell (Pyep_rc ¢n), calculated in the previous section.

Discharge of battery pack:

Pbatt_req + Pacc - Pgen_th - Pgen_FC_th >0 (49)

Charge of battery pack:

Pbatt_req + Pacc - Pgen_th - Pgen_FC_th <0 (410)

Pycc is the total power consumed by the vehicle auxiliaries, and Pyep ¢ is
the power supplied by generators, imposed to zero in the case of the FC hybrid
powertrain.

The power generated by the fuel cell and sent to the battery pack is also
introduced into the equation to calculate the power available from the battery. In
case of discharge, the available power (Pyyqi1qp1e), Which can be taken from the
battery pack, is defined in equations (2.26) and (2.27) in the Section 2.2.2.1 of the
Chapter 2. These equations are rewritten with equations (4.11) and (4.12).

If the discharge limit of the battery pack is supplied as a limit current

(pOSI’[IVe, Idischrg_limit ) :

Pavailable = (V ) Idischrg_limit) - Pbuffer - PbattIZR + Pgen_th + Pgen_FC (4'11)

If the discharge limit of the battery pack is supplied as a limit power

(pOSl’[lVe, Pdischrg_limit):

Pavailable = Pdischrg_limit - Pbuffer - PbattIZR + Pgen_th + Pgen_FC (4'12)

V is the battery voltage, Ppyfrer is a constant power that defines a
tolerance, and Ppg412r is the power dissipated by the Joule effect. In this case, the
input power supplied by the fuel cell does not have to be limited, so usually,
there is no limitation on FC power, and the FC power that is given to the battery
charge (Pyen_rc) is equal to Pyep pc ¢n- In case of a discharge of the battery pack, if
there are no limitations, the total power that the motors absorb (Pt ¢or) iS
calculated using equation (4.13).

Pmot_tot = Poatt_req + Prc — Pgen_rc (4.13)

In case of limitations due to the battery state, if the available power of the
batteries is sufficient to power the auxiliaries, part of this power will be delivered
to them, and the remaining part will be used to power the motors in addition to
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the power that the FC sends to the motors. The last modification relating to this
case, in the presence of FC, is to use the bus voltage to calculate the motor torques.
In equations (2.28) and (2.30) presented in Section 2.2.2.1, the voltage V of the
battery pack is replaced by the bus voltage.

Whenever the battery charge is active, the following inequality is checked
to verify if the battery pack can absorb all the input power: equation (4.14)
replaces the inequality (2.35) reported in Chapter 2.

Pabsorbable + Pgen_th + Pgen_FC_th - Ptot_req <0 (4.14)

where Pypsorpapie is the maximum power that the battery pack can absorb at that
instant. It is therefore observed that the addition of the power generated by the
fuel cell, in this case, is more limiting. Where there are limitations in the charging
phase, the original model turns off (or partializes) the generators. In this case,
where the generators are replaced by the FC, this FC is turned off. This is
managed through switches that recognize the presence of the fuel cell through a
parameter, which is set equal to one if the fuel cell is not present; otherwise, it is
equal to zero. Even in the case of charging, if there is a limitation of the motors,
in the presence of FC, the motor torque computation is based on the bus voltage
instead of the battery pack voltage.

In equations (2.38) and (2.40), the voltage V of the battery pack is replaced
by the bus voltage. In the output of the battery limitation block, the effective FC
charging power absorbed by the batteries (Pyep rc) is also added with respect to
the model described in Chapter 2 and in paper [10]. The effective FC charging
power value is equal to Pyep_pc ¢ in case there are no limitations, and it is sent to
the fuel cell block.

4.4.2.4 Fuel Cell Module

Once the power required from the fuel cell has been calculated, it is
possible to define its operative working point. This operation is carried out
within the fuel cell block. In this module, the hydrogen consumption is also
calculated, which is useful to define the autonomy range of the vehicle. Inputs to
this block are the FC power required (Pr¢), the theoretical charging power
(Pgen_rc tn), and the effective power absorbed by the battery pack (Pyep rc). The
first operation in this module is to verify the operative condition of the FC: if the
power required is zero, the FC is off, and the FC voltage and current are set to
zero. If the power is higher than zero, the effective FC output power (Pgc ¢ff) is
calculated, considering the effective charging power sent to the battery, using
equation (4.15).
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Prc efr = Prc = Pgen ke th — Pgen Fc (4.15)

From the effective power, it is possible to know the operative voltage (V)
and current (I¢.) of the cell through the array obtained by the module’s FC stack.
The output current is then used to calculate the consumption of hydrogen mass
flow (my, ), expressed in g/s, using equation (4.16).

tiy, = Wy, (nlpc/2F) (4.16)

Where Wy, is the molar mass of hydrogen (2.016 kg/mol), n is the number
of FC cells, and F is the Faraday number. By subtracting the integration of 7y,
over time from the mass of hydrogen present in the tank at the start of the
simulation, the quantity of hydrogen in the tank during the cycle is estimated.

4.4.3 PEMFC Graphic User Interface

In the graphic interface of the TEST model described in Section 2.3, a Tab
has been added for the definition and for the control of the quantities necessary
for the operation of the portion of the model relating to the PEMFC logic (see
Figure 4.6).

4\ Ul Figure - O X
< | Regenerative Braking Logic Regenerative Braking Logic (LAT) PEM Fuel Cell PEM >
Number of cells
Hydrogen partial pressure [atm]
Fuel Cell El
Ossigen partial pressure [atm]

Parametric coefficient for the specific FC

Activation over-potential coefficient 1 -0.913
Activation over-potential coefficient £2 0.00285

Activation over-potential coefficient £3 4.3e-05
Minimum current [A] 15
Activation over-potential coefficient ¢4 -0.00011
Maximum current [A]
Membrane humidity coefficient A 228

Fuel Storage [kg] 1.4

Membrane resistance RC [Ohm] 0.0001
Maxi battery SOC

Maximum current density [A/cm”2] ax;gﬂﬁ%rig n?(?(’je [%]

Concentration over-potential constant § [V] 0.0199 Minimum battery SOC

in hybrid mode [%]

Figure 4.6. “PEM Fuel Cell” panel of the Graphic User Interface of the TEST model. In
particular, this panel allows you to enter the inputs regarding the PEMFC logic.

FC operating temperature [K] 298

Effective electrode area [cm"2]

Membrane thickness [cm] | 0.01275
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In particular, thanks to the panel shown in Figure 4.6 it is possible to define
the following parametric coefficients of the proton exchange membrane fuel cell
model: the four parametric coefficients ({5, &,, €3 and &), the humidity coefficient
of the membrane (1), the membrane resistance (R;), the maximum allowable
current density (Jyqx) and, finally, the constant of the concentration over-
potential (5).

Again thanks to the Tab shown in Figure 4.6, it is also possible to set the
values of the following quantities: the number of cells (n) of the fuel cell stack,
the partial pressure of hydrogen at the anode of the fuel cell (py,) , the partial
pressure of oxygen at the cathode (py,), the operating temperature of the cell
(Tfc), the effective area of the electrodes (4), the thickness of the cell membrane
(ly), the minimum and maximum current admissible (or desired) output from
the fuel cell stack, the maximum quantity of hydrogen that can be stored in the
relative tank and, finally, the two values, minimum (SOC,,;;) and maximum
(S0Cpax), of SOC of the battery pack used for the EMS logic of the hybrid vehicle
equipped with fuel cell.

4.5 VALIDATION AND SIMULATION

4.5.1 Validation of the FC Stack Model

The model of the FC stack was validated using the information collected
in [60] on the PEMFC stack model BCS 500W (American Company BCS
Technologies, North Sydney, Australia). For the validation of the PEMFC model,
reference was made to paper [60] as it describes the same FC in a very exhaustive
way, and it is complete with all the necessary data, reported here in Table 4.1.

Table 4.1. Specifications of the studied BCS-500W PEMFC stack from the dataset [60].

Parameter Value Unit
Number of cells 32 -
Effective electrode area 64 cm?
Membrane thickness 0.0178 cm
Maximum density of the cell 0.469 A/cm?
Hydrogen partial pressure 1 atm
Oxygen partial pressure 0.209 atm
FC operating temperature 333 K

Table 4.2 reports the optimized parameters extracted in the study; these
values are obtained with the MAEO optimization algorithm (Table 4 of [60]). The
range of output current required was set between 0.5 A and 30 A.
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Vstack [V]

Table 4.2. Parameters of BCS-500W PEMEFC stack obtained by optimization algorithms

[60].
Parameter Value Unit
& —0.856 -
& 2.73 x103 -
& 6.63 x 105 -
& 1.928 x 10+ -
A 1.004 x 10 -
B 20.7 A%
R, 0.016 Q

The model outputs are compared with the experimental values measured
from the cell, obtained from the graphs of FIGURE 7 of study [60]. The results are
displayed in Figure 4.7 and reveal a good estimation of PEMFC output power
and a little overestimation of output voltage.

32 600
— 4 — Measured
30 Calculated 500
28 F
400 F
26 g‘
24 | %5 300
8
o
2 ¢ = 200 |
20
100 F — % — Measured
18 Calculated
16 0 1 1
0 10 20 30 0 10 20
Istack [A] Istack [A]

(a) (b)
Figure 4.7. FC model results (“Calculated”) compared with effective values (“Measured”)
[60] for the BCS-500W PEMEFC stack; (a) polarization curve; (b) power vs. current curve.

4.5.2 Simulation Data

This section presents a simulation carried out with the model described
above. The simulation parameters are presented first, related to the specific
vehicle and the FC adopted in particular. The vehicle and fuel cell under
consideration were chosen mainly due to data availability. In any case, what is
important to show here is not the numerical results and the input parameters
chosen for the simulation but the type of results that can be obtained from the
model, i.e., the quantities that are obtained and the trend of quantities shown in
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the graphs of the following section, useful, in particular, to understand the power
split logic and therefore the interaction between FC and PPS.

The model was tested on a low-power vehicle, particularly a prototype of
a full-electric waste collection vehicle, which was converted to a hybrid hydrogen
vehicle. The data of this vehicle are taken from [10] (data reported in Section 2.4.1
of this thesis), where it is used for the validation of the original tool (original TEST
model) and are collected in Table 2.1. For this test, a study for the sizing of the
batteries was not initially performed; therefore, the original batteries [10]
(described in Section 2.4.1.3 of this thesis) were maintained as a peak power
source, a fuel cell was added as the primary power device, and a high-pressure
hydrogen tank has also been added. The weight of the vehicle does not change
from the original case. This is due to the assumption that the increase in weight
caused by the addition of the FC is balanced with a reduction of the maximum
load of the waste collected.

The FC Ballard Mark 700, produced by Ballard Power Systems, Burnaby,
Canada, (used in the model Ford P2000) is chosen for this vehicle. The data of
this cell are collected in [68] and reported in Table 4.3 in the section
“Specifications of the Studied PEMFC Stacks”. From this case study, the
polarization curve of the single cell was also taken to calculate the corrective
parameters described in Section 4.4.1, which are obtained experimentally starting
from the allowable range values of PEMFC parameters described in Table 1 of
paper [60]. The results are reported in Table 4.3, section “Optimized Parameters”.

Table 4.3. Parameters of the PEMFC Ballard Mark 700 [68].

Specifications of the Studied PEMFC Stacks

Parameter Value Unit
Number of cells 381 -
Effective electrode area 280 cm?
Membrane thickness 0.01275 cm
Maximum current density 22 Afcm?
Hydrogen partial pressure 1 atm
Oxygen partial pressure 0.3 atm
FC operating temperature 298 K
Optimized Parameters
Adjustable parameter &; -0.913 -
Adjustable parameter ¢, 0.00285 -
Adjustable parameter &3 4.3 x10° -
Adjustable parameter ¢, 1.1x10* -
Water content in the membrane A 22.88 -
Coefficient for concentration loss 8 0.0199 \Y
Resistance of a single cell R, 0.001 Q

PhD Thesis GIULIA SANDRINI 161



UNIVERSITA DEGLI STUDI DI BRESCIA

The design of the FC was chosen according to the maximum power (40
kW) of the traction motor during a typical driving cycle of the vehicle in an urban
environment. The peak power of this FC is 50 kW; thus, the current working
range for the fuel cell is limited to a lower range, from 15A to 150A, which
corresponds to a minimum power of 5 kW and a maximum of 40.8 kW, so as not
to overestimate the work of the FC during the cycle. These are, however, only
general, base-level considerations. For a thorough powertrain design of the
vehicle under consideration, real-world data of FC, PPS, and hydrogen tanks
would be required. The capacity and pressure of the hydrogen tank were set
equal to the data available for the Ford P2000: the tank features a capacity of 1.4
kg of hydrogen at the pressure of 24.8 MPa [63]. These values were chosen in
agreement with the FC in the exam [68]. Passenger cars in Europe, however, can
store hydrogen up to a maximum pressure of 700 bar. It is, therefore, possible to
consider an increased storage pressure with the consequent effects on the
maximum flow rate from the tank. The latter is an input to the model and can be
modified through a graphical user interface.

In the end, the power management system parameters were set; the SOC
limit values adopted in the logic were defined: SOC,,;,, was set equal to 40%, and
the SOC, 4 Was set to 90%. These values were chosen to preserve the FC’s correct
operating working conditions and avoid numerous FC shutdowns during
braking. They could be modified for a different type of vehicle, battery pack and
driving cycle. For the simulation, the initial SOC of the battery pack was chosen
to be equal to 92% to analyse different FC working modes.

4.6 SIMULATION RESULTS

The target speed profile simulated in this work is a WLTC for Class 1
vehicles [38,77], shown in Figure 4.8. The vehicle studied in this work is aimed at
waste collection, so it’s typical driving cycle features many stop-and-go cycles
and short travelling distances at low speed through an urban route. Its typical
mission profile is similar to this type of driving cycle [24].
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Figure 4.8. WLTC Class 1 speed profile [38,77].

In addition to the charts featured by the original model [10] described in
Chapter 2, showing trends associated with the vehicle’s mechanical and electrical
systems, a chart with the FC operating parameters is added to the output graphs,
as shown in Figure 4.9. This chart reports the electric parameters of the FC
(power, current, voltage), the bus domain settings (a binary parameter equal to 1
if the PPS is the primary power source, equal to 0 if the FC is the primary power
source), the input voltage to the electric motor, and the mass of hydrogen in the
fuel tank.

BUS Voltage Regulation Fuel Cell Output Current [A]
T T T T T T T T

Fuel Cell Output Voltage [V]

il - ‘ I bl T
100_.1. ‘ | | “ H [l ‘ . I .‘,.1._
LT I | NI

Il | s | | | |

Tank Mass_H2 [kg]
T T T

Time Time
Figure 4.9. Overview of the model results. In abscissa, the time is expressed in seconds.
(Top left): the “Bus Voltage Regulation” that is the binary parameter equal to 1 if the FC
is off or at idle (when the PPS is the primary power source), or equal to O if the FC is on
and it is the primary power source of the propulsion system. (Middle left): “BUSVolt”,
the input voltage to the electric motor. (Bottom left): fuel cell power. (Top right): fuel cell
current. (Middle right): fuel cell voltage. (Bottom right): mass of hydrogen in the tank.
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The first result that is analysed is the behaviour of the EMS, illustrated by
the binary output of the power split module represented in Figure 4.10.

Bus voltage regulator

0 100 200 300 400 500 600 700 800 900 1000
Time [s]

Figure 4.10. The binary output of the power split module for the control of the power flux.
The binary value is equal to 1 if the FC is off or at idle (the battery pack is the primary
power source) and 0 if the FC is active and it is the primary power source.

Due to the several stop-and-go cycles and frequent decelerations, the
output of Figure 4.10 is a square signal, and both the power sources come into
play during the cycle. In the design and dimensioning phase, this situation of
frequent on/off of the FC should be avoided. In Figure 4.11, it is possible to see
the output power of the FC during the simulation: the FC works at idle or is
inactive whenever the battery is the primary power source, in other words, when
the BUS voltage regulator is equal to one.

40 -
35 - ! ! ! !
30 A
Z 25
B
=]
[=%} 15 4
2
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8 1 1 | M1
0 100 200 300 400 500 600 700 800 900 1000
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Figure 4.11. Output power of the fuel cell stack.
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Figure 4.11 also shows that sometimes the FC is switched off because of
limitations due to the maximum power absorbable to the battery. In fact, in some
time intervals with low power demand, the FC cannot work at idle by recharging
the batteries with the surplus power as the latter exceeds the maximum charging
power accepted by the battery pack (for example, because the latter is already at
a high state of charge). In Figure 4.12, the intervention of the FC limitation due to
the battery is shown. In these short intervals, the vehicle is braking, and the
charging power in input to the battery is too high, so the EMS suspends the FC
charging mode to preserve the PPS.

Battery limitations

0 100 200 300 400 500 600 700 800 900 1000
Time [s]

Figure 4.12. The battery limitation binary parameters. The binary value of “Battery
limitations” is equal to 1 if any battery limitations occur; it is equal to 0 if vice versa.
“Battery limitations” means that the battery pack cannot be recharged with the power that
the EMS logic would provide by the FC. Therefore, the system is limited, and the EMS
logic causes the FC to stop power flow towards the PPS.

During the cycle, many limitations occur, and this is due to the logic
implemented in the hybrid system, but in particular, it is due to the parameters
of the simulation (PPS size, FC). The system should therefore be correctly sized
to avoid this. The last parameter of the FC system is the mass of hydrogen in the
tank, shown in Figure 4.13, which is useful for estimating the vehicle’s range.
During this simulation, the vehicle consumed approximately 0.13 kg of
hydrogen. The system will therefore also be sized in such a way as to minimize
hydrogen consumption, thus making the system more efficient and increasing
the range of the vehicle, or vice versa, reducing the volume and weight of the
tank within the same vehicle range. The suitable range will be selected based on
the typical mission profile for the vehicle.
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Figure 4.13. Mass of hydrogen contained in the tank. Useful for monitoring the
consumption of hydrogen and the vehicle’s remaining range.

Lastly, it is interesting to analyse the state of charge of the battery pack

during the cycle, as illustrated in Figure 4.14. The logic improvement guarantees

that the SOC decreases during the cycle staying in its optimal range. This

situation is to be pursued during the design phase, taking into account the

optimal range of the battery pack chosen for the project, which may vary

according to the type of battery.
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Figure 4.14. Battery pack state of charge (SOC).

4.7 FC COMPRESSOR MODEL

T
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One of the FC auxiliaries responsible for a large part of the energy demand

is the compressor, which is estimated to be able to absorb up to 80% of the power

consumed by the total auxiliaries and given that it provides the supplement of
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oxygen necessary for the reaction with hydrogen, it remains one of the key parts
in the whole FC system. For this reason, it was chosen to integrate a compressor
model within the TEST/PEMFC model [10,20,58], in order to analyse and size this
component too through the simulations of the TEST model. This compressor
modelling work was carried out in collaboration with a master's thesis work [78]
and thanks to the contribution and analysis of the scientific article [69].

For the compressor modelling, two modules have been added to the
version of the Simulink TEST model with integrated the possibility of simulating
hybrid vehicles equipped with proton exchange fuel cell (PEMFC):

* the “Air request” subsystem, for the calculation of the required air
flow, instant by instant, for each operating point during the
simulation;

* and the “FC Compressor” subsystem, which contains the main
compressor information, and which calculates the power required
to supply the compressor itself.

In addition, the ability to enable or disable the logic described in this
section has been implemented. If the compressor model is disabled, for the
simulation in question, the calculations carried out in the “Power Split” block,
described in Section 4.4.2.1, remain unchanged. In particular, the total power P,
required by the vehicle system is equal to the sum of the power required for
traction (Pot req) and the power required to power all the auxiliaries of the
vehicle (including those relating to the fuel cell system). In this case, therefore,
when the user sets the simulation data in the graphic user interface of the TEST
model, he must also include the auxiliaries of the FC in the definition of the
power of the vehicle accessories (P,.., see Section 2.3 and Figure 2.14). If, on the
other hand, the compressor logic is active, the P,,, power is calculated as in the
following equation, (4.17):

100% (4.17)

Piot :Ptot_req+Pacc+Pcomp'Perc ;
comp/acc

where F,y.,), is the power required to supply the compressor and Perccomp/acc is
the portion, expressed as a percentage, of the power consumed by the compressor
with respect to the total power consumed by all the auxiliaries of the FC
(including the compressor itself). This percentage, as already mentioned, is
typically estimated at 80%.

100%

omp *
p Perccomp/acc

The term P, therefore allows us to consider the power

consumed by the compressor, calculated by means of the compressor model itself
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and the remaining portion of power consumed by the other accessory
components of the FC.

In the following sections, the two modules mentioned above will be
described in detail: for the calculation of the air flow required by the compressor
and the power required for its operation.

4.71 “Airrequest” Module
The “Air request” subsystem, built in Simulink, receives the hydrogen

flow (my,) at the input from the “Fuel Cell” module and outputs the air flow
requested to the compressor, calculated using the relation (4.18).

; Mo, Wair

Tgir = 1:/20—2'@ (4.18)
where m,, is the oxygen flow rate (expressed in kg/s), calculated through the
equation (4.19), W,;, is the molecular mass of ambient (humid) air, W, is the

molecular mass of oxygen and @ is the percentage of oxygen in the air mixture.

_ 6H2/02 ) mHz ) Woz (4.19)
2 Wy,

Mo
2

Where Wy, is the molecular mass of hydrogen and 8y, 0, is the stoichiometric

ratio between hydrogen and oxygen.

4.7.2 “FC Compressor” Module
Finally, the “FC Compressor” module receives in input the requested air
flow rate (1,;-) and the total power requested to the fuel cell (Pp¢ (ff) and

calculates the power absorbed by the FC compressor (P.,pm,;), through the relation
(4.20).

1
mai?’ kheat Pout (kheat_kheat)
LR Tamp - : ~1 4.20
P _ Wair amb kheat -1 ( Py ) ( )

comp —

Ncomp

where R is the universal gas constant (8.31446 ﬁ), Tomp is the ambient

temperature, kp.q; is the specific heat ratio and 7., is the efficiency of the
whole compressor system (therefore of the compressor itself and of the electric
motor necessary for its operation).

Ncomp Must be provided by the user as input data, depending on the power
delivered by the fuel cell, and its value, relative to the operating point considered,
during the simulation, is obtained using a Lookup Table Simulink (and Pg¢ ¢ff).
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4.7.3 Graphic User Interface

The new version of the TEST model therefore includes the possibility of
simulating hybrid vehicles equipped with proton exchange membrane fuel cell
and also of activating the logic relating to the FC compressor. The graphic user
interface of the TEST model has therefore been integrated, by adding an
additional panel (see Figure 4.15), for setting all the input data necessary for the
operation of the model portion relating to the compressor).

4. Ul Figure - O X

< | Regenerative Braking Logic (LAT) PEM Fuel Cell PEMFC Compressor SOFC Gene¢ »

Off On i

Environmental temperature [K] 284.0
Compressor Model

Outlet pressure [bar] 3
Inlet pressure [bar] 1
Stoichiometric ratio of oxygen and hydrogen 1.1
Percentage of oxygen in the air mixture [%] 21
Specific heat ratio 3.5
Molecular mass of humid air [g/mol] 28.64
Percentage consumption of the compressor with 80

respect to the total auxiliaries of the FC [%]

Define Compressor Efficiency

START Simulation

Figure 4.15. “PEMFC Compressor” panel of the Graphic User Interface of the TEST
model. In particular, this panel allows you to enter the inputs regarding the FC compressor
logic.

In particular, the Tab of Figure 4.15 allows you to set the value of the
following input quantities: the ambient temperature (Ty,,;), the pressure at the
outlet ( Py, ) and at the inlet (P;, ) to the compressor, the value of the
stoichiometric ratio between hydrogen and oxygen (8y,,0,), the percentage of
oxygen in the intake air (@), the specific heat ratio (kpeq¢), the molecular mass of
the humid air (W, ), the percentage of power consumed by the compressor
compared to to the total power required by all the auxiliaries of the fuel cell
(Perccomp/acc) and, finally, the efficiency values of the compressor system (of the

compressor itself and of its electric motor) as a function of the power of the FC.
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In particular, this last table of values can be set by the user by pressing the
“Define Compressor Efficiency” button shown in Figure 4.15.

Finally, the “On/Off” switch in the “PEMFC Compressor” panel (Figure
4.15) allows the user to decide whether (“On”) or not (“Oft”) to activate the logic
of the FC compressor.

4.8 DISCUSSION AND FUTURE DEVELOPMENTS

This chapter describes a tool suitable for carrying out analysis, sizing, base
level design calculations, and energy or hydrogen consumption estimates for
hybrid vehicles powered by fuel cells and a PPS, which in the current state of
Simulink model is represented by a battery pack. As shown in the “Simulation
Results” section (Section 4.6), the model outputs are the trend of various
quantities, suitable for selecting the correct size of the hybrid powertrain and for
testing the power split logic aimed at managing the interaction between FC and
PPS. In particular, by monitoring the state of the FC and the nominal capacity of
the battery pack.

The FC powertrain system described in this chapter is developed to
integrate the TEST model described in Chapter 2 with a hydrogen power source
while preserving its main attributes: high calculation speed, robustness, and
flexibility. The necessity of conserving a light model structure and reasonably
short calculation times resulted in the introduction of several approximations.
The main approximation is the initial omission of the compressor consumption
(subsequently integrated into the model) in the computation of the FC auxiliary
power required. This results in an overestimation of the FC system efficiency. For
this reason, a simple compressor model was subsequently integrated into the
model, which allows a smaller approximation, but maintaining a high degree of
computational speed of the entire tool.

Flexibility and the modular structure are maintained. For these reasons,
the model is open to simple modification from the user; on top of that, it can
switch between different powertrain architectures. Thanks to this modularity, for
example, in the future, it will be possible to add a supercapacitor model as PPS
in the case of FCHEV simulation.

A further future step could involve the introduction of a dynamic and/or
thermal FC stack model, considering possible variations in partial pressure
and/or temperature inside the FC during the simulation cycle.

Finally, the sizing of the FC and battery pack for the waste collection
vehicle object of this chapter could be reported in a future study.

PhD Thesis GIULIA SANDRINI 170



UNIVERSITA DEGLI STUDI DI BRESCIA

In summary, the high flexibility of the model makes it very easy to
introduce changes and future developments to this simulation tool, as done in
this study, starting from the original model described in Chapter 2 and in paper
[10].

4.9 FINAL SUMMARY CONSIDERATIONS

This study describes a MATLAB and Simulink model of a PEMFC system
integrated into a vehicle’s EV dynamic powertrain system. The first step of the
process is creating a model for the single FC chemical reaction, evaluating the net
output voltage of the FC stack. Subsequently, it is necessary to develop a correct
control strategy to governate the power flux into the hybrid system, in which the
FC should operate within its optimal range while the battery pack acts as a peak
power source. The option of battery recharging from the power grid is not
currently provided in the model. The main goals of the control logic here are
preventing several shutdown cycles of the FC and avoiding battery charging
above the maximum SOC.

The model is suitable for analysing the behaviour of different powertrain
layouts (EVs, APU hybrid electric vehicles and, particularly, FC/PPS hybrid
vehicles). It can therefore be used as a tool for estimating the design parameters
at the design and prototyping stage, sizing the system components, defining the
power flow control strategy, and estimating energy and hydrogen consumption.

In summary, starting from a tool for the simulation of fully electric and
hybrid APU vehicles (TEST model described in Chapter 2 and in the paper [10]),
a new tool was created for the analysis and study of hybrid vehicles equipped
with FC and battery pack with peak power source function. The modularity of
the model means that with appropriate modifications and integrations, it is
possible to simulate and study other configurations; for example, hybrid vehicles
with FC and supercapacitors as PPS, or vehicles in which the FC acts only as a
generator for recharging the battery pack as the only source for tractive power. It
is also possible to integrate models of other types of fuel cells or FCs powered
using different fuels such as methane or biomethane. Thanks again to the
modularity, it is also possible to make the tool more precise by adding models
suitable for the simulation of components that have been approximated or
neglected, as was done for the fuel cell compressor.
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5 MODEL OF AN HYBRID ELECTRIC VEHICLE
EQUIPPED WITH A SOFC POWERED BY BIOMETHANE
(OR METHANE)

With regard to FC it is good to know that there is no single technology and
that each application finds the most suitable one; those currently on the market
are the following: alkaline cells, direct methanol cells, phosphoric acid cells,
sulphuric acid cells, proton-exchange membrane cells, molten carbonate cells,
solid oxide cells and solid polymer cells [62,79] (Figure 5.1).

Types Electrolyte Operating T (C) Fuel

Alkaline (AFC) Potassium hydroxide 50-200 Pure hydrogen, or
(KOH) hydrazine

Direct methanol Polymer 60-200 Liquid methanol

(DMEC)

Phosphoric acid Phosphorie acid 160-210 Hydrogen from

(PAFC) hydrocartbons and alcohol

Sulphuric acid (SAFC) Sulphuric acid 80-90 Alcohol or impure

hydrogen

Proton-exchange Polymer, proton 50-80 Less pure hydrogen from

membrane (PEMFC) exchange membrane hydrocartbons or methanol

Molten carbonate Molten salt such as 630-650 Hydrogen, carbon

(MCFC) nitrate, sulphate, monoxide, natural gas,
carbonates. .. propane, marme diesel

Solid oxide (SOFC) Stabilised zirconia and 600-1000 Natural gas or propane
doped perovskite

Solid polymer (SPFC) Solid sulphonated 00 Hydrogen

polystyrene

Figure 5.1. Technical characteristics of the different types of fuel cells [79].

Fuel cells are electrochemical devices capable of carrying out a direct
conversion from chemical energy to electrical energy in the form of direct current
between two electrodes maintained at a constant potential difference [80]. One of
the main advantages of their use is the possibility of carrying out the energy
conversion while maintaining high efficiencies, avoiding the irreversibility of
combustion typical of thermodynamic cycles (Figure 5.2).

Among the types of fuel cells shown in Figure 5.1, the solid oxide fuel cells
(SOFCs) are those that can also be powered by biomethane (or simply by
methane). From Figure 5.2 it can also be seen how SOFC systems have higher
efficiencies than other systems (diesel-powered systems, gas engine systems,
steam systems, etc.) and how SOFCs are the most efficient fuel cells among those
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shown in the graph: PAFC (Phosphoric Acid Fuel Cell) and PEFC (Polymer
Electrolyte Fuel Cell).
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s Turbine a ciclo combinato e
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/
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Figure 5.2. Efficiency-power diagram of the main energy conversion technologies [79]. In
particular, the Italian term “Turbine a ciclo combinato” means “combined cycle turbine”,
“Motori a gas” means “gas enigines”, “Microturbine” means “microturbines” and
“Impianti a vapore” means “steam systems”. “Efficienza” means “efficiency” and
“Potenza impianto” means “system or plant power”.

The peculiar characteristic of solid oxide fuel cell systems (SOFCs) is
precisely that of being able to be fuelled with fuels other than hydrogen, such as
natural gas, biogas, methane, bioethanol, etc., remembering that natural gas is
composed of approximately 90% methane. The SOFC system is also suitable for
being fed with synthesis gas obtained from the reforming of high molecular
weight hydrocarbons, including diesel.

Most natural gas-fired power plants currently in operation have
efficiencies around 30%. The conversion of natural gas into solid oxide fuel cells
(SOFCs) promises an increase in system-wide conversion efficiencies of more
than 60%, doubling the current efficiencies of traditional systems and
significantly reducing CO: emissions by a factor of 2 [81]. It is therefore possible
to exploit SOFC technology also on vehicles to improve their efficiency,
compared to traditional internal combustion vehicles fuelled by methane.
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This chapter will therefore propose a vehicle model equipped with a solid
oxide fuel cell that could represent a future application of SOFC technology on
board electric vehicles to exploit the high efficiency of the system, combined with
the possibility of powering these vehicles with biomethane, which is theoretically
considered to have zero CO: impact. In fact, the carbon dioxide that is released
into the atmosphere by the fuel cell as a waste product, from a life cycle
perspective, is already considered amortized by the entire production process of
the biomethane itself. The impact given by this CO: is in fact inevitable, even in
the event of failure to produce biomethane and, consequently, of its failure to use.

The bibliographic part of this chapter (Section 5.1 and 5.2) was created in
collaboration with a master’s degree thesis work [78]. The realization of the
vehicle model equipped with SOFC represents, instead, the fulcrum of the part
of the “Biomass Hub” project that is presented in this thesis.

This chapter is organized as follows.

* InSection 5.1 the structure and operating principles of SOC systems
are explained.

* In Section 5.2 the theory concerning the modelling of solid oxide
cells is presented.

* Section 5.3 describes the model of the hybrid electric vehicle
equipped with a SOFC stack.

* Section 5.4 gives some concluding remarks and some final
considerations.

5.1 STRUCTURE AND OPERATING PRINCIPLES OF THE SOFCs

Solid Oxide Fuel Cell (SOFC) is a fuel cell technology in which oxygen ions
are transferred through a solid electrolyte material (an oxide), at a high
temperature, to react with hydrogen on the anode. Generally, the solid electrolyte
consists of a high temperature ceramic membrane, which stands in conditions of
use around 1000-1200 °C [62]. These materials have low conductivity at ambient
temperature and, for this reason, heating to such extreme temperatures is
required to reach values comparable to those of liquid solutions, i.e. of the order
of 0.1 (S5-cm)! (where S is the symbol of the Siemens unit of measurement, and
Siemens multiplied by meter is the SI unit of measurement of electrical
conductivity, also known as specific conductance). The basic mechanism of a
SOFC does not differ too much from what happens for other FCs, such as for
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example for the PEMFC, with the exception of the operating temperatures, which
are at higher values, and of the constituent materials of the FC itself.

SOEFCs are characterized by two porous electrodes separated by a dense
electrolytic layer, generally made of YSZ (Yttria-Stabilized Zirconia).

Oxygen is supplied to the cathode, where it is reduced to ion O%*, which
migrates through the electrolyte, to reach the anode and participate in the
oxidation reaction of the hydrogen obtained from reforming process or from a
mixture containing directly Hs, from the reaction H20, and CO: in the case, for
example, of methane fuelling, will be obtained (Figure 5.3). In particular, starting
from the hydrogen obtained from the reforming of methane (or biomethane), the
formation of carbon dioxide is inevitable.

Electric Current

Air In

Unused
Gases
Out

==

! !
Anode | Cathode
Electrolyte

Figure 5.3. Operation diagram of a solid oxide fuel cell [79,82].

The cells never operate as single units, but they are connected in series to
obtain an output power suitable for different uses and, for this reason, a bipolar
separator, called “interconnector”, must be considered as a constituent part of
the system. The interconnector must consist of a layer of suitably dense material
to separate the fuel stream from that of the oxidizing gas, as shown in Figure 5.4,
for a stack of planar geometry cells.
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Figure 5.4. Typical planar SOFC stack [79].

From a geometric and dimensional point of view it is good to specify that
there are different configurations of SOFC: tubular, “segmented in-series cell”,
monolithic and planar, even if currently only the tubular and planar
configurations seem to offer the possibility of greater development. In the tubular
geometry (Figure 5.5) the cell components are deposited in the form of thin layers
on a tube-shaped cathode (which acts as a support element) prepared by
extrusion, often formed by a sintered porous film based on lanthanum manganite
addicted to strontium. The electrolyte, as anticipated, is formed by a layer of YSZ
(electrochemically deposited by the vapor phase) and the anode is made up of a
Ni/YSZ film.

Interconnection

Electrolyte
Air
electrode

Air
flow

Fuel electrode

Figure 5.5. Tubular geometry of the cell of a SOFC system [62].
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The main advantages of tubular technologies include easier sealing and
reduced constraints on the ceramic. The disadvantages are mainly the lower
efficiency and the lower power density, moreover the ceramic electrolyte and the
electrodes are extremely fragile, which is very disadvantageous if you think

about their application on vehicles, where vibrations are a frequent occurrence
[62].

In the planar structure cell (Figure 5.6), on the other hand, the components
are made in the form of thin and flat plates supported by the electrolyte or by an
electrode. The YSZ-based dense electrolyte is prepared either by deposition on
tape, by sintering of powders, or by chemical vapor deposition, while the
electrodes are made by plate moulding or by thermal vaporization.

Current flow Interconnect

Anode

—_—— Electrolyte
& Qg,\ Cathode
/ Interconnect
Repeated Air
cell stack

Figure 5.6. Planar geometry of the cell of a SOFC system [83].

The porosity of the components is one of the factors involved in
contributing to good energy efficiency: the electrodes must have sufficient
porosity for a good diffusion of the gases, while the electrolytic material between
them must avoid contact with the latter, which otherwise would react without
produce electric current.

As also happens for PEMFCs, the electrolyte used contributes to
characterize the fuel cells, as it strongly affects the operating temperature of the
cell, the type of ions, the direction of diffusion, the composition of the reacting
gases and the nature of the construction materials. Furthermore, the type of
electrolyte used, and consequently the type of ion transported, determines the
electrode in which the water is formed, with a significant impact on the design of
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the materials and on the structure of the system. In this regard, it is possible to
list two types of conductors that allow further differentiation between the SOFCs:

= anionic conductor of O?% ions;

» proton conductor of H* ions.

The two types of electrolytes, due to the difference in the migrating ion,
differ in which side of the cell the water is produced, a by-product resulting from
the redox reactions that occur at the electrodes [79]. In fact, in anionic conduction
cells, water forms on the surface where the fuel is fed, i.e., at the interface of the
electrolyte with the anode, while in proton conduction cells it occurs at the
interface with the cathode, where it has access the oxidizer (Figure 5.7).

e
—

0,
H,
HO¢
oF
H,
HO¢
(a) Anods Elettrolita  Catodo (b) Anodo Eletrolta  Catodo

Figure 5.7. Operation diagram of a fuel cell with (a) anion conduction electrolyte and (b)
proton-conducting electrolyte [79].

Considering the nature of the materials used, it should be specified that
the use of an electrolyte consisting of a ceramic material based on zirconium
oxide (ZrO2), doped with 8-10% of yttrium oxide (Y203, YSZ) is often used for
SOEC cells. The doping process, in the field of semiconductors, consists in the
addition to the pure semiconductor of small percentages of atoms that are not
part of the semiconductor itself, to modify the electronic properties of the
material. In this case, in fact, following doping, some Y*" ions replace the Zr* ion
in the fluorite-like structure of the zirconium oxide, generating a certain number
of vacant sites for oxygen through which the O> ions can move ensuring so does
ionic transport [84].

To understand the reason for the increasingly widespread use of solid
oxide fuel cell systems, we can list the numerous advantages, some of which have
already been discussed, such as, for example, the use of non-precious metals and
a stable solid electrolytic compound, which eliminates the problems of corrosion
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and evaporation, thus reducing the management costs of the entire system.
Moreover, the presence of all the components in the solid state allows the
production of very thin layers or of FC with precise shapes, that make the system
very compact, a result not reachable in the presence of a liquid electrolyte [85].

02 is the most common oxidant, as it is cheap and available in the air, while
Hz is currently the most used fuel due to its high reactivity and higher calorific
value. It can be easily obtained from common fuels such as hydrocarbons,
alcohols or coal directly in the SOFC system: with the use of ceramic materials,
in fact, devices are obtained whose high operating temperature promotes the
kinetics of the reactions, thus allowing to directly generate Hz2 during the reaction
within the cell itself (Figure 5.8), through a process that takes the name of “fuel
reforming” (formula (5.1), for methane) and the oxidation of CO to CO: through
the “water-gas shift” reaction (formula (5.2)); two reactions that when coupled
allow the obtain H2 and CO: (formula (5.3)).

CH, + H,0 S CO + 3H, (5.1)
CO+H,0S CO,+ H, (5.2)
CH, + 2H,0 S CO, + 4H, (5.3)

Reforming + Water gas shaft
CH, — | CH.+H,0 => CO + 3H,

} O,
CO+ H.0 = CO,+ Hy

EHEDL-’JHED b H-O
T v Hb

Anndo
Elettyolita

Catodo

20,

Figure 5.8. Schematic representation of the fuel reforming inside a SOFC cell [79].
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Fuel reforming is a process aimed at transforming the primary fuel (for
example, methane) into a mixture containing molecular hydrogen and other
products (carbon dioxide, steam, carbon monoxide, methane, non-reformed fuel,
etc.). Reforming is a process characterized by various reactions, including
unwanted ones, which influence the purity of hydrogen, which also depends on
process variables, such as: temperature, pressure, molar ratios between reactants,
activity catalysts, and so on. It is therefore always essential to know the effects of
these variables on the final composition of the reformed gas in the design phase
of the cell and consequently the thermodynamic analysis of the process is
important.

The reactions that occur at the anode of a methane-powered SOFC are
shown below (5.4) (5.5) (5.6).

H,+ 0% 5 H,0 + 2e” (5.4)
CO+ 0% S CO,+ 2e~ (5-5)
CH, +40% S 2H,0 + CO, + 8e~ (5.6)

Below is the reaction that takes place at the cathode (5.7).

1 _ _ 5.7
50, +2¢” S 02 (5.7)

Finally, the overall reaction that takes place in the SOFC cell is shown
below (5.8).

CH, +20, S 2H,0 + CO, (5:8)

Despite the advantages described above, the SOFC systems are however

very sophisticated systems which are often accompanied by problems due to the

high operating temperatures, such as the low compatibility of the components

due to their different coefficients of thermal expansion. The latter aspect involves

a careful selection of materials in the design phase and careful testing of the

materials used. Furthermore, the elevated temperature influences the choice of
support materials, as well as the geometry of the cell itself.

The wide variety of fuels that can be processed there, although a valuable
feature of this technology, conceals problems on which research is constantly
evolving. Here are some reflections in this regard, but for a more detailed study
of the topic, please refer to the full reading of the article [86] cited among the
references. The fact that, as already mentioned, the SOFCs can theoretically
function, in addition to pure hydrogen, also with hydrocarbon fuels (therefore
also with biomethane and methane, the main component of natural gas), makes
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the use of pre-reformers superfluous, thus reducing the complexity, size and cost
of the entire SOFC system.

However, the incompatibility of zirconia stabilized with Ni/yttrium (YSZ)
cermet (ceramic metal, materials deriving from the union of a metallic material
with a substance of a ceramic nature) with hydrocarbon fuels makes it difficult
to exploit these benefits because nickel, catalysing the decomposition of
hydrocarbon fuels, it leads to severe carbon deposition at the anode. The latter
mainly generates three structures: amorphous, filamentous, and graphitic.
Considering the high operating temperature of these fuel cells (600-1000 °C),
graphitic carbon is the most favoured structure, although amorphous and
filamentous carbon have also been observed. Amorphous carbon, in fact,
preferentially forms up to 600 °C, but it can evolve into filamentary carbon and,
eventually, be converted into graphitic forms at higher temperatures. However,
all this represents a problem since it has been observed that the presence of
graphite, formed by the carbon that has diffused through the anode, causes the
disintegration of metallic Ni, to form a powder in a process known as “metal
dusting” [86]. The presence of carbon fibres, at high temperature (>600 °C), is
caused by the dissolution of the adsorbed carbon in the metal crystallite, its
diffusion through the metal and its precipitation on the back of the metal particle.
Filamentary carbon is easier to remove by electrochemical oxidation than
graphitic carbon, because it can be combusted/oxidized at lower temperatures.
However, carbon fibres can cover the active sites of Ni-YSZ and embed
themselves in the anodic lattice, thus causing structural deformations and
fragmentations that lead to greater degradation. The carbon accumulation on Ni
causes complications, such as the blocking of the active sites on the anode, the
loss of the nickel catalyst and the loss of structural integrity.

Despite the disadvantages described, the use of Ni-based anodes
nevertheless remains attractive, not only for their excellent characteristics,
including exceptional catalytic performance, high electronic conductivity and
good chemical stability in relation to the electrolyte, but also for their relative
ease of manufacture, mechanical strength and low cost [86]. With continuous
research in this field, various strategies have been validated to improve
performance and resistance to coke (material consisting of a series of components
with a high content of carbon and that is deposited on the catalyst during the
process, and which is oxidized in the regeneration phase). One possible
approach, for example, involves the use of nickel-based anodes combined with
materials with excellent catalytic activity and resistance to coke, such as ceria (or
ceric oxide, CeO2). In fact, mixed oxides have mixed ionic and electronic
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conductivity in reducing atmospheres, excellent catalytic activity for the
combustion of hydrocarbons and adequate resistance to carbon deposition.
Furthermore, the addition or the coating of CeO: increases the oxidation activity
of methane and reduces the deposition of carbon in the Ni/YSZ. However, the
main weakness of ceria is its low thermal stability in conditions of preparation
and also of operation in a SOFC, because its surface is strongly influenced by the
calcination temperature (temperature of the heating process prolonged for the
time it takes to eliminate all the volatile substances from a solid mixture or a
single compound). As anticipated, these are just some of the problems on which
research has the possibility investigate, to refine more and more the knowledge
of new strategies and materials that make SOFC technology more and more
reliable, resistant, and efficient.

5.2 SoLib OXIDE FUEL CELL (SOFC) MODELLING THEORY

The modelling of fuel cells represents a fundamental point for research
and development work: it allows to study the performance of systems in different
configurations, bypassing the long-time frames, high costs and risks that their
actual implementation in the test phase would entail. With mathematical
modelling, in fact, the physics of the system under study are reproduced through
a set of equations whose numerical analysis returns all the precious information
sought. Modelling is useful for experimenting with new design ideas and for
analysing the hypothetical behaviour of the real system. Investing in this
direction is therefore important, carefully taking care of the set of equations that
describe the entire operation of the system, paying attention to incorrect
simplifications that could lead to results that are too different from the real ones,
aspect detectable with physical tests subsequently performed on the various
prototypes in laboratory. Examples of studies carried out in this area are reported
in articles [87-91], but these are not the only ones.

For the SOFC cell modelling, as also happens for other types of fuel cells,
it is necessary to calculate the voltage of the cell itself, obtained by subtracting
the different voltage drop components (activation voltage v, , losses by
concentration vy, and ohmic losses v,p,,) from the Nernst voltage V. (or open
circuit voltage of the cell). The relationship (4.1), shown in Section 4.4.1, is
therefore also valid for SOFC cells.

With reference to the Nernst voltage (V) it should be emphasized that, as
analysed in detail in the article [92], it is subject to various inaccuracies found in
the literature that involve the modelling of solid oxide fuel cells or proton
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exchange membrane FC. It is claimed that the problem arises due to an incorrect
intermediate step in the derivation of the cell output voltage.

In this section, the Nernst voltage V- will be indicated with the symbology
Enernst, consistent with what has been done in the scientific article [92] from
which the information of interest reported below has been extrapolated.

The Nernst equation (5.9), considered a cornerstone of fuel cell
thermodynamics, provides the expression of the reversible thermodynamic
potential, also known as “equilibrium voltage” or “open circuit voltage” or
“electromotive force” (EMF) of the fuel cell.

i
RT Hi arleactant-

Enernst = Eo + nF “In C; l (59)
€ Hf aproductj

where Ej is the reference EMF (standard EMF); i and j are the species numbers
of reactants and products respectively (how many reactants and how many
products); Greqcrant represents the activity of the reagents and aprogyce the
activity of the products; c; is the stoichiometric coefficient of the i-th species; ¢; is
the stoichiometric coefficient of the j-th species; R is the universal gas constant;
F is Faraday’s constant; n, is the number of electrons transferred for each fuel
molecule participating in the reaction; and T is the cell temperature. For a
hydrogen and oxygen fuel cell (e.g., solid oxide fuel cell powered directly by
hydrogen or proton exchange membrane fuel cell), hydrogen and oxygen are the
reactants, while water ( or water vapor) is the product.

The reference EMF depends on the temperature and is calculated using
equation (5.10).

As
— EO —_ . (5.10)
Bo =B+ (T =To)

where E{ is the standard EMF at the standard temperature (T,) and As is the
entropy variation.

The activity of an ideal gas is expressed in terms of pressure (or partial
pressure). For the activities of hydrogen (ay,) and oxygen (a,,) the relationships
(5.11) e (5.12) are valid respectively.

Pry (5.11)

aH -
Po

2
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_ Po, (5.12)
Po

where py, is the partial pressure of hydrogen, p,, the partial pressure of oxygen and

aoz

Do is the standard pressure (equal to 1 atm).

At high temperatures, for example approaching 1000 °C (plausible
operating value of a solid oxide FC), it can be assumed that steam behaves like
an ideal gas and, therefore, the activity of water (ay,() can be calculated via the
equation (5.13).

o = PHy0 (5.13)
Po

where py, o is the partial pressure of the water vapor.

Setting p, equal to 1 atm and noting that for a hydrogen fuel cell we have
ne = 2, we obtain the following writing of the Nernst equation (5.14).

RT PH, "/ Po, (5.14)
Nernst 0 + 2F n < pHZO >

If the fuel cell is operated below 100 °C, so that liquid water is produced
(as in PEMFCs), the water activity can be considered unitary (ay,o = 1) and the

Nernst equation can be rewritten as in equation (5.15).

Enernst = Eo + % ' ln(sz \/P_oz) (5.15)

Drawing inspiration from the work presented in article [90], where a
dynamic model of a SOFC plant is developed, many other studies have been
carried out (for example those reported in articles [87,93-119]) but, in an attempt
to build models based on the model of [90], the “original” has been modified,
deriving and expressing the partial pressures of the reactants and products as
functions of the cell current, then inserting these partial pressures into the Nernst
equation.

For an in-depth analysis of these aspects, see article [92]. Instead, the
following is the equation (5.16), which represents the inaccurate form of the
Nernst equation [96,97,102,104-106,109,110].

RT Kh,0 K 1 1 22
Evernae = Bo + 571 In| 22 = |+ 31 Ire (c=1) (Gruo) |} 410
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where Ky,, Ko, and Ky, are the molar constants of hydrogen, oxygen and water
respectively; K, = ﬁ ; Tho is the ratio between the inlet molar flow rates of

hydrogen and oxygen; u is the fuel utilization ratio; I is the load current of the
cell.

Equatuion (5.16), or one of its many variants (implicit or explicit), has been
the cornerstone of a whole line of fuel cell modeling research for about two
decades. Not all models report it explicitly, but often express, directly or
indirectly, the Nernst voltage as a function, among other variables, of the current.
The problem with equation (5.16) is that it mixes equilibrium and non-
equilibrium expressions. The Nernst voltage is in fact the reversible
thermodynamic potential that is applied only to the equilibrium condition of the
cell, which instead is lost when the current is drawn from it. In other words, the
Nernst voltage is, by definition, the open circuit EMF and therefore cannot be
expressed in terms of cell load current or current density. The questionability of
the use of Ir¢ in equation (5.16) is also highlighted by the fact that imposing I =
0 causes part of the equation to be mathematically indefinite. As explained in
article [92], it is wrong to mix equilibrium conditions and non-equilibrium
conditions, inserting the cell current (the load current) in the expression of the
Nernst voltage. It can therefore be argued that expressing the Nernst voltage as
a function of current remains a quick but imprecise trick, even if it facilitates
modelling. If done, however, it is important not to forget that the scientific rigor
of the equation is compromised for practical convenience.

What we have seen so far in relation to the Nernst equation refers to a
SOFC directly powered by hydrogen. If, on the other hand, we consider a
methane power supply, the writing of the Nernst equation is the following (5.17).

RT Pch, " D6 517
E =F, +—":[n|—2—2 (5.17)
Nernst ot 8F n <p£120 *Pco,

where pcy, and p¢o, are the partial pressure of methane and carbon dioxide,

respectively.

When the stack begins to supply current to an external load, the FC system
moves away from the state of equilibrium and the voltage drops of the equation
(4.1), presented in Section 4.4.1 occur. Activation losses are associated with
overcoming the reaction energy barriers at the electrode-electrolyte interfaces.
On the other hand, ohmic losses are associated with electron and ion conduction
processes that occur in the electrodes, electrolyte and interconnections, as well as
due to contact resistances across each interface of the material. Finally, the losses
by concentration are associated with the limitations of the diffusion processes of
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the reactants and the products between the mass flow and the reaction in the

sites.

Starting from the analysis of activation losses, as analysed in depth in the
article [120], different calculation methods found in the literature were
compared, highlighting some common errors. A hypothesis often made in the
past was to overlook activation losses, especially for SOFC cells, generally for two

main reasons:

* SOFCs operating around 1000 °C have a very fast chemical kinetics,
which makes the activation losses significantly lower than the
others;

* The ohmic losses, at these temperatures, are much greater in
absolute value than the other losses and dominate the entire
behavior of the cell at normal operating current densities.

These hypotheses may still be valid, especially if we are dealing with the
tubular geometries of older design that operate at the high temperature of about
1000 °C, but if we refer to more modern systems, designed to work at decidedly
lower temperatures, 800 °C or less, with planar geometries and much shorter
conduction networks, the absolute value of the activation losses is closer to that
of the other two types of losses, as shown in Figure 5.9. The approximation is
therefore fine, as long as it is done in the right context.

1.0
(N open-circuit Cell: 800 °C, 1 bar
0.9 - voltage Constant Reactant Flows
Anode: 89% H,, 11% H,0, 122 sccm
0.8 4 Cathode: Air, 4 Stoichs
0.7 -
< 056 - /'
o operating voltage
S 05
o '
= 0.4 - :
@ .
© 03 activation loss \
0.2 - concentration loss )
0.1 4 ohmic loss \ i
00 jtfmmem = m T o et T T :
0.0 0.5 1.0 1.5 2.0 2.5 3.0)-)3.5
. limiting
current density (A/cm?) current density

Figure 5.9. Example of a characteristic curve of planar SOFCs for a single cell operating
at 800 -C [120,121].
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Another mistake made in fuel cell modelling is related to the common and
erroneous idea that the predominantly linear profile of many SOFC voltage-
current curves is the result of the prevalence of ohmic losses. It is true that these
are a linear function of the current density but, on the contrary, both the
activation losses and the concentration losses are logarithmic functions, and it
does not mean that their contribution is not significant to the overall voltage drop
when the voltage-current curve is almost linear.

Activation losses tend to constantly increase in the operating range of
SOEFCs due to relatively large values of the equilibrium exchange current density
(ip). Conversely, low temperature fuel cells tend to have lower current densities
and consequently the rapid increase in activation losses at low operating currents
is followed by greater smoothing at higher currents. It is also evident in Figure
5.9 that the magnitude of the losses per concentration is relatively small over
most of the operating range and therefore does not significantly affect the slope
of the voltage-current curve until the limit current density i, is reached, defined
as the maximum possible current density in which reagents are consumed at the
highest possible degree of replenishment [120].

The governing equation for activation losses at each electrode-electrolyte
interface (two terms are considered for the equation, one for the anode and one
for the cathode) is the Butler-Volmer equation (5.18).

i=ig- (eal(F/RT)Avact _ e—az(F/RT)Avact) (5.18)
where i is the current density of the fuel cell.

The equilibrium exchange current density (iy) is a function of materials,
construction and temperature and is typically calculated using the Arrhenius
relation (5.19).

ip=Ag- e ~Eact/RT (5.19)

where E, ., represents the activation energy, the term Ar is generally a function
of the cell temperature and the partial pressures of the reactants and products.
The reduction and oxidation coefficients, a; and a, respectively, are governed
by the electron transfer processes occurring at the electrode-electrolyte interface.

A simplification made in many SOFC models consists in assuming that
each reaction that occurs is a single-step process, with the transfer of a single
electron [120]. This translates into the following form of the Butler-Volmer
equation (B-V) (5.20).
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i = i - (eU=PVE/RDMace _ =By (F/RT)Avacr) (5.20)

where the symmetry factor Sy, is defined as that fraction of the voltage loss by
activation that affects the activation energy of the barrier and therefore the
electrochemical transformation rate. For simplicity, this factor is set equal to 0.5
even if experimental evidence shows that it oscillates between 0.3 and 0.6.

Since the entire B-V equation would have to be implicitly solved for
activation voltage losses, the literature is full of several explicit approximations.
However, it is essential to understand what the applicability field of each of these

equations is to minimize modeling inaccuracies.

When activation losses are high (v, > 200 mV), the first exponential term
in the B-V equation is much larger than the second which therefore, if neglected,
allows us to obtain the Tafel equation (5.21), valid when i/i, > 4.

RT [
Av = (_) (5.21)
Vaee =0 F G,

If the exponential terms of the one-step B-V equation with single electron
transfer are expanded into a series of powers and the higher-order terms (non-
linear) are neglected, the resulting equation is an approximation called the
“linear current-voltage equation” (5.22), valid when i/i, < 1.

RT i
= L (1) 52)

Another approximation of the B-V equation sees the latter rewritten using
the hyperbolic sine function. By doing this, the equation (5.23) is obtained.

RT i
Avg e = al_F - sinh™1 (2_10> (5.23)

In article [120], where it is possible to further explore the topic, the
applicability of each equation for the calculation of activation losses within a
model was shown, validating everything through experimental data obtained
from a planar cell SOFC.

The curves of Figure 5.10 show what has been obtained, namely that the
results of the model, using the equation B-V and the approximation of the
hyperbolic sine, are almost identical and align well with the experimental curves.
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The results obtained using equations (5.21) and (5.22), on the other hand,
differ significantly from the experimental ones, except in very limited current
density ranges, which is why their field of applicability is more restricted.

Butter-Volmer Equation

\\ ------- SINH Approximation
\\ — —High-Field Approximation

0.9 — - — Low-Field Approximation
2 # PNNL Experimental Data
S 0.8-
1]
=
S 071
8
0.6 -
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0.5 {Constant Reactant Flows -

Anode: 49% H,, 3% H,0, 48% N, 200 scem R
Cathode: Air, 300 sccm >
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current density (A/cm?2)

Figure 5.10. Comparison of experimental voltage-current curves with model-based curves
using the different approximate equations for activation losses [120].

As for the potential drop associated with the concentration losses (V¢onc),
from the polarization curve of Figure 5.9 it can be seen that their presence is more
evident when the current density of the fuel cell approaches the maximum values
that can be developed and it is found also dependence on the flow. These
concentration losses are due to the progressive reduction of the reactant
concentration in the electrode region as fuel is consumed as the electrochemical
reaction progresses. The reagents consumption at the respective electrodes, i.e.,
hydrogen at the anode and oxygen at the cathode, leads to a slight reduction in
their concentrations. Due to this, there is a drop in the partial pressures of the
gases present, which will result in a reduction in the voltage produced by the cell.

There are several ways to estimate the concentration losses, such as
equations that exploit experimental coefficients, giving excellent results in the
modelling phase, or more theoretical equations.

Article [89], for example, reports that in the realization of a transient
dynamic model for a SOFC fuel cell system powered directly by methane.
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Equation (5.24), entirely empirical, has aroused considerable interest due to the
accuracy of the results.

(5.24)

— . pNconc’l
vCOTlC - mconc e

where i is the current density [A/cm?], output from the cell, while m,,,, and
Ncone are constants obtained experimentally:
3 cm?

Meone = 31075 V; Ngone = 8-1073 T

A more “academic” equation with which the value of concentration losses
can be estimated is equation (5.25), much more common in literature and
traceable in scientific material, for example in articles [91,122].

RT i
Vconc = wF “In (1 - _> (5.25)
e

The last term to be subtracted from the Nernst voltage to obtain the cell
voltage is represented by the potential drop due to ohmic losses (V,p,). These
losses occur due to resistance to the flow of ions in the electrolyte and resistance
to the flow of electrons through the electrode materials. This total resistance (r)
depends on the cell temperature and can be calculated using the relation (5.26)
[122].

1 1
e (5.26)

where T is the cell temperature, while a, and f3, are constant coefficients. Here,
once r has been obtained, it can be used to estimate ohmic losses using equation
(5.27) [91,122].

Vornm =71 " Ipc (5.27)

where I is the current (in Ampere) supplied by the fuel cell (by the single cell).
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5.3 MODEL OF VEHICLE WITH SOFC ON BOARD

The goal of the work proposed in this section is to create a model of vehicle

powered by biomethane (or methane), in which methane is not burned as in

internal combustion engines, but which provides energy thanks to the chemical

reactions carried out by means of a fuel cell stack.

As seen in the previous sections, the type of fuel cell that lends itself to

being fuelled by methane is the solid oxide one. Some useful information relating

to SOFCs is summarized below, to be taken into account during modelling, partly

seen and explained in the previous sections and commented here to show how

they interfaced with the creation of the biomethane fuel cell vehicle model.

The SOFCs, thanks to the reforming process, accept different
possible feeds: hydrogen, natural gas, biogas, methane,
biomethane, bioethanol, diesel, etc. For this reason, this type of fuel
cell was chosen for the vehicle model, so that the latter can be
powered by biomethane (or methane).

Undesirable characteristics of SOFCs are fragility and low vibration
resistance. These limits impose difficulties in use in the automotive
sector, the limit given by these characteristics must be exceeded for
the actual construction of a vehicle based on the model proposed in
this work.

SOFCs are characterized by high operating temperatures (600+1000
°C) and by different coefficients of thermal expansion. The fragility
of SOFCs derives in part from this aspect. Therefore, accurate
thermal management will be required on the vehicle subject of this
study.

Solid oxide FCs are characterized by slow transients (order of
minutes). This makes them unsuitable for use on a vehicle as a
primary energy source. Typically, vehicle missions are in fact
characterized by rapid changes in power. For this reason, the
vehicle model provides a configuration with purely electric
traction, powered by a battery pack (which acts as a primary energy
source), and an on-board SOFC stack that acts as a generator,
recharging the battery pack, consuming biomethane (or methane).
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Finally, SOFCs are also characterized by long ignition times (order
of hours). To overcome this problem, once the new vehicle has been
put into operation and the FC has been switched on, it has been
chosen to never switch off the SOFC. The methane-powered FC will
then recharge the battery pack during the vehicle use phase and
also when the vehicle is off, where there is a need to raise the state
of charge of the batteries. By taking advantage of this charging
method, the vehicle model has been designed without the
possibility of recharging the battery pack by connecting it to the
electricity grid. Once the battery pack has reached the desired SOC,
the off vehicle will have to be connected to the stationary electrical
network and the SOFC, which will always remain on, will recharge
the electricity grid itself.

The following assumptions have been made for the vehicle model object

of this work.

Use of a solid oxide FC stack (SOFC).

Biomethane (or methane) power supply, assuming to use a
biomethane with a purity comparable to that of methane and
therefore to be able to use the two power supplies (biomethane and
methane) interchangeably.

FC which acts as a constant power generator for recharging the
battery pack.

Fuel Cell always on, even when the vehicle is off. The vehicle, for
safety reasons, must in any case be equipped with an emergency
system that can turn off the SOFC in the event that any problems
occur, including the exceeding of a certain maximum SOC
threshold of the battery pack.

It is considered a vehicle that works in a fleet, with a predefined
mission, in particular a waste collection vehicle. In fact, a vehicle
with a fixed mission lends itself to the configuration of the vehicle
in question, that is, with the SOFC always on, being able to ensure
an adequate state of charge of the battery pack, avoiding any
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overcharging of the same, due precisely to the FC always on. This
can be achieved thanks to a careful sizing of the vehicle system.

* During the inactivity phases, the vehicle must be connected to the
electricity grid, in fact, once the battery pack has reached the
desired SOC (State of Charge), the Fuel Cell will recharge the
electricity grid itself. Alternatively, it will be possible to recharge
other vehicles in the fleet (for example full electric vehicles) or a
stationary energy storage system.

5.3.1 Vehicle

The vehicle used in the model is a vehicle that operates in fleet for waste
collection, with a predefined mission, and is the same, with the same
characteristics, used for the low-performance validation of the TEST model (see
Section 2.4.1). The main information of the vehicle is shown in Table 2.1 in Section
2.4.1. In Figure 2.20 of Section 2.4.1.2 the torque curve of the vehicle’s traction
motor is graphed.

However, some changes have been made to the vehicle presented in
Section 2.4.1, the first obviously relates to the fact that a SOFC system has been
installed on the vehicle, system which acts as a generator by recharging the
battery pack.

Another change concerns the total transmission ratio, set equal to 6.22,
divided into a ratio of 3.11 for the motor reducer and equal to 2 for the rear
differential (remembering that the vehicle is a rear-wheel drive). This is to allow
the vehicle to reach a maximum speed that allows it to complete all the
predefined missions that will be imposed on it during the use phase.

Figure 5.11 shows the motor power and the power needed to overcome
the resistance due to the aerodynamic force (drag) and the rolling resistance
given by the interaction between tires and the ground.
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Figure 5.11. Maximum deliverable power of the electric traction motor (in blue) and sum
of the resisting powers due to aerodynamic force and rolling resistance (in orange), as a
function of (a) the angular rotation speed of the electric motor (in RPM) and (b) the
constant speed travelled by the vehicle. Assuming a total mass of the vehicle (including the
transported load) equal to 3530 kg.
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Another aspect that differentiates the simulations of Section 2.4.1 from the
vehicle model object of this work is the mass. The simulations in this section were
carried out with variable mass of the vehicle, as a function of time during the
mission. In particular, the variable mass is that associated with the load carried
during the speed profiles of the mission.

First, an unladen mass of the vehicle (including battery pack, solid oxide
fuel cell and tank with biomethane) equal to 1900 kg is considered. Furthermore,
a constant driver mass equal to 80 kg and a variable mass relative to the load
carried by the vehicle during the speed profiles of the missions are considered.
This last aspect will be explored in the following section (Sezione 5.3.2).

Finally, a final change concerns the battery pack (object of sizing, together
with the sizing of the fuel cell, for this work) and the size of the section of the
electrical connection cables between the electric motor and the batteries.

It was chosen to consider a hypothetical configuration and type of battery
pack that allows the delivery of a current (discharge current) equal to a maximum
of 360 Amps, the object of the sizing is instead the capacity of the pack itself.
Therefore, considering this limitation, the electric cables have been dimensioned
in such a way as to allow the crossing of a maximum current of 360 A. For the
dimensioning of the cables, a maximum current density of 3.5 A/mm? was also
considered as regards the cable itself.

By dividing the maximum current of 360 A by the current density, a cable
section of approximately 102.86 mm? was calculated, which corresponds to a
cable diameter (circular section) of approximately 11.44 mm. To maintain safety,
a conductor cable diameter of 12 mm has been set for the simulations and for the
model. During the construction of the prototype, the commercial section
immediately above 102.8 mm? should be chosen, which corresponds to 120 mm?
(diameter of 12.36 mm). It would therefore have been more appropriate to adopt
a diameter of 12.36 mm in the model, but having approximated to 12 mm does
not involve substantial differences in the results obtained.

5.3.2 Speed Profiles of Vehicle Mission

The mission of the waste collection vehicle is known, in particular the
information relating to the different daily speed profiles was acquired thanks to
a MoTeC control unit and various sensors installed on board the original internal
combustion engine vehicle powered by diesel. The goal is therefore to correctly
size the hybrid electric/FC (powered by biomethane) waste collection vehicle so
that it can perform the same mission as the original traditional diesel vehicle.
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In particular, the acquisitions of interest concern the speed profile (vehicle
speed as a function of the elapsed time) obtained by GPS detection, the electric
current absorbed by the vehicle’s electrical auxiliaries and the relative voltage (of
the service battery with nominal voltage of 12 Volts), the flow rate and the
hydraulic pressure necessary for the activation of the hydraulic auxiliaries
(stabilizing feet, bin lift, waste compactor and tipping body) and, finally, it is
necessary to know the vehicle weights at certain moments of the driving cycle, to
estimate the mass of the transported load, moment by moment, during the
mission.

The electrical power consumed by the vehicle’s auxiliaries is calculated by
multiplying the current by the voltage. The hydraulic power is instead obtained
by multiplying the hydraulic flow by the pressure. Of the two powers absorbed
by the vehicle auxiliaries, electric and hydraulic, the average over each driving
cycle is considered as an input parameter for the simulation. In particular, the
sum of the two average powers will be set as input, as the total power consumed
by the vehicle accessories.

The missions are carried out in flat territory, in fact the altitude variation
detected by the GPS is negligible. For the simulation the complete absence of
ground gradient was therefore imposed.

Table 5.1 shows the main characteristics of each of the 10 vehicle mission
speed profiles.

Table 5.1. Main information of the driving cycles of the waste collection vehicle mission.

Average Average Total power

. Di A 1 .
Mission Distance verage Cycle Maximum electrical hydraulic of the

profile traveled speed time speed power power  auxiliaries
o . 1n-

n [km] [km/h]  [h:minis]  [km/h] [WI] [WI] W]

1 34.707 8.8 3:56:31 86.4 540.9 * 215.6 756.5
2 39.361 8.3 4:42:59 55 442.6 174.6 617.2
3 43.570 9.0 4:51:34 62.5 671.6 73.3 744.9
4 13.780 13.6 10:07:08 108.7 531.2 131.5 662.7
5 81.789 16.1 5:04:55 105.5 561.5 241.0 802.5
6 50.003 9.0 5:32:58 75.1 566.9 247.2 814.1
7 72137 124 5:47:39 83.3 597.3 202.6 799.9
8 60.671 14.7 4:07:42 85.7 540.9 * 303.6 844.5
9 89.048 16.1 5:31:43 106.6 498.7 267.7 766.4
10 85.977 19.5 4:24:27 92 457.6 255.3 712.9

* Electric power not available, estimated.
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Of mission profiles number 1 and 8, the acquisitions relating to the current
absorbed by the vehicle’s electrical auxiliaries are not available, due to problems
with the sensors during the acquisitions themselves. It was therefore not possible
to calculate, instant by instant, the electrical power consumed and therefore not
even the average over the cycle. For speed profiles 1 and 8, the average electrical
power was therefore estimated to be equal to the average of the average electrical
power value of the remaining cycles (from 2 to 7, plus 9 and 10).

The graphs related to the 10 daily speed profiles of the mission are shown
below (from Figure 5.12 to Figure 5.21). In particular, the speed profile acquired
by the MoTeC control unit via GPS signal is represented in blue, the manually
“cleaned” speed profile in orange. The “cleaning” of the profiles was carried out
by deleting the data relating to those acquisition points where the GPS signal has
abruptly switched to speed values too high or too low, so as to consider these
values unrealistic and associated with detection errors. Furthermore, the profile
in orange, which is the one provided in input to the TEST model (see Section 2)
represents the module of the speed profile, any lengths made in reverse (negative
speed) by the vehicle are treated as lengths travelled in forward gear (positive
speed), this to simplify the simulation in the TEST model, in which the possibility
of traveling in reverse is not implemented. This simplification is irrelevant as

regards the results obtained.
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Figure 5.12. Speed profile of cycle number 1 of the waste collection vehicle mission.
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Figure 5.16. Speed profile of cycle number 5 of the waste collection vehicle mission.

Lap 06 - Speed profile
T T I

o]
(=)

Original data
Clean data

~
o
T

D
o

4]
(=]

e
o

w
(=)

N
[==]

-
o

o

L
o
o

0.2 0.4 0.6 0.8 1 12 14 1.6 1.8 2
Time [s] <104

Figure 5.17. Speed profile of cycle number 6 of the waste collection vehicle mission.
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Figure 5.18. Speed profile of cycle number 7 of the waste collection vehicle mission.
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Figure 5.19. Speed profile of cycle number 8 of the waste collection vehicle mission.
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Figure 5.20. Speed profile of cycle number 9 of the waste collection vehicle mission.
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Figure 5.21. Speed profile of cycle number 10 of the waste collection vehicle mission.
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For each mission speed profile, the number of discharging cycles of the
transported waste and the total weight discharged were monitored (Table 5.2).
Keeping in mind that discharging is not always carried out in a landfill, but is
often carried out in intermediate areas, discharging into a heavy vehicle
(typically a truck), the latter, once full, will then discharged at the landfill.

Table 5.2. Number of waste discharges and total weight discharged, for each mission speed

profile.
Miss%on Type of Number of To.tal weight fAverage weight
proille waste discharges discharged dlschargt?d at each
n kgl unloading [kgl
1 GLASS 1 1550 1550
2 ORGANIC WASTE 2 3000 1500
3 GENERAL WASTE 1 560 560
GLASS 2 1120 560
4 YARD WASTE 1 400 400
GENERAL WASTE 1 600 600
5 PLASTIC 7 900 128.57
6 PAPER 7 1700 242.86
7 ORGANIC WASTE 2 2680 1340
8 YARD WASTE 3 1250 416.67
ORGANIC WASTE 2 2980 1490
9 ORGANIC WASTE 2 2720 1360
10 PLASTIC 4 650 162.5

Not having sufficient information available to define the entity of the
waste mass transported by the vehicle instant by instant, it was decided to divide
each mission profile into as many temporally equal parts as the discharges
carried out and to distribute the discharged weight equally for each discharge (or
for each group of discharges of the same type of waste, as regards cycles 4 and
8). For each time interval between one discharging and the next, it has been
assumed that the transported waste mass grows linearly from the zero value to
the average discharging value (reported under the item “Average weight
unloaded at each unloading [kg]” in Table 5.2 (Figure 5.22). A slightly different
approach was used for profile 4: at time 14191 seconds the final discharging of
the first group, consisting of two discharging, was carried out; it was therefore
assumed to carry out the first discharging exactly halfway through the time
elapsed before the second discharging (at 7095.5 s); the remaining time interval
of the profile was equally divided among the other discharges; the approach
adopted for the mass of the transported waste mass, on the other hand, remains
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unchanged compared to that adopted for the other cycles. Figure 5.22 shows the
trend of the waste mass during the missions.
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Figure 5.22. Carried load (waste mass) and speed profile of the mission: (a) profile 1; (b)
profile 2; (c) profile 3; (d) profile 4; (e) profile 5; (f) profile 6; (g) profile 7; (h) profile 8; (i)
profile 9; (j) profile 10.

5.3.3 Simulation Model

For the simulations of the vehicle and its missions, the TEST model
described in Section 2 was used, in particular the latest version of the model was
used, the one containing the integration of the hydrogen FC and its compressor,
described in Section 4. The use of the version with PEMFC or of the version
described in Section 2 is irrelevant, in fact, during the simulations shown in this
chapter, the PEMFC was disabled by means of the appropriate switch (shown in
Figure 4.6) of the graphic user interface of the TEST model.
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A further integration was also made to this latest version of the TEST
model, which allows it to also simulate vehicles equipped with a solid oxide fuel
cell (SOFC), which acts as a generator by recharging the battery pack.

In particular, a Simulink subsystem, called “SOFC peak power source”,
has been added to the Simulink TEST model. This subsystem outputs the power
(Psorc_tn) that the SOFC system can supply at the input to the battery pack. In the
first version of the TEST model, presented in paper [10], there was already a
generator, or more generators, that can be activated to recharge the batteries. The
power that the generator, or generators, can supply as input to the battery pack,
as explained in Section 2, is defined with the variable Py, ;,, which is then
supplied as input to the “Battery Limitations” module shown in Figure 2.5. If the
SOFC is present on the vehicle (activated by means of an appropriate switch
presented later, Figure 5.23), the output power from the “SOFC peak power
source” subsystem (Psopc(n) is assigned to the variable Py, through a
Simulink “Switch”, which allows you to switch between the power of the
generator(s) and the power deriving from the SOFC, depending on the presence
of the first or the second. The rest of the calculation flow of the TEST model
remains unchanged from previous versions.

For this study, the SOFC is seen as a sort of “black box”, only the constant
power supplied by the FC (Psprc) and an efficiency relating to the DC/DC
converter (1p¢/pc) are considered. DC/DC converter is in fact essential to carry
the SOFC output voltage at the correct voltage for recharging the battery pack.
The calculation carried out within the “SOFC peak power source” module is
therefore reduced to the equation (5.28) alone.

Psorc_th = Psorc " Mpc/pc (5.28)

Finally, in the graphic user interface of the TEST model, a tab has been
added, relating to the definition of the variables Psor¢ and 7p¢/pc, in which there
is also a switch that allows you to activate (“On”) or deactivate (“Oft”) the solid
oxide fuel cell (Figure 5.23).
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4\ Ul Figure - O X

< rrative Braking Logic (LAT) PEM Fuel Cell PEMFC Compressor SOFC Generator

Off on

SOFC peak power source

SOFC nominal output power [W] 3000.0

DC/DC Converter efficiency [%] 90

START Simulation

Figure 5.23. “SOFC Generator” panel of the Graphic User Interface of the TEST model.
In particular, this panel allows you to enter the inputs regarding the SOFC system.

5.3.3.1 Simulation Input Data

For simplicity, most of the input data used for the simulation will be
shown through the graphical user interface panels of the TEST model, whose
settable parameters have been accurately described out in Section 2.3.

As for the main simulation data (to be set via the “Simulation” panel
presented in Figure 2.10):

* The relative “clean” speed profile, presented in Section 5.3.2, is
used for each cycle;

» Each profile is filtered using the parameter k = 30, remembering
that the latter corresponds to the number of elements with which
the moving average is calculated based on the speed function;

* The battery pack temperature is set constant, and equal to 23 °C, for
each mission profile;

* The elevation profile is defined constant and null for each speed
profile;
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* For all simulations, a “Sample Time” ( t;) equal to 0.05 seconds was
adopted, which corresponds to the sampling interval of the GPS
signal for each speed profile;

» The initial state of charge of the battery pack, for each speed profile,
is subject to sizing.

The vehicle being simulated is the waste collection vehicle presented in
Section 2.4.1, albeit with some minor modifications and with the addition of the
SOFC system on board (see Section 5.3.1), and, as seen in Section 2.4.1, this vehicle
does not require any calibration as regards the mechanical part of the TEST
model. The coefficients to be set in the “Calibration” panel (Figure 2.12) are
therefore all set to null value, except for ¢, to which the unit value is assigned; in
this way no calibration is carried out.

Here are some environmental parameters and other parameters common
to all simulations (for all mission profiles), defined through the “Environmental
and other” panel (Figure 2.13) of the graphic interface.

= Air density: p = 1.225 kg/m?3

» Gravity acceleration: g = 9.81 m/s?

» Electrical resistivity of conductor cables (copper):

2 - mm?

pcy = 1.225 —

* Driver’s weight (and no passengers): Mgyier = 80 kg

= Mass of fuel transported: mgye; = 0
(the weight of the transported biomethane is already included in
the weight of the SOFC system and already considered in the
empty mass of the vehicle).

The mass of the transported load (the waste mass), defined as a function
of the time elapsed from the start of the simulation, depending on the mission
profile analysed, is set as defined in Section 5.3.2.

Using the tab shown in Figure 5.24 the inputs relating to the vehicle and
the wheels are set, the values shown in the figure are those adopted for the
simulations of all the mission profiles. The only exception is represented by the
value of the total power consumed by the vehicle’s auxiliaries, which relates only
to speed profile number 7.
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4 Ul Figure - O X

Simulation Results Calibration Environment and other ‘ Vehicle and Wheels | >

Total mass of the empty vehicle [kg] 1900.0

DOWNFORCE (D): Front Area [m"2]
D =1/2 WHF*rho*v"2 WHF [mf\2] I:I
(rho: air density; Drag Coefficient

v: vehicle speed)
Front wheels loaded radius [m] 0.35

Rolling friction coefficient (f): Rear wheels loaded radius [m] 0.35

A e fr w2fhmn [ o)
Moment of inertia of the front wheel [kg m”2]
Moment of inertia of the rear wheel [kg m"2]
Power absorbed by vehicle accessories [W]

Distribution of motor torque to the front in acceleration I:l
Distribution of motor torque to the front in braking Ijl

Figure 5.24. “Vehicle and Wheels” panel of the Graphic User Interface. In particular, the
panel in the figure shows the values adopted for the simulations of the waste collection
vehicle equipped with SOFC, relating to the vehicle in general and to the wheels. The only
exception is represented by the value of the total power consumed by the vehicle’s
auxiliaries, which relates only to speed profile number 7.

The values of the total power consumed by the vehicle auxiliaries (P,.),
for each driving cycle, are those indicated under the item “Total power of the
auxiliaries [W]” in Table 5.1.

Figure 5.25 shows the values of all the parameters relating to the vehicle’s
hydraulic braking system, adopted for all simulations.
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4 Ul Figure - O X

< | Results Calibration Environment and other Vehicle and Wheels Brakes B

(V)

>

Maximum brake pressure in the master cylinder [MPa]

"]
[42]

Pressure distribution to the front in the master cylinder of the braking system 5

Total area of front brake pistons [mm*2] 3053.6

e
&

Total area of rear brake pistons [mm*"2] 1608.0

Dynamic friction coefficient of the front brake calipers 0.41
Dynamic friction coefficient of the rear brake calipers 042
Operating average radius of the front brake calipers [m] 0.147

Operating average radius of the rear brake calipers [m] 0.1373

Figure 5.25. “Brakes” panel of the Graphic User Interface. In particular, the panel in the
figure shows the values adopted for the simulations of the waste collection vehicle equipped
with SOFC, relating to the hydraulic braking system.

As regards the battery pack, a configuration was chosen that avoids the
occurrence of limitations to the performance of the vehicle on the driving cycles
of the mission, limitations due to the maximum current that can be supplied by
the pack itself. The capacity of the battery pack has been dimensioned and this
aspect will be better seen in the next section (Section 5.3.4).

The following performances have been set for the inverter that connects
the battery pack and the motor.

» Inverter efficiency in the discharge phase of the battery pack:
Ninv_aiscn = 0.88

» Inverter efficiency in the charge phase of the battery pack:
Ninv_cn = 0.8

It can be noted that, as it should be, the discharge efficiency is lower than
that in charge.
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The vehicle is rear-wheel drive, so in the interface of the TEST model the
front electric motor has been set to “Off” using the relative switch (Figure 2.17).

Figure 5.26 shows the various parameters set for the simulations, inherent
in the electric traction motor (which acts on the rear axle).

4 Ul Figure — O X
< | Battery Pack Front Motor and Transmission Rear Motor and Transmission Generatt »
off (\/ on Coninies (C) Peak Continuous Rear Motor Torque
Rear Motor Torque Curve [ Peak Rear Motor Torque l
| Motor Efficiency Map l
Rear gearbox transmission ratio
Transmission ratio of the rear differential
Rear transmission efficiency
Moment of inertia of the rear motor [km m"2]
Moment of inertia of the components in input to the rear reducer/differential [km m*2]
Moment of inertia of the components in output to the rear reducer/differential [km m*2]
Length of the cables between rear motor and inverter/battery [m]
Section diameter of the cables between rear motor and inverter/battery [mm)]
Slope (m) of the regenerative braking (RB) ramp [Nm/s]: Torque = m * Time
Minimum speed for the RB [km/h] Torque limit for the RB [Nm]

Figure 5.26. “Rear Motor and Transmission” panel of the Graphic User Interface. In
particular, the panel in the figure shows the values adopted for the simulations of the waste
collection vehicle equipped with SOFC, relating to the electric motor.

The motor torque curve of the vehicle being simulated is the peak one
represented in Figure 2.20 in Section 2.4.1.2.

For the electric motor, the efficiency map has also been defined, known for
the motor itself, in which the efficiency varies according to RPM and motor
torque around the value of about 90%.

On board the vehicle, the only power generator is represented by the
SOFC, there are no other generators, for example a turbine generator, so in the
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“Generators” panel (Figure 2.19) a number of generators (Ny,,) equal to zero has
been set.

It has been chosen to consider a vehicle model as generic as possible, for
this reason, the “RB logic” exposed in Chapter 3 has not been adopted on the
vehicle itself. In the “Regenerative Braking Logic” panel (Figure 3.21), this logic
has therefore been deactivated by setting its switch to “Oft”.

The vehicle also has no hybrid electric/PEMFC configuration, therefore,
the hydrogen fuel cell has also been deactivated by means of the relative switch,
present in the “PEM Fuel Cell” panel (Figure 4.6).

Obviously, however, the switch of the panel relating to the SOFC
generator (Figure 5.23) is set to “On” to activate the solid oxide fuel cell system
which acts as a generator. The efficiency of the DC/DC converter that connects
SOFC and battery pack is estimated to be 90%, in accordance with what is
reported in the literature [123,124]. The power supplied by the FC will instead be
subject to sizing.

5.3.4 Sizing of SOFC and Battery Pack

By carrying out various simulations on the 10 speed profiles of the
mission, with different capacities of the battery pack and with different constant
powers supplied by the SOFC, it was found that, with the same capacity of the
batteries and the same power of the SOFC, cycle 9 was associated with a greater
consumption of SOC.

It was therefore found that profile 9 is the most expensive in energy terms,
followed by cycle 4, which is the most time-consuming, with about 10 hours of
cycle time (see Table 5.1).

It was therefore chosen to size the SOFC and the battery pack on cycle 4,
the longest in terms of time, so that it can be carried out without stopping.

The sizing aims to obtain the following conditions:

» The system must be sized on the cycle of about 10 hours (profile 4),
in such a way as to be able to carry out this cycle during the day
without any stopping;

» The battery pack should be sized as small as possible (at the lowest
possible capacity);

» The SOFC must be sized as small as possible (lowest possible power
delivered);
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* During the mission profiles the battery pack must never reach a
SOC of 100% (or get too close to it), to avoid having to implement
the emergency condition of switching off the fuel cell;

* The battery pack must never drop below a minimum SOC (defined
as 20%) that can lead to the lack of energy necessary to complete
the mission profile;

» The sizing on cycle 4 is carried out in such a way as to exploit as
much SOC field as possible, to ensure that the capacity of the
battery pack and the power supplied by the SOFC can be
minimized;

* For the most energy-consuming profile (profile 9) a recharging stop
is set at about mid-cycle, in fact, by dimensioning as defined in the
previous point (on cycle 4), it is impossible to complete profile 9
without stopping.

By carrying out different simulations for profile 4, at different capacities
of the battery pack and with different powers supplied by the SOFC, the best
compromise was found for SOFC and battery pack size:

» Battery pack capacity of 30 Ah;
* Constant power supplied by the SOFC equal to 3 kW.

These values, for mission profile 4, allow to exploit a SOC range between
a maximum of 95.6% and a minimum of 20.6%, starting the profile with an initial
SOC equal to 90% and ending it with a residual SOC equal to 21.3%.

The vehicle, with the values of 3 kW of SOFC power and 30 Ah of battery
pack capacity, is unable to completely complete profile 9, the most demanding in
terms of energy, without stopping. The cycle has therefore been divided
approximately in half (with respect to time), to plan an intermediate stop with
the vehicle off in which the battery pack is recharged by the SOFC, which,
remember, remains always on for the entire life of the vehicle.

For the subdivision of profile 9 into two phases, the GPS profile was
overlying on the Google Earth map and an area of the profile at zero speed was
found that would be convenient for making a stop. After 10862 seconds elapsed
from the start of the cycle, the vehicle is stationary and located in a square, which
can therefore be used to make a stop for charging.

The mission profile 9 is then divided into two partial phases, as shown in
Figure 5.27, in profile 9.a and profile 9.b.
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Figure 5.27. Speed profile of cycle number 9 of the waste collection vehicle mission, divided
into two phases: (a) first phase from 0 to 10862 seconds (profile 9.a); (b) second phase from
10862 seconds (referred to profile 9) to the end of the cycle (profile 9.b).

Again, by overlapping the GPS profile with Google Earth, it was noted the
presence of a waste discharge point at 9150 seconds elapsed from the start of the
cycle. Subsequently, the vehicle moves unloaded for a certain time, without
making any collections, to change the collection area. According to these
hypotheses, the estimated and approximate trend of the mass of the transported
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waste load was constructed as a function of the simulation time, as reported in

Figure 5.28.
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Figure 5.28. Carried waste load and speed profile of the mission: (a) first phase of cycle 9
(profile 9.a); (b) second phase of cycle 9 (profile 9.b).

Finally, for the simulations of both cycles, profile 9.a and profile 9.b, the

total power consumed by all vehicle auxiliaries was considered the average

calculated on the entire mission profile number 9 (shown in Table 5.1).

From the simulations it emerged that a charging stop of an hour and a half

is sufficient, between profile 9.a and 9.b, to allow the conclusion of the second

phase of profile 9 without incurring a too low state of charge.

5.3.5 Results

Table 5.3 summarizes the main results obtained for the vehicle model with

SOEFC generator, that supplies constant power equal to 3 kW, and with a 30 Ah

capacity battery pack.
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Table 5.3. Main results of the driving cycles of the mission of the waste collection vehicle
equipped with SOFC. In particular, the item “SOC range [%]” refers to the portion of SOC
used during the journey of the mission profile, it is therefore calculated as the difference
between the maximum SOC and the minimum SOC reached during the cycle in exam.

Mission  Initial Final Maximum Minimum  SOC Cycle  Charging
profile SOC SOC SOC SOC range time time
n° [%] [%] [%] [%] [%] [h:min:s] [h:min:s]
1 60 * 45.7 61.0 448 16.1 3:56:31 1:02:45
2 55 % 47.6 56.4 45.1 11.3 4:42:59 0:32:25
3 50 * 47.1 54.9 46.6 8.2 4:51:34 0:12:44
4 90 * 21.3 95.6 20.6 74.9 10:07:08  5:02:09
5 90 * 30.4 91.7 29.5 62.2 5:04:55 4:22:07
6 55 * 44.8 58.6 43.5 15.1 5:32:58 0:44:50
7 90 * 28.3 92.3 26.4 66.0 5:47:39 4:31:14
8 75% 32.4 75.1 32.2 429 4:07:42 3:07:13
9.a 90 * 54.4 90.1 54.1 36.0 3:01:02  1:30:00 *
9b 74.8 26.3 75.5 244 51.1 2:30:41 4:39:57
10 80 * 32.9 80.2 32.7 47.6 4:24:27 3:27:05

* Quantity subject to sizing.

The mission profiles from number 1 to 10 are daily cycles, to be carried out
over two weeks (each cycle only once every two weeks), the two-week mission is
then repeated continuously throughout the year, without weeks of stop. Each
cycle must be carried out starting with an initial SOC equal to the value reported
under the heading “Initial SOC [%]” of Table 5.3. Therefore the residual SOC
(final SOC) of the cycle preceding the one considered must be reported on the
initial value of the new daily cycle to be carried out on the following working
day. Considering that the final SOC of each cycle is lower than its initial SOC, the
sum of all the charging phases between one cycle and the next corresponds to the
sum of all the charging phases necessary to bring the final SOC of a cycle back to
the initial SOC of the cycle itself. This aspect greatly simplifies the problem, in
fact, to obtain the total recharge time between the various mission profiles, it is
sufficient to associate the value reported under the item “Charging time
[h:min:s]” in Table 5.3 to each cycle. This value corresponds precisely to the time
needed to recharge the battery pack from the final SOC of the profile to the initial
SOC of the profile itself, with the vehicle off (and SOFC always on) add all these
values together (time obtained through simulations). However, pay attention to
the fact that the recharge time associated with profile 9.a corresponds to the
partial recharge time of an hour and a half sized in order to then be able to
complete cycle 9.b. The recharge time associated with profile 9.b is instead the
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time required to recharge the battery pack from the final SOC of cycle 9.b to the
initial SOC of profile 9, then to the initial SOC of profile 9.a.

Therefore, by adding all the charging times associated with each cycle, an
overall charging time of 29 hours, 12 minutes, and 29 seconds is obtained every
two weeks of vehicle operation. The total cycle time is instead given by the sum
of all the values reported under the item “Cycle time [h: min: s]” of Table 5.3 and
corresponds to a total of 54 hours, 7 minutes, and 34 seconds in which the vehicle
is operational, again within two weeks.

The total time, every two weeks, in which the SOFC operates to supply
energy for the mission profiles corresponds to the sum of the total time spent on
the cycles and the total recharge time. It therefore corresponds to 83 hours, 20
minutes, and 3 seconds.

Considering that two weeks have a total of 336 hours, subtracting from
these the time in which the SOFC operates to provide energy for the mission, in
the remaining 252 hours, 39 minutes and 57 seconds the SOFC will supply power
to the electrical grid, the vehicle, at least for these approximately 253 hours it will
therefore have to be connected to the stationary electricity grid or, alternatively,
to other infrastructure with similar functionality (infrastructure for charging
other vehicles in the fleet, for example full electric vehicles; charging
infrastructure for a stationary energy storage system; etc.).

5.4 FINAL CONSIDERATIONS

Thanks to the analysis of the literature and the study on the operation of
solid oxide fuel cells, it was possible to lay the foundations and initial hypotheses
for the construction of a hybrid electric/SOFC vehicle model.

The solution that has been found is that of a purely electric traction vehicle,
with an electric motor powered by a battery pack, which is in turn recharged by
a SOFC system, that acts as a constant power charging generator. This vehicle
layout is therefore suitable for use for vehicles operating in a fleet, with a
predefined mission.

The components of the system, in particular the battery pack and the
SOFC, must be suitably sized in such a way as to guarantee the functionality of
the vehicle and allow meeting the requirements of the mission.

In the work presented in this chapter, a waste collection vehicle was
considered, which operates in fleet on predefined daily waste collection missions.
Based on the mission data, it was possible to size the vehicle and establish the
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pre-set conditions to which the various mission profiles will have to undergo
during operation (in particular the initial SOC of the profile of each daily

mission).

Therefore, starting from the creation of a model for a particular vehicle
(the waste collection vehicle), it was possible to show the methodology to be
adopted for the sizing and construction of a model of a generic SOFC vehicle that
operates in fleet. The work done is therefore repeatable and can also be adapted
to other types of vehicles, paying attention to the fact that there is a need for a
predefined and fixed mission over a certain period (for example the two weeks
of the waste collection vehicle).

Finally, thanks to the notions learned on the theory of SOFC modelling, it
is possible, in the future, once the constant power of the SOFC in the hybrid
vehicle system has been dimensioned, to choose the most appropriate SOFC
configuration that guarantees the supply of the chosen constant power, to model
a solid oxide single cell of the stack and, through a sensitivity analysis on the
various parameters that influence the characteristic curve of the FC itself,
investigate a possible optimization of the single cell.
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6 THE ENVIRONMENTAL PERFORMANCE OF
TRACTION BATTERIES FOR ELECTRIC VEHICLES
FROM A LIFE CYCLE PERSPECTIVE

This chapter provides a deepening relating to the impacts associated with
the life cycle of traction batteries for electric vehicles, carried out through a
review of the available literature. As anticipated, this is in order to better
understand the usefulness of an energy optimization on board the vehicle, which
allows to reduce consumption in the use phase and to allow the sizing of a
reduced battery pack in the design phase, which therefore allows to save
resources in the production phase of the pack itself.

The work described in this chapter was also presented in paper [1]
published in the journal “Environmental and Climate Technologies” and was
created in collaboration with the activity of a master’s degree thesis [125].

The aim of this review work is the analysis of the results obtained from
the scientific literature concerning all the phases that make up the life cycle of
traction batteries for electric vehicles, in order to evaluate the associated
environmental impact. In this regard, some scientific articles dealing with LCA
(Life Cycle Assessment) studies concerning electric vehicles, with particular
reference to batteries, will be examined. The revision of these articles will provide
a general framework for the production, use and recycling phases of traction
batteries. In particular, different parameters that influence the outcome of the
LCA studies will be shown, parameters on which we can then act to improve the
environmental impacts of the transition from internal combustion vehicles to
electric mobility. These parameters are represented by the chemistry of the
battery considered, aspect at the centre of the discussion, by the specific energy
and efficiency of the battery pack, by the durability of the latter, but also by other
aspects, such as the energy mix considered (both for the production phase, for
the use phase and for recharging) and the functional unit chosen for the study,
which determines a different approach, related to the analysis of a specific
problem or aspect rather than another. Finally, the usefulness of the recycling
practice and the related problems will be shown. In fact, the recycling must be
perfected according to the battery chemistry in question to obtain benefits and
better reduce environmental loads.
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This chapter is organized as follows.

* Section 6.1 presents a contextualization of the review work
performed.

= Section 6.2 describes the methodology adopted for the selection of
articles of interest for review.

* Section 6.3 reports the results of the literature review, divided
according to the different phases of the traction battery life cycle:
extraction and production phases, use phase and, recycling phase.

* TFinally, Section 6.4 gives some concluding remarks and some final
considerations.

6.1 CONTEXTUALIZATION

Environmental problems and the depletion of fossil resources have led to
consider the use of renewable energies. To exploit this type of energy,
accumulation systems are required that store the energy and make it available
when necessary; for vehicles traction, to date, batteries are among the best
candidates for this purpose [126].

This work mainly focuses on the contribution of the various battery
chemistry types with regard to the environmental impact. The battery pack, in
fact, is the component that has the greatest impact on the environment as regards
the transition from internal combustion vehicles to electrified vehicles.

Thanks to the analysis of the articles in the literature, information relating
to the life cycle associated mainly with traction batteries for electric vehicles was
collected and reorganized.

Although lead-acid batteries are still adopted on some electric road
vehicles [22] the most widespread technology for the moment is (and will be, at
least in the short term) the lithium-ion batteries (LIBs) [126]. These, in fact,
compared to other commonly used batteries (lead-acid, nickel cadmium, metal
hydrides) have a higher energy density and higher power density, a long-life
cycle, a strong environmental adaptability and a low level of self-discharge.

Types of commercial lithium-ion batteries are lithium-cobalt oxide
(LiCoO2; LCO), lithium-iron-phosphate (LiFePO4; LFP), lithium-manganese
oxide (LiMn204; LMO), lithium-nickel-cobalt-manganese oxide
(LiNixCoyMnzO2; NMC or NCM, the two symbols are interchangeable),
lithium-nickel-cobalt-aluminium oxide (LiNixCoyAlzO2; NCA) and lithium-
titanium oxide (Li4Ti5012; LTO), which has lithium titanate as an anode.
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All these batteries could be used in electric vehicles because they are able
to provide the necessary performance in automotive applications and, based on
their characteristics, different results are obtained: LMOs have a high specific
power; NCAs and NMCs are the cheapest, thermally stable, and highest specific
energy lithium-ion batteries; LFPs have a fairly flat open circuit voltage curve,
but have low capacity and a high self-discharge rate; LTOs, on the other hand,
have a long duration and fast recharge, but a low specific energy and a higher
cost [127].

It is also important to remember that, for automotive applications, the
battery pack is no longer deemed usable when it has an effective capacity
approximately 80% less than its nominal capacity [128].

The interest in electric vehicles arises mainly from the fact that their motor
does not emit atmospheric pollutants directly into the environment during the
use phase. On the other hand, however, some emissions are necessarily produced
during the production phase of the electric powertrain and during the vehicle
use phase, due to the production of the electricity required to recharge the
batteries. Therefore, it is necessary to investigate whether this effect goes to
counterbalance the benefits that can be obtained during the use phase of the
electric vehicle or even to aggravate the general result [129].

This work analyses the different stages that make up the battery life cycle:
extraction and production, use and, finally, recycling. In this way, we will try to
highlight, for each phase of the life cycle, the factors that act as a brake in the
change towards electric mobility and the improvements that can help in this step,
in order to actually obtain an overall benefit, presenting in short also the new
emerging technologies born to achieve this goal.

It is not only the climate change aspect that will be addressed, although it
is the issue most often discussed in such studies and especially most prevalent in
common thinking, since a change in impact in terms of climate change may be
accompanied by a change in environmental impact in other impact categories.
For this reason, studies on the subject have been chosen in such a way as to
achieve wide viewing angle, whereas many of the possible impact categories.

Today's research focuses on storage systems suitable for electric mobility,
being the low battery range that most hinders the affirmation of electric vehicles
on the market. The motivation that drives us to reconsider electric vehicles relates
to the increasingly growing concerns about the environment, especially inherent
to the phenomenon of global warming. The greenhouse gas most responsible for
global warming is carbon dioxide. The source of carbon dioxide emissions is
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connected to the transport sector for an amount equal to 32%, estimated in the
period from 1980 to 1999 [130]. This percentage is however destined to increase
in the event that they are not implemented measures that mitigate the amount of
emissions released into the environment, since the transport sector is on the rise,
particularly due to the growing number of developing countries, including Asia
Pacific which represents a large share of the world population.

An EU-imposed target would therefore be to reduce transport-related
emissions by 60% of 1990 levels by 2030 [131]. Furthermore, it is interesting to
mention the law of 16 January 2019 (formal adoption on 3 April 2019) [3,4], as the
European Parliament voted for the further reduction of carbon dioxide (COz)
emissions for the newly registered vehicles. In particular, cars and light
commercial vehicles (vans) registered from 2025 will have to emit 15% less CO:
and by 2030 cars will have to emit 37.5% less COz, while light commercial vehicles
will have to emit 31% less. These regulations were approved during the plenary
session on 27 March 2019 and on 18 April of the same year the proposal was also
launched to cut CO: emissions from new trucks by 30% compared to 2019 levels,
by 2030 [132]. Furthermore, the most recent regulation 2021/1119/EU [5], in force
since 29 July 2021, mandates a reduction in greenhouse gas emissions by 55%
compared to 1990 levels by 2030. This law also provides for a series of actions
that must lead to climate neutrality by 2050.

The problem associated with internal combustion vehicles is not only that
of global warming, but it is also connected with the emissions of other pollutants
associated with the combustion process while driving, such as unburned
products and NOx. Furthermore, the problem is also associated with the non-
infinite availability of fossil fuels [130,133] and noise pollution.

In fact, in most European countries, it is estimated that over 50% of the
population is constantly exposed to noise exceeding 55 dB intensity, levels which,
according to the World Health Organization, can cause serious harm to human
health. The World Health Organization has recommended to stay below certain
noise levels, which were within the targets set for 2020 but have not been
achieved [134]. On the other hand, noise pollution is expected to increase due to
the increasing mobility of people, this problem is partly resolvable thanks to
electric mobility, but not entirely since an important source of noise comes from
tires.
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6.2 METHODOLOGY ADOPTED FOR THE REVIEW

The literature analysis was focused on articles that deal with studies
conducted using the LCA (Life Cycle Assessment) methodology. LCA is often
used in the automotive field in order to assess benefits and drawbacks of a
specific technology, as in [135]. In this case various studies concerning traction
batteries for electric vehicles were considered and compared.

The main objective of this literature review is to provide an overview of
the batteries used for traction of electric vehicles, with the ultimate aim of
identifying which are the most demanding phases from an environmental point
of view and how these can be addressed in order to limit their impact.

6.2.1 Life Cycle Assessment (LCA)

The Life cycle assessment or LCA is an internationally standardized
methodology for assessing environmental impacts associated with all the stages
of the life cycle of a commercial product, process, or service. According to ISO
14040, the LCA structure consists of four main steps (Figure 6.1) [136,137], listed
below.

1. Goal and Scope Definition: this is the preliminary phase of the
study, in which the purposes, the functional unit, the boundaries of
the system studied, the reference scenario, the assumptions and
limits are defined.

2. Life Cycle Inventory (LCI): it is the phase dedicated to the analysis
of energy and material flows (inputs and outputs) associated with
the life cycle of the process or activity in question.

3. Life Cycle Impact Assessment (LCIA): it is the study of the
environmental impact that the transport and use of resources cause
in the various production processes analysed in the Inventory.

4. Life Cycle Interpretation: is the final part of the study, which aims
to propose the necessary changes in processes and production
activities. They must be evaluated iteratively through the LCA
itself and possibly in parallel with studies of sensitivity and
propagation of uncertainty.
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Figure 6.1. Life Cycle Assessment (LCA) framework defined by ISO 14040.

6.2.2 Search Engine

The search for significant articles in the literature was carried out mainly
through the “Scopus” search engine and, secondarily, through “ResearchGate”
and “ScienceDirect”.

6.2.3 Selection of Articles

The research of the articles began with the aim of understanding how
traction batteries for electric vehicles were addressed in the literature in LCA
studies and which variables could influence the results. In this way, the different
phases of the life cycle and the various thematic were researched in a targeted
way when the need to expand some aspects emerged. Each topic was then
explored by searching for specific keywords in the title and abstract of the
articles, using the search engines mentioned in the previous section.

The research was further enriched through articles cited in the
bibliography of some authors (of initially selected articles). The work was then
completed by taking into consideration the results and comments of other studies
(reported in the references in the form of bibliography and sitography) in order
to have a picture as complete as possible of the topic dealt with.

The approach used for the choice of articles is atypical. The keywords used
in search engines have not been fixed a priori but they have been modified
according to the topics that you wanted to deepen. Furthermore, the research was
further enriched through articles cited in the bibliography of some authors. The
method adopted however led to good results, in fact it provided roughly the
same articles as a study of the literature treated in parallel always by the
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“Automotive Engineering and Design” research group of the University of
Brescia, a study based on predetermined keywords.

The research then led to the analysis of 18 articles, which are the focus of
the literature review of this article. It was considered that these articles were
sufficient to describe the main issues related to electric vehicles, in particular as
regards the environmental impacts of the different phases of the battery life cycle.

Article [138] deals with a specific chemistry, namely nickel-cobalt-
manganese oxide (NCM), which is one of the most used due to its high specific
density. This article offers an overview of the issues related to the production
phase, especially the preparation phase of the cell materials, and the benefits
associated with the recycling practice.

The article [139] analyses various types of recycling processes and
different battery chemistries. Articles [140-142] deal with innovative
technologies for the batteries production, in particular article [142] deals with the
Sodium-ion Battery (SIB). The article [143] instead compares different production
technologies. Articles [144] and [145] address the issue of resource depletion.
Articles [146] and [147] deal with the issue of recycling. Article [148] instead
presents the second life of batteries in applications other than those for which
these batteries were produced (for traction). Articles [149] and [150] have been
considered thanks to the bibliographic citations of some authors analysed. In
particular, these articles deal with the aspect concerning the energy mix used for
the production phase and, furthermore, article [150] also considers the mix for
the use phase. Article [151] describes the different energy mix expected up to
2050. In article [133] a comparison is made between an internal combustion
engine vehicle and an electric car for the Lithuanian case. The analysis of this
study revealed a contrasting result compared to a similar study conducted in
Italy and presented in the article [152]. [153] is a very comprehensive article
concerning the operation mode. Finally, article [154] deals with LFP (lithium-
iron-phosphate) chemistry, mentioned in several articles and indicated as an
alternative to NCM.

6.3 LITERARY REVIEW

In the next sections the selected articles will be analysed. In particular, the
different impact categories considered will be statistically characterized and the
information contained in the articles will then be used to represent a general
picture of the life cycle of traction batteries for electric vehicles, considering all
the main phases of the cycle (cradle-to-grave approach): extraction and
production, use and finally recycling.
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6.3.1 Impact Categories

Most of the studies considered deal with the impact category relating to
climate change (94.4%). The impact category relating to resource depletion also
appears in several articles, in about 83.3%, and this reflects the growing concern
related to the exploitation of fossil fuels for the ICEV and minerals for the electric
ones. 66.7% of the studies considered risks related to human health as an impact
category. The impact categories relating to the ecosystem range from 50% to 55%,
due to the concern to safeguard both biotic and abiotic factors. The other impact
categories are, on the other hand, less considered in scientific studies in the
literature. Figure 6.2 shows a bar graph showing the incidence of the impact
categories considered in the 18 selected articles.

Many LCA studies report only the impact categories for which reliable
and comprehensive data exist. In fact, the dynamics of the effects induced by
certain substances are not yet particularly known and moreover, often lead to
different impact phenomena, giving rise to cascade effects that are difficult to
evaluate [155].
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Figure 6.2. Graphical representation of the percentage of incidence of the impact categories
considered by the studies analysed in this review work.
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6.3.2 Extraction and Production Phases

The article [152] shows the comparison between an internal combustion
vehicle and an electric vehicle, both based on the virtual model of the reference
car of the ALLIANCE project [156], namely the SuperLightCar. The article [133]
compares the Fiat TIPO ICEV powered by two different fuels, diesel and petrol,
and the Nissan Leaf ACENTA electric vehicle, all vehicles of the year 2008.

In the results obtained from the two studies there is agreement in
affirming the presence of a greater share of impact in the categories relating to
human toxicity and the exhaustion of resources, in particular of metals, for the
electric vehicle compared to the thermal one.

The results obtained in relation to human toxicity are also confirmed in
other more recent studies conducted by other authors and they are mainly related
to the production phase [133,152]. Human toxicity is mainly related to the
processing of chemical substances and metals, necessary for the manufacture of
batteries and electric motors, and to the mining activities necessary for the
extraction of raw materials, which are used in the production phases of batteries
[145,152]. Furthermore, the metal supply chain, in addition to determining
exhaustion of the metals themselves, is the main cause of particulate emissions
[145,152]. The creation of atmospheric particulate is also linked to the energy
required for production if it is mainly based on the use of solid sources [145]. The
contribution of the energy mix used is therefore important. For these reasons, the
battery is the key element in determining the spread of electric vehicles.

In particular, it is the materials used for the production of batteries and
their processing that cause a preponderant impact on human toxicity, on the
exhaustion of metals, but also on other impact categories. Everything is therefore
influenced by the chemistry of the battery in question, i.e., by the type of
materials used and by their processing technology.

From the study of the article [138] it would seem that the greatest
contribution to the environmental impact is mainly attributable to the
preliminary phase of preparation and processing of the materials necessary for
the manufacture of the cells’ components, compared to the production phase of
the battery pack (Figure 6.3).

The graph shown in Figure 6.3 was constructed considering the values
reported in Fig. 3 and in Table 2 of [138]. In particular, the phases relating to the
preparation of the cell materials (reported under the item "Material") and to the
production of the cell itself (item "Production”) are considered and these phases
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were compared according to the percentage impact on the sum of the two phases
themselves [125,157].
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m Material m Production

Figure 6.3. Results obtained from the analysis of the life cycle of the 1 kWh of the NCM
battery, in the impact categories according to the V1.11/World ReCiPe H method
[125,138,157].

Chemicals that include cobalt in the cathode structure determine a greater
share of metal depletion, since it is defined as a critical element [139] and worsens
its position if adequate measures are not applied to reduce its use [158]. The
criticality of cobalt is confirmed by all five methodologies used for the assessment
of environmental impacts in the study [144].

What was said for cobalt, it can also be said for nickel, which has a greater
impact on resource depletion for NCM and NCA chemicals than LFP and SIB in
the study [139] and the same is true for NiIMH compared to LFP and NCM in the
study [154]. Nickel is also indicated as critical in the study [144] for all five
methodologies used and, in the form of nickel sulphate, it is considered to be, in
the study [149], the second material to cause metal depletion for the cathode.

Copper is also defined as a critical element and its presence in the anodic
collector involves a high consumption of resources and this is stated in several
studies (for example in the studies [139,144,149]). Despite this, according to the
study [158], the copper supply chain would not cause problems in the diffusion
of low-carbon technologies (electric vehicles, photovoltaic and wind sector) until
the period considered, i.e., 2030.

According to articles [140] and [149], manganese is a heavy metal that
would cause significant resource depletion for the cathode of the NCM battery.
In the study [145], manganese is the main reason for the difference in impact in
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the metal depletion category between LMO and LFP batteries, LFP being
manganese-free. Despite this, according to the study [158], a significant increase
in manganese demand is not expected by 2030. The different importance
attributed to manganese could be explained by the study [144], which states that
the ReCiPe method of assessing environmental impacts, used by studies
[140,145,149], is not adequate to evaluate the effective availability of resources,
since it is based on the additional economic effort required by future generations
to extract a resource that is abundant today, which will reduce its concentration
as a result of today's exploitation. The same problem would also be present for
the EcoIndicator99 method, which uses the same approach, but considering the
additional energy instead of the additional cost. As for manganese, these
methods lead to conflicting results also for aluminium [144]. Therefore, the
results indicating a criticality for manganese and aluminium seem to be
questionable.

The article [144] highlights the need to also take into account other
essential materials for the electric powertrain, not used directly in the battery,
used for example for the BMS and, in general, for battery electronics.

Essential materials for the production of lithium-ion batteries are lithium
itself and graphite. An increase in the demand for lithium and graphite is
expected [158], in particular by 2898% and 524% respectively by 2030 compared
to today, in order to convert the entire current mobility into electric [159].
However, there is no certainty in stating whether lithium is indeed a critical
element, as there are uncertainties about the extent of its reserves worldwide
[158]. Furthermore, methodologies such as ReCiPe and Ecolndicator99 do not
include the evaluation of this element in the resource depletion and therefore the
criticality associated with its supply is underestimated [144,149,154].

Article [149] deals with an LCA analysis relating to the production of the
NCM battery. The results of this LCA study show that the main responsible for
most of the scores achieved on the various impact categories considered by the
study are the manufacture of the cells, the realization of the negative current
collector in copper, followed by the production of the positive cathode paste.
These three production chains together are claimed to make up 56-87 % of the
total battery impact.

Studies [139] and [154] state that, regardless of the chemistry of batteries,
the energy requirements needed for production are a major cause of global
warming. There is a conflict between the results obtained from studies
[139,149,154] and those obtained from study [138], in which the production
phase, which includes the manufacturing of the cells, generates almost
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completely negligible environmental impacts compared to the materials
preparation phase. The difference probably derives from the database used, the
study [149] uses the data of Ecoinvent 3.1, while the [154] of Ecoinvent 2.2,
determining a quantity of greenhouse gases emitted respectively six times higher
for the entire production phase and two times higher for the cells fabrication,
compared to those calculated by the study [138].

However, it is possible to find a common result among those obtained by
the various authors: most of the greenhouse gas emissions produced during
production phase (understood separately from the material preparation process)
is attributable to the manufacturing phase of the cells. In particular, according to
the study [149], the energy required constitutes 51% of the total impact caused in
the category of global warming, relative to the production phase.

Therefore, the energy mix used during the manufacturing of the cells
strongly influences the emissions produced during this phase. The influence of
the energy mix in the cell manufacturing phase is addressed in articles [145] and
[149], through a sensitivity analysis. Acting on the energy mix allows to reduce a
part of the impact caused during the production phase, while another strategy is
to use more eco-sustainable materials.

A fundamental aspect in the production phase is the specific energy of the
battery, since the higher it is, the more the battery will be able to provide the
vehicle with the required driving range with less weight and less consumption
of materials [139,144] and less energy for its construction and use [139]. Research
is in fact engaged in the development of new technologies for the construction of
batteries that have greater density and energy efficiency and that avoid in their
chemistry the presence of critical materials such as nickel, cobalt, manganese,
copper and, secondarily, aluminium. The common NCA and NCM batteries offer
high energy density, but they contain scarce metals such as nickel and cobalt and
therefore, according to the study [139], the LFP battery would turn out to be a
more eco-sustainable alternative from this point of view, in fact, being composed
of iron phosphate, it does not require critical materials. Despite this, the LFP
battery is not satisfactory from an energy point of view, since it is associated with
a higher share of the energy for the cells manufacturing compared to the NMC
and NCA batteries, bringing carbon dioxide emissions to an overall higher level
[16]. However, this aspect can be solved by adopting less expensive production
processes suitable for the chemistry of the battery in question and by preferring
renewable sources to fossil ones.

The study [154] shows how the LFP battery brings a lower environmental
impact than the NMC in all thirteen impact categories considered. This result was
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obtained using a functional unit based on the energy supplied by the battery,
therefore the longer life expectancy of the LFP compared to the NMC is
considered, allowing to reduce environmental loads effectively. On the opposite,
the functional units expressed in terms of specific energy and mass imply a lower
relative variability between the two types of batteries.

The study [143] reports a migration from the use of the LCO battery to the
LMO, in order to decrease the concentration of cobalt. However, the LMO battery
is more invasive in the resource depletion and human toxicity than LFP [145],
despite being more profitable than the latter for a share of 12% in the climate
change.

Three different innovative technologies regarding battery chemistry will
be briefly presented below.

Among the most promising battery technologies for next-generation
electric vehicles is the lithium-sulphur (Li-S) battery. In the study [141], this new
technology is compared with the traditional NCM battery, and it is stated that
the lithium-sulphur battery is more sustainable. In particular, thanks to a
reduction in environmental impacts for a share ranging from 9% to 90% for
twelve impact categories out of thirteen, while the thinning of the ozone layer
would suffer an increase of approximately 71%, compared to the NCM.

Another accumulator under research and development is the sodium-ion
battery (SIB). The results obtained from the comparison between SIB and
traditional LIBs show a positive attenuation of human toxicity and freshwater
eutrophication thanks to the use of SIBs.

The lithium-air or lithium-oxygen (Li-O:z) battery is also at the focus of
attention in the development of new technologies that are sustainable for the
environment. The study [140] shows how Li-O: brings a greater environmental
impact in the categories relating to human toxicity, terrestrial ecotoxicity and
thinning of the ozone layer compared to the NCM battery. On the opposite, Li-
O: appears to be positive in the other eight impact categories considered,
especially in eutrophication, acidification, and toxicity of fresh and marine water.
Li-O2 would be the best, among the three new technologies just presented, in
terms of ecological footprint (consumption of ecological resources), carbon
footprint (CO: equivalent emissions related to greenhouse gas emissions
problems) and water footprint (consumption and pollution of water by human
activities) [143].

In conclusion, it can be said that the battery production phase is very
expensive, both as regards the necessary metals and for the cell manufacturing
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phase. The chemistry of the cells plays a fundamental role, in particular it is
necessary to consider any critical materials and the possible need for particular
manufacturing processes, with consequent different electrical consumptions. It is
therefore important to consider an adequate energy mix, preferring the use of
renewable sources. The search for innovative and more energy efficient processes
is also important. It is important to create batteries with more eco-sustainable
chemicals, also optimizing the production processes, adapting them to the type
of chemistry treated. Furthermore, these innovative batteries must meet the
requirements of high specific energy and high energy density, in order to reduce
the amount of materials necessary for the construction of the batteries themselves
and the energy required for their production, while maintaining the range
required for the vehicle.

6.3.3 Use Phase
Even for LCA studies relating to the use phase of the vehicle or battery
pack, the initial data and hypotheses are very important.

Between the studies of articles [133] and [152], relating to the comparison
between thermal and electric vehicle, a different result in climate change can be
noted. In the study [152], the diesel-powered vehicle (ICEV) turns out to be much
more polluting than the electric one (BEV), while in [133] the exact opposite
happens. The quantitative results, relating to the entire life cycle, expressed in
Coz-eq [g/km)], are shown in Figure 6.4.
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Figure 6.4. LCA results relating to the impact of greenhouse gas emissions for the entire
life cycle of vehicles, for: [A] study [133] in the year 2015; [B] study [152] in the year 2017.

PhD Thesis GIULIA SANDRINI 230



UNIVERSITA DEGLI STUDI DI BRESCIA

For both studies, emissions are calculated over a distance of 150 000 km
and the use phase is the predominant source of greenhouse gas emissions. The
reason for the difference in the results obtained lies in the fact that the diesel-
powered vehicle of the case [152] has a much higher consumption than that of
the study [133], while for electric vehicles the opposite occurs. Furthermore, the
energy mix with which the batteries of the two electric vehicles under
consideration are charged also entails a substantial difference in emissions; in
fact, the amount of equivalent carbon dioxide emitted during the production of
electricity is greater for the Lithuanian mix than for the average European mix.

The importance of a certain energy mix for an LCA study can be
considerable, both for the production phase and for the use phase. The
environmental loads associated with the energy mix used, in addition to
depending on the type of sources that are used, also vary according to the time
slots in which the batteries are recharged, in particular, the night one (00:00-7:00)
tends to involve environmental charges lower than the daytime one (9:00-17:00)
[153].

In the study [152] a break-even analysis is carried out, considering the
kilometres travelled and three different energy mixes: the average European, the
Norwegian one (mainly composed of renewable energies) and the Polish one
(consisting almost exclusively of fossil fuels). The study showed that the energy
mix of the use phase is irrelevant in modifying the environmental loads for the
categories relating to human toxicity and metal depletion, in fact these two
categories depend almost exclusively on the production phase.

Chemistry, in addition to influencing the impacts introduced by
production, is in some cases one of the reasons for the greater dependence of
some impact categories on the use phase rather than on the production phase.
For example, acidification is more dependent on production for the NCM battery,
for both studies [140] and [141], while the two innovative chemists treated, Li-O:
and Li-S, respectively, have a large contribution given by the use phase.
Furthermore, the chemistry implies a different efficiency of the batteries and their
different life expectancy [153].

Another important aspect is associated with life expectancy, the
kilometres travelled by the car (without replacing the battery pack), as reported
in the study [152]. The greater the distance that the electric vehicle is able to
travel, the greater the possibility of reducing the environmental loads introduced
by production, also recovering the initial advantage of the ICEV.
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The goal is therefore to have batteries with a high number of charge-
discharge cycles [149]. In particular, the duration of a battery depends on its
aging (increase in internal resistance and in the rate of self-discharge and
reduction in capacity) and on various variables related to the use phase (intensity
of current, operating and maintenance temperature, charging mode). The
function of the BMS (Battery Management System) is therefore important.

It is well known that the driving cycle has a relevant impact on overall
energy consumption and emissions [24]. The study [153] investigates the
different outcome in terms of environmental impact associated with three
different driving profiles for an LMO battery, namely aggressive (213.4 Wh/km),
normal (182.8 Wh/km) and ECO (167.1 Wh/km). The latter would be able to
generate a reduction in environmental impacts that is between 42% and 50% per
km depending on the impact category considered (abiotic depletion,
acidification, eutrophication and global warming), since the battery is discharged
with a lower current and, therefore, the resulting losses and energy consumption
are lower.

The study [149] shows how a higher efficiency level of the battery, and in
general of the powertrain, is fundamental in determining a greater number of
total kilometres travelled by the electric vehicle, with the same number of battery
cycles; similarly, greater efficiency allows you to travel the same number of
kilometres with fewer cycles.

In addition to the losses associated with the efficiency of the battery, there
are those related to the transport of the battery itself (of its weight, in particular
of the additional weight necessary to compensate for the low efficiency, to obtain
the same vehicle range). This aspect is addressed by the study [150], which
investigates the losses related to the weight of the battery and those associated
with its internal efficiency. The latter, for an internal efficiency of 90%, are always
higher than those attributable to the transport of the battery. Furthermore, it is
possible to further reduce losses attributable to the weight of the battery thanks
to regenerative braking [144][13] (see Section 3). However, the weight of the
battery is not negligible; in fact, according to the calculations of the study [144],
an increase in the weight-energy ratio from 15% to 50% determines an increase
in the energy lost due to the three times higher weight of the battery, considering
the mid-western European energy mix.

A reduction in volume is also important; in fact, in addition to implying a
lower consumption of material in the production phase [160], it also involves a
possible saving due to the missing fraction of vehicle destined to transport the
additional volume of the battery.
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Therefore, the research for ever lighter and more compact batteries must
be accompanied by the need for greater efficiency (both of the battery and of the
powertrain [149]) in order to obtain a reduced environmental impact, thanks to
the reduction of all losses attributable to the battery.

In conclusion, to reduce the environmental loads of the use phase, it is
important to use an energy mix mainly composed of renewable sources,
preferring night-time charging cycles. Furthermore, the chemistry of the cells
must ensure a highly efficient and large capacity battery. The duration of the use
phase must also be adequate; in this regard it is important that the vehicle control
unit manages control systems aimed at reducing consumption and extending the
useful life of the battery pack. Finally, it is important to search for materials that
make it possible to create ever lighter and more compact batteries.

6.3.4 Recycling Phase

Recycling is a useful methodology for recovering materials from exhaust
batteries, materials that would otherwise have to be mined to produce new
accumulators, resulting in the introduction of additional environmental loads.

Most of these materials are precious metals, such as nickel, lithium, cobalt
and manganese, others are organic and plastic materials, which can produce
large quantities of pollutants in the production and extraction phases [138,149];
some are highly toxic and dangerous if not disposed of properly, such as PVDF
binder, as it releases hydrofluoric acid when burned, or flammable mixtures used
in the electrolyte formation, such as those composed of ethylene carbonate and
dimethyl carbonate [142]. For these reasons, appropriate end-of-life treatment
practices are needed.

The study [146] shows that, for lithium-ion batteries, the Eco-indicator
points deriving from the weighting process of the results obtained in the
categories of damage related to human health, ecosystem quality and resource
depletion, beyond under 200 cycles of battery charge/discharge, decrease as the
recycling percentage increases and, markedly, when the latter reaches at least 40—
50%.

A simple disposal does not allow to obtain the benefits that would derive
instead from a correct recycling practice, as demonstrated by the study [147].
According to the latter, recycling would lead to a reduction in ecological points
by a share of 23%.

Recycling practices also require energy and material input to the system
itself, with the consequent introduction of environmental loads which are,
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however, generally low compared with those that compete in the production and
use phases [133,139-141,152].

There are different technologies used for recycling, the more classic ones
involve methods of chemical extraction of metals, and they are pyrometallurgical
and hydrometallurgical treatments [161]. The first uses high temperatures to
obtain the constituent elements of the cathode, allowing the recovery of
aluminium, copper, cobalt, nickel, manganese, and titanium; while the second
uses an acid or alkaline solution through which salts of lithium, cobalt, nickel,
manganese, magnesium, and titanium are obtained [139,148].

The  pyrometallurgical treatment, if compared with the
hydrometallurgical one, offers significantly lower advantages, above all due to
the greater consumption of electricity required for the treatment [138], since it is
carried out at a high temperature, and the loss of lithium in the waste [139].
According to the study [148], pyrometallurgical treatment appears to be the
methodology to which the least environmental benefits are attributed for LMO,
NCM and NCA batteries with regard to climate change, as affirmed in the study
[139] for NCA, NCM, SIB and LFP batteries; in particular, the latter sees an
increase with respect to the environmental impacts generated in production. Also
with regard to the depletion of abiotic resources, pyrometallurgical process is the
one that brings the least benefits, with the exception of the sodium ion battery,
which with this treatment obtains greater advantages compared to the
hydrometallurgical one.

However, hydrometallurgical recycling requires a large amount of water
(water requirement problem). Nonetheless, hydrometallurgical process implies
lower environmental loads than pyrometallurgic one, which is connected to
higher emissions of atmospheric pollutants and greenhouse gases, due to the
production and combustion of carbon coke during the process; this combustion
is responsible for the releases of sulphur dioxide, with consequent damage to
human health if they are not treated properly (using a washing system based on
calcareous sulphur) [152].

In general, a pyrometallurgical or hydrometallurgical treatment does not
allow the LFP and SIB batteries to considerably reduce the environmental
impacts generated during the production phase, as is the case for NCM and NCA
batteries. This depends on the materials recovered. The evolution towards
innovative chemicals, which allow a reduction in the percentages of heavy and
critical metals, must therefore be accompanied by a continuous research for
suitable recycling processes.
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The study [138] shows that, for the NCM battery, the hydrometallurgical
treatment brings significant advantages in all impact categories considered. In
particular, the best results are associated with the impact categories relating to
the production of photochemical oxidants and human toxicity, with a reduction
of 105.2% and 139.8% respectively, thanks to the large amount of recovered
aluminium, which is the most responsible for the impacts caused in these two
categories.

The study [145] analyses the hydrometallurgical treatment for LMO and
LFP batteries, which is the standard one for these batteries. In this case, the
hydrometallurgical treatment allows greater savings in electricity consumption,
compared to the pyrometallurgical one [162].

The effectiveness of recycling treatments largely depends on the chemistry
of the battery in question, therefore, for innovative chemicals, treatments
designed specifically are required.

An innovative method is direct recycling, which is a non-destructive
technique that allows the recovery of the cathode and electrolyte. It therefore
allows the direct reuse of the material after preliminary light processing, if
necessary [148,161]. In fact, the recovered materials are not always used in the
production of batteries for the automotive sector. Many studies report the
benefits associated with the second use of batteries in other areas.

The study [148] certifies the effectiveness of cascade use, i.e., the efficient
use of resources using residues and recycled materials, for the analysed NCM,
NCA and LMO batteries. In particular, the application in stationary energy
storage systems would allow the reduction of environmental loads related to the
life cycle of the batteries used during their first life in the automotive sector.

The study [148] states that direct cathode recycling is associated with
lower environmental loads than those of hydrometallurgical and
pyrometallurgical treatments, also with regard to global warming [148,163].
Furthermore, it would be able to guarantee a lower amount of waste from the
recycling process [162] and it would be able to offer a high contribution in
effectively reducing the impact generated in production phase of the batteries
with low-cost chemicals such as LFP [139].

In general, the greatest benefit obtainable from recycling is the reduction
of the metals used for the production of new batteries [139,145] and the lowering
of the emissions related to the extraction and processing of the metals themselves.
However, the greenhouse gas emissions released during the cell manufacturing
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cannot be significantly reduced by recycling due to the high energy consumption
required for this phase.

An important aspect is the efficiency of recycling, which determines the
effectiveness or otherwise of the treatment and the quality of the recycled
product.

We must also pay attention to the economic aspect, the recovery of metals
of low monetary value through recycling could introduce greater economic
burdens than environmental benefits.

Further attention should be paid to transport, which is necessary to bring
exhausted batteries to recovery centres; in this phase, the generation of significant
environmental loads must be avoided [162].

In conclusion, recycling treatments need to be refined according to the
chemistry in question, so that they are also suitable for innovative chemicals.

6.4 DISCUSSION AND FINAL CONSIDERATIONS

Thanks to this literature review it was possible to show how different
aspects and parameters influence the results of LCA studies applied to electric
vehicles and, in particular, to their battery pack.

The absence of unified and/or accessible data regarding battery design
[149] and manufacturing processes can lead to significant differences between
LCA inventories and, therefore, between the results obtained.

The functional unit adopted, defining the study approach, also leads to
different results. For example, analysing batteries with a functional unit based on
their mass does not allow to fully consider the efficiency during the use phase
[154] and the specific energy level [159]. The latter is the reason why NCM and
NCA batteries have significantly lower environmental performance than LFPs
when the functional unit is expressed in terms of mass, while when this is based
on energy, the opposite result is obtained [159].

From the studies analysed, the battery production phase was often
dominant in the life cycle. This is mainly related to the materials used and to the
manufacturing of the cells, especially the energy required for this process. In this
regard it is necessary to pay particular attention to the type of battery in question;
in fact, a different chemistry involves different processes, materials and
quantities of energy.

Having ascertained metals such as nickel, cobalt, manganese, copper and,
secondarily, aluminium are particularly critical, some from the point of view of
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toxicity, others from that of resource depletion and/or greenhouse gas emissions,
it is useful to evolve towards products greener chemicals.

Help to reduce environmental impacts comes from the use of energy from
renewable sources, which has lower environmental loads than that from fossil
sources. The energy mix influences both the manufacturing and use phases. It is
therefore also useful to pay attention to the daily hours in which the battery is
recharged. To promote the growth of renewable energies, innovative and flexible
electricity distribution network systems, called “Smart-Grid”, are indispensable,
together with storage systems, with the aim of solving the problem linked to
uncertainty, discontinuity, and non-programmability of renewable sources.

Another important aspect to consider is that of the specific energy of the
battery. In fact, a high specific energy, for the same vehicle range, allows the use
of lower quantities of materials and energy for manufacturing and it allows the
reduction of losses associated with the transport of the battery itself.

Important to reduce environmental loads are also high battery durability
and high efficiency of the battery pack (and, in general, of the vehicle), together
with the ecological use of the car, obtainable thanks to the development of control
strategies, managed by a control unit, and thanks to the will of the driver.

Recycling makes it possible to reduce some of the impacts introduced with
the production phase, those relating to the materials and processes required, but
not those strictly related to the use of energy for manufacturing. The research for
new efficient recycling strategies must go hand in hand with the research for
innovative and less impactful materials from an environmental point of view.

In addition to the environmental aspect, the economic aspect should also
be considered: capital and maintenance costs associated with infrastructures
suitable for the circulation of the growing number of electric vehicles, the
purchasing power of people, and the different costs of the different battery
chemistries and so on.

Finally, the transition to electric mobility would cause a non-negligible
social impact: transition from petrol station to electric charging stations, from the
thermal engine to the electric one, from mechanical to electrical connections, etc.

Therefore, many aspects should be taken into consideration in the
transition towards electric mobility, since this has not only an environmental
impact, but also social and economic ones. These last two aspects are beyond the
aim of this article, but to properly assess the sustainability of electric mobility
they should not be overlooked.
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7 CONCLUSION

The goal of the work presented in this thesis was to identify energy
management strategies on board electric and hybrid vehicles, in order to
optimize energy management and thus allow for resource savings. In particular,
strategies that allow energy savings, and a saving of resources necessary for the
production of the latter, during use phase and also allow a saving of resources
during the production phase of the vehicle, with particular reference to the
realization of the battery pack. In fact, by optimizing the energy management in
the operational phase of the vehicle, through appropriate logics to be
implemented in the vehicle control unit and/or through the study of particular
hybrid vehicle configurations, it is possible, with the same vehicle range, when
sizing the battery pack, identify one with reduced dimensions and weight, thus
saving resources in the production phase.

Initially a model (called TEST [10]) for simulating the longitudinal
dynamics of electric and hybrid APU (Auxiliary Power Unit, with one or more
generators suitable for recharging the battery pack) vehicles was created in
MATLAB/Simulink®. This model allows to carry out consumption analysis and
useful simulations for sizing the various components of the vehicle system,
including sizing the battery pack.

The TEST model was the starting point for identifying energy
management strategies, in particular, a regenerative braking logic (called RB
logic [13]) and the possibility of simulating hybrid vehicles equipped with fuel
cell were integrated into the TEST model.

The RB logic was created ad hoc to obtain the greatest possible
regenerative recovery, avoiding vehicle instability. The logic is represented by a
Simulink model, in which the code differs for three cases, for the case of front-
wheel drive electric vehicles (FWD), rear-wheel drive (RWD) and, finally, all-
wheel drive vehicles (AWD), with two electric motors, one for each axle. The
integration of the RB logic in the TEST model was useful for estimating the
energy savings guaranteed by the logic itself, compared to the consumption of
an electric vehicle without regenerative braking and compared to a case of
regenerative braking considered as “standard”: a classic regenerative braking
logic, commonly adopted on vehicles on the market according to [10]. The results
obtained are interesting: for the FWD and RWD compact cars under
consideration, the RB logic makes it possible to save around 30% in terms of
energy consumption on the class 3b WLTP cycle compared to a vehicle without
regenerative recovery and about 23.5% compared to a vehicle equipped with the
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classic regenerative braking logic. On the US06 cycle, on the other hand, it made
it possible to save 24.4% and 19.5%, respectively. Similar, promising results have
been achieved with the AWD car.

An efficient regenerative braking logic can allow energy optimization on
board full electric vehicles, increasing their range, but this increase may not be
sufficient for certain categories of vehicles. To best solve this problem, it was
therefore necessary to direct the study towards new vehicle technologies, in
particular hybrids, without a traditional internal combustion engine, which, due
to the increasingly stringent emission laws, is destined to disappear on newly
registered cars of the next decades.

The first innovative technology analysed was that of hybrid vehicles
equipped with hydrogen fuel cells. In particular, a PEMFC model (Proton
Exchange Membrane Fuel Cell) and a power management logic (power split
logic) on board the vehicle has been created [20]. The power split logic allows a
combined use of fuel cell (which represents the primary energy source) and
battery pack (which acts as peak power source) to supply the electric traction
motor. These logics were created in Simulink and integrated within the TEST
model.

Another technology under study was that of hybrid electric vehicles with
fuel cells that can be powered by biomethane (or methane). The chemistry
identified was that relating to SOFCs (Solid Oxide Fuel Cells), which allow,
thanks to the reforming process, to be fed with fuels other than hydrogen,
including methane. However, the SOFC cells are characterized by different
problems, in particular by a high structural fragility, an aspect to be solved for
the installation of the latter on a hybrid electric/SOFC vehicle, long ignition times
and slow transients. For these reasons, the SOFC vehicle model that has been
created, and integrated into the TEST model, is represented by a vehicle that
operates in fleet (in the case in question a waste collection vehicle), with a
predefined driving mission. Furthermore, the configuration is that of a full
electric traction vehicle, with the electric motor (or motors) powered by the
battery pack and with a solid oxide fuel cell stack that acts as a generator by
recharging the batteries. A special feature of the system is that the SOFC, once
switched on, when the vehicle has been put into operation for the first time, will
not switch off for the rest of the vehicle’s useful life. When the vehicle is not in
operation and the battery pack does not need to be recharged, the vehicle must
be connected to the electricity grid and the SOFC will supply power to the latter.
Alternatively, it will be possible to recharge the battery pack of other electric
vehicles in the fleet or to recharge a stationary energy storage system.
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Finally, the thesis reports an in-depth analysis of the LCA (Life Cycle
Assessment) studies relating to electric vehicles, with particular regard to the
battery pack, to show the environmental criticalities associated with the different
phases of the latter’s life cycle. This latest study therefore highlights the
importance of correct energy management and the importance of adopting
hybrid electric strategies to minimize the environmental impact associated with
energy consumption. Also allowing to size the battery pack with reduced mass
in order to obtain a lower resources depletion during its production.
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9 NOMENCLATURE

Abbreviation Description
A Active cell area !
a Longitudinal vehicle acceleration 3
ABS From the German: Antiblockiersystem. Anti-lock system.
Avoid locking the vehicle’s wheels when braking
Af Frontal area of the vehicle !
AFC Alkaline Fuel Cell
ay, Hydrogen activity ®
au,o Water activity 10
Ao, Oxygen activity 1
AP Acidification Potential
ApistonF Total area of the brake pistons, front callipers !
Apistonr Total action areas of the brake pistons of the rear callipers !
Aproduct FC products activity ©
APU Auxiliary Power Unit
Areactant FC reactants activity ©
Aref Reference vehicle acceleration (in TEST model) ¢
Ar Coefficient as a function of temperature 1
AWD All-Wheel Drive vehicle
a Lateral vehicle acceleration (of the centre of gravity), absolute
g value s
BattChargeMax Rated capacity at nominal temperature, of a single cell or of
the entire battery pack !
Batt Np Number of cells arranged in parallel inside the battery pack
- (Ny)
Number of battery pack cells in parallel (N,) if the capacity is
Batt_Np_2 defined for the battery pack, equal to 1 if the capacity is defined
for the single cell 2
Batt Ns Number of cells arranged in series inside the battery pack

(N,) !

Batt Rint table

Table where the first column reports the temperature values,
the first row the SOC values and at the centre the
corresponding internal resistance data !

BattSoc

Battery State of Charge ¢

Batt SOC_Em

Vector that reports the values of the open circuit voltage of
the single cell of the battery pack as a function of the SOC !

BD

Optimal braking distribution (calculated in RB logic) 5

BEV

Battery Electric Vehicle
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Abbreviation Description
Biasy, ur Pressure portion, compared to that of the master cylinder,
which acts on the front brakes !
BMS Battery Management System
BrakeDemand Brake demand (from 0 to 1)
B-V Butler-Volmer equation
Rated capacity at nominal temperature, of a single cell of the
Chare batter k2
y pac
Initial capacity of a single cell of the battery pack, expressed
Cbatt_init .
in Ah?
CeO2 Ceric oxide, ceria
CG Centre of gravity
CHa4 Molecule of methane
o Stoichiometric coefficient of the i-th species 1
c Stoichiometric coefficient of the j-th species 1

Calibration coefficient of the calibration function y (in the
TEST model) !

CO Carbon monoxide
CO: Carbon dioxide
COr-eq Equivalent carbon dioxide
cos(@) Power factor
Maximum charging current of the battery pack (input of RB
Crntyax )
logic) s
Charging current of the battery pack generated by the motor
Crntpor ) )
or motors (calculated in RB logic) 5
Current that the front motor sends to the battery pack when it
Crntyepp produces a regenerative motor torque equal to T}, FF
(calculated in RB logic) 5
Current that the rear motor sends to the battery pack when it
Crntyerr produces a regenerative motor torque equal to Ty.¢sg
(calculated in RB logic) 5
Crnt Total charging current generated by the motor or motors
red (calculated in RB logic) 5
Charging current generated by the front motor (calculated in
Crityeqr ]
RB logic) 5
Charging current generated by the rear motor (calculated in
CTntreqR .
RB logic) 5
Cy Longitudinal aerodynamic coefficient !
DC Direct Current
DMEC Direct Methanol Fuel Cell
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Abbreviation Description
The difference in distance travelled, between the current
dx instant and the previous calculation instant (in the TEST
model)
The difference between the altitude of the road at the point
dz considered and the altitude of the point of the instant of
calculation preceding that considered (in the TEST model) ¢
e Electron
E, Reference standard electromotive force (standard EMF)
EQ Standard EMF at the standard temperature
Eqct Activation energy 10
EMF Electromotive Force
EMS Energy Management System
Enernst Nernst voltage, reversible open circuit voltage of the FC 10
EPA Environmental Protection Agency
EU European Union
EV Electric vehicle
F Faraday number 11
f Rolling resistance coefficient 3
Aerodynamic resistance, drag (calculated in the TEST model,
Faero . . . . .
using vehicle speed of the previous instant of calculation) *
Fopuax Theoretical total maximum braking force that the front axle
can unload on the ground (calculated in RB logic) s
Fyrake Force given by the traditional brakes (in the TEST model) ¢

F brake_max

Maximum force that can be generated by the braking system
(calculated in the TEST model) ¢

Force required to traditional brakes (calculated in the TEST

Fbrake_req model) 4
Fprakereq Total braking force request (calculated in RB logic) s
Fiyraxereqr Front braking force associated with the driver demand
(calculated in RB logic) 5
Fiyraxereqr Rear braking force associated with the driver demand
(calculated in RB logic) 5
F Theoretical total maximum braking force that the rear axle
prmax can unload on the ground (calculated in RB logic) s
FC Fuel Cell
FCHEV Fuel-Cell Hybrid Electric Vehicle
F, Aerodynamic resistance, drag 3
FDP Fossil Depletion Potential
FEP Freshwater Eutrophication Potential
FETP Freshwater Ecotoxicity Potential
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Abbreviation Description
Fo Force lost due to inertia of the front wheels (“backward-
inertiak facing” approach, in the TEST model) *
F Force lost due to inertia of the rear wheels (“backward-
tnertiak facing” approach, in the TEST model) *
FLC Fuzzy Logic Controllers
F Maximum braking force that the traditional brakes can
MAXbrake unload on the ground (calculated in RB logic) 5
F Maximum braking force that the traditional front brakes can
MAXbrakeF unload on the ground (calculated in RB logic) 5
F Maximum braking force that the traditional rear brakes can
MAXbrakeR unload on the ground (calculated in RB logic) 5
E, Rolling resistance 3
fr Static rolling resistance coefficient !
f Coefficient which allows to consider the rolling resistance
r_2

coefficient as a linear function of vehicle speed !

Fref_wheels

Total traction force required at the wheels (calculated in the
TEST model) 4

Braking force required from the front motor (calculated in RB

Frear logic)
F Braking force required from the rear motor (calculated in RB
rear logic)
F, Traction force (calculated in the TEST model) ¢
F Portion of traction force which must be guaranteed by the
trk front motor (calculated in the TEST model) +
F Portion of traction force which must be guaranteed by the
tr-motk front motor (calculated in the TEST model) +
F Portion of traction force which must be guaranteed by the
trR rear motor (calculated in the TEST model) ¢
FWD Front-Wheel Drive vehicle

theels_inertia_F

Force lost due to inertia of the front wheels (“forward-facing”
approach, in the TEST model) ¢

F wheels_inertia_R

Force lost due to inertia of the rear wheels (“forward-facing”
approach, in the TEST model) ¢

Additional force given by the presence of the slope of the

Fo ground 3

g Gravity acceleration !

GPS Global Position System
GWP Global Warming Potential

H* Hydrogen ion

Ho Molecule of hydrogen
H:O Water molecule
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Abbreviation Description
hery Height of the front roll centre !
hcgr Height of the rear roll centre !
hg Height of the centre of gravity of the vehicle !
HTP Human Toxicity Potential
I Battery pack current 3
i Current density of FC
Io Equilibrium exchange current density of FC 10
ICE Internal Combustion Engine
ICEV Internal Combustion Engine Vehicle
Lehrg timit Charging limitation expressed as current !

Idischrg_limit

Discharging limitation expressed as current !

Irc Load current of a single cell of the FC stack ®
I¢. Fuel cell stack output current
i Limiting current density of FC 1
In Input
init sOC SOC of the battery pack at the start of the TEST simulation, in
B percentage !
I Battery current of the previous calculation instant (in the
prev TEST model)
Ireq Theoretically required battery current, if there are no
limitations (calculated in the TEST model) +
ISO International Organization for Standardization
j Longitudinal vehicle deceleration (positive value) s
] Fuel cell actual current density ¢
Moment of inertia of the transmission after the front motor
Jink reducer !
Moment of inertia of the transmission after the rear motor
Jink reducer !
Jmax Fuel cell maximum current density !
JmotF Moment of inertia of the front electric motor !
Jmotr Moment of inertia of the rear electric motor !
Moment of inertia of the transmission before the front motor
Joutr reducer !
Moment of inertia of the transmission before the rear motor
Joutr reducer !
JwheelF Moment of inertia of a single front wheel !
Jwheelr Moment of inertia of a single rear wheel !
I Local k-point mean values for the moving mean of speed
profile (in the TEST model) !
karps Stiffness of the front anti-roll bar !
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Abbreviation Description
kirpr Stiffness of the rear anti-roll bar !
Ky, Valve molar constant for hydrogen
Ku,o Valve molar constant for water 1
kneat Specific heat ratio !
Ko, Valve molar constant for oxygen ©
KOH Potassium hydroxide
K, Constant, K, = 1/4F 1
krour The roll stiffness of the front axle !
krour The roll stiffness of the rear axle !
kspringr Stiffness of the front suspension springs !
kspringr Stiffness of the rear suspension springs !
L Wheelbase !
L Distance between the front axle and the centre of gravity of
“ the vehicle
L Distance between the rear axle and the centre of gravity of the
b vehicle 2
LCA Life Cycle Assessment
Leabier Total length of the connection cables of the front motor !
Leabier Total length of the connection cables of the rear motor !
LCI Life Cycle Inventory
LCIA Life Cycle Impact Assessment
LCO Lithium-cobalt oxide (LiCoQO-)
LFP Lithium-iron-phosphate battery (LiFePOs)
LisTisO012 Lithium-titanium oxide (LTO)
LIB Lithium-ion Battery
LiCoO2 Lithium-cobalt oxide (LCO)
LiFePOs Lithium-iron-phosphate battery (LFP)

leltbatt_acc

Binary control variable equal to 1 if there are limitations of
the motors during traction due to the maximum performance
of the batteries (in the TEST model) ¢

Limi tbatt_brak

Binary control variable equal to 1 if there are limitations of
the motors under braking due to the maximum performance
of the batteries (in the TEST model)

Limitgey

Binary control variable equal to 1 if there are limitations of
the generators due to the maximum performance of the
batteries (in the TEST model) 4

lel tmot_acc

Binary control variable equal to 1 if there are limitations due
to motors in acceleration (in the TEST model) +

Limi tmot_brak

Binary control variable equal to 1 if there are limitations due
to motors under braking (in the TEST model) *
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Abbreviation

Description

Limi ttrad_brak

Binary control variable equal to 1 if there is a limitation of
traditional braking (in the TEST model) 4

LiMn20s4 Lithium-manganese oxide (LMO)
LiNixCoyAlL.O2 Lithium-nickel-cobalt-aluminium oxide (NCA)
LiNi:Co,Mn.O: Lithium-nickel-cobalt-manganese oxide battery (NMC or
NCM)
Li-O2 Lithium-oxygen
Li-S Lithium-sulphur
Iy Membrane thickness !
LMO Lithium-manganese oxide (LiMn20x)
LTO Lithium-titanium oxide (LisTi5O12)
M Total vehicle mass (plus people and loads) 1(RB logic) ATEST model)
Myir Mass flow rate of air required for the PEMFC reaction ¢
Meargo Mass of the transported cargo !
MCEC Molten Carbonate Fuel Cell
Meone Experimental constant 10
MDP Metal Depletion Potential
Mariver Driver’s mass (plus the mass of any passengers) !
MEP Marine Eutrophication Potential
Meryel Mass of the fuel :
i, Consumption of hydrogen mass flow, for FCHEV with
: PEMEC s
Musk Half the front unsprung mass of the vehicle !
Myr Half the rear unsprung mass of the vehicle !
e Mass flow rate of oxygen gas required for the PEMFC
i reaction ¢
MRC Model Reference Controller
m Slope of regenerative braking torque curve of the front motor
RB.E (in the TEST model) !
m Slope of regenerative braking torque curve of the rear motor
RER (in the TEST model) !
Mgp Front sprung mass of the vehicle !
MR Rear sprung mass of the vehicle !
Myehicle Unloaded mass of the vehicle !
n Number of FC cells !
N> Molecule of nitrogen
NCA Lithium-nickel-cobalt-aluminium oxide (LiNixCoyAl.O2)
NCM Lithium-nickel-cobalt-manganese oxide battery
(LiNixCoyMn-O: or NCM)
Neone Experimental constant 10
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Abbreviation Description
N, Number of electrons
Ngen Number of generators !
Ni Nickel
NiMH Nickel-metal hydride
NMC Lithium-nickel-cobalt-manganese oxide battery
(LiNixCoyMn:O:z or NCM)
NNC Neutral Networks Controller
NOx Oxides of nitrogen
Ny Number of cells arranged in parallel inside the battery pack !
N Number of cells arranged in series inside the battery pack !
O Oxygen ion
O Molecule of oxygen
o> Oxygen ion
OCV Open Circuit Voltage
Out Output
Po Standard pressure 10
p Maximum power that the battery pack can absorb, by the
absorbable motors and generators (calculated in the TEST model) *
P,cc Total power consumed by the vehicle accessories !
PAFC Phosphoric Acid Fuel Cell
P Available power which can be taken from the battery pack to
avatlable power the motors (calculated in the TEST model) *
Hypothetical power absorbed by the battery pack, coming
Pawpy from the front motor, in the case of an AWD vehicle, with
battery limitations (calculated in RB logic) 5
P Hypothetical charging power provided by the rear motor
- (calculated in RB logic) 5
Charging power provided by the front motor in case of
Pawp NEwf approximation error in the calculation of Tz, for AWD
vehicles (calculated in RB logic) 5
Hypothetical power absorbed by the battery pack, coming
Piswpr from the rear motor, in the case of an AWD vehicle, with
battery limitations (calculated in RB logic) s
p Available power which can be taken from the battery pack to
battF power the front motor (calculated in the TEST model) *
p Total power of all cells, dissipated by Joule effect in the entire
battizR battery pack (calculated in the TEST model) *
p Available power which can be taken from the battery pack to
battk power the rear motor (calculated in the TEST model) ¢
p The power which can be taken from the battery pack to
batt_req

power the front motor ¢
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Abbreviation

Description

pbrake_max

Maximum pressure that can be generated inside the master
cylinder of the brake system 2

Constant power that is used to keep within the discharge and

Pourser charge limits with a defined tolerance !
PcH, Partial pressure of the methane 1
Penrg timit Charging limitation expressed as power !
Pco, Partial pressure of the carbon dioxide 1
Peomp Power supply of the PEM fuel cell compressor ¢

Pdischrg_limit

Discharging limitation expressed as power !

PEFC Polymer Electrolyte Fuel Cell
PEM Proton Exchange Membrane
PEMFC Proton Exchange Membrane Fuel Cell
Percentage of the power consumed by the compressor of the
Perceomp/acc FC compared to the power consumed by all the auxiliaries of
the PEMFC itself !
Prc The output power of the fuel cell stack ¢
Prc eff Effective FC output power ¢
Prcmax Maximum power of the fuel cell 2
Pecmin Minimum power of the fuel cell 2
Fyen Power supplied to the batteries by the generators ¢
Pyen rc Effective FC power absorbed by the battery pack ¢
Pyen e th FC power that should be sent to charge the battery ¢
Byen nom Nominal power of a generator !
p Total maximum power that the generators can supply as
gen-th input to the battery pack *
PH, Partial pressure of the hydrogen at the anode 110
PH,0 Partial pressure of the water ©
PI Proportional-Integral controller
PID Proportional-Integral-Derivative controller
PIDC Proportional-Integral-Differential controllers
P; Inlet pressure of the PEMFC compressor !
PMEFP Particulate Matter Formation Potential
Total power that the motors absorb (calculated in the TEST
Pmot_tot
model) 4
Po, Partial pressure of the oxygen at the cathode 110
POCP Photochemical Oxidant Creation Potential
P, Outlet pressure of the PEMFC compressor !
PPS Peak Power Source
Proor Power required to the battery pack by the front motor

(calculated in the TEST model)
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Abbreviation Description
p Power required to the battery pack by the rear motor
reak (calculated in the TEST model) +
PreSpraker Front master cylinder brake pressure (calculated in RB logic) °
Prespraker Rear master cylinder brake pressure (calculated in RB logic) ©
Maximum pressure that can be generated inside the master
PresMAXbrakeF . . .
cylinder of the front brake system (in RB logic) !
Maximum pressure that can be generated inside the master
PreSMAXbrakeR . . :
cylinder of the rear brake system (in RB logic) !
PROPS Powertrain ROad Performance Simulation
Charging power that the SOFC system sends to the battery
Psorc
pack
Psorc tn Constant power supplied by SOFC n
p Sum of the traction power request (P.o¢ r¢q) and the power of
ot the auxiliary systems ¢
Total power required by the motors (calculated in the TEST
P tot_req
model)
PVDF Polyvinylidene fluoride
R Universal gas constant 10
T Ohmic resistance in the FC 1
RB Regenerative Braking
R Fuel cell internal resistance due to the transport of electrons !
Riabier Electric resistance of the front connection cables 2
R abier Electric resistance of the rear connection cables 2
Average radius of application of the braking force on the
RdiscF .
front discs !
Average radius of application of the braking force on the rear
RdiscR di 1
iscs
RES Internal resistance of the battery pack
- Ratio between the inlet molar flow rates of hydrogen and
HO oxygen 10
R; Resistance of the single cell of the battery pack *
Ry Fuel cell internal resistance due to the transport of ions 2
Ronm Total resistance of the FC cell 2
RPM Revolutions per minute
RWD Rear-Wheel Drive vehicle
Ry heelr Nominal rolling radius of the front wheels !
Ryheelr Nominal rolling radius of the rear wheels !
SAFC Sulphuric Acid Fuel Cell
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Abbreviation Description
Safety coefficient for the braking force guarantee by the front
SCr motor, for avoiding the locking of the front driving wheels (in
the RB logic) !
Safety coefficient for the braking force guarantee by the rear
SCr motor, for avoiding the locking of the rear driving wheels (in
the RB logic) !
SFTP Supplemental Federal Test Procedure
SI International System of Units
SIB Sodium-ion Battery
SMC Sliding-Mode Controller
SOC Battery State of Charge
SO0Cpax Upper limit of the PEMFC “Power Split” logic !
SOChin Lower limit of the PEMFC “Power Split” logic !
SOFC Solid Oxide Fuel Cell
SOFC-GT Solid Oxide Fuel Cell / Gas Turbine
SPFC Solid Polymer Fuel Cell
T Fuel cell temperature ©
Ty Standard temperature ©
Tomp Ambient air temperature !
T Hypothetical front regenerative torque, minimum value
AWD_HYPf between Tyyp maxr and Tr.¢r (calculated in the RB logic)
T Hypothetical rear regenerative torque, calculated starting
AWD_HYPr from the power Py p yypr (calculated in the RB logic) 5
Maximum regenerative torque that can be obtained from the
Tawp maxf front motor, exploiting the absorbable power P,y pr by the
battery pack (calculated in the RB logic) 5
TC Threshold Controller
TEST Target-speed EV Simulation Tool
TETP Terrestrial Ecotoxicity Potential
Ty, Fuel cell operating temperature !
Tnot F Front motor torque (calculated in the TEST model) ¢
T Regenerative torque of the front electric motor (calculated in
motk the RB logic) °
Tnot r Rear motor torque (calculated in the TEST model) 4
Regenerative torque of the rear electric motor (calculated in
Tmotr the RB logic) ¢
&
tracky Front track of the vehicle !
tracky Rear track of the vehicle !
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Abbreviation Description
Distribution of torque between the front and rear electric
TractRatio,. motors (towards the front) in the case of the accelerator pedal
pressed (in the TEST model) !
Distribution of torque between the front and rear electric
TractRatioy,qp motors (towards the front) in the case of the brake pedal
pressed (in the TEST model) !
7 Maximum regenerative braking torque of the front motor (in
REmaxF the TEST model) !
T Maximum regenerative braking torque of the rear motor (in
REmaxR the TEST model) !
Trer F Front motor torques required (calculated in the TEST model) +
Regenerative torque required from the front electric motor,
Trefr respecting the limitations of the motor (calculated in the RB
logic)
Tref r Rear motor torques required (calculated in the TEST model) ¢
Regenerative torque required from the rear electric motor,
Trefr respecting the limitations of the motor (calculated in the RB
logic) 5
T Front motor request torque, considering the motor limitation
reat (calculated in the TEST model) ¢
T Regenerative torque required from the front electric motor,
rear not considering any limitations (calculated in the RB logic) 5
T Rear motor request torque, considering the motor limitation
req-R (calculated in the TEST model) ¢
T Regenerative torque required from the rear electric motor, not
rear considering any limitations (calculated in the RB logic) 5
ts Sampling time of the TEST simulation !
u FC fuel usage ratio ©
US06 Normed driving cycle, SFTP-US06
4 Voltage of the battery pack #s
4 Longitudinal vehicle speed 43
Vact Activation potential loss ¢10
Veenr Output voltage of a single cell of the fuel cell stack ¢
Veone Concentration loss ¢10
VCU Vehicle Control Unit
Vec Fuel cell stack output voltage ¢
Vohm Ohmic loss &10
" Vehicle speed of the instant of calculation preceding that
prev considered (in the TEST model) 4
V. Reversible open circuit voltage of the fuel cell 210
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Abbreviation Description
. Minimum speed for the activation of the regenerative braking
REmnE of the front electric motor (in the TEST model) !
. Minimum speed for the activation of the regenerative braking
RBminR of the rear electric motor (in the TEST model) !
Vyef Reference vehicle speed (in the TEST model)
W ir Molecular mass of the air in input in the PEMFC !
W Load on the front axle, considering only the static weight and
! the longitudinal load transfer (calculated in the RB logic) s
WHF Vertical aerodynamic coefficient !
Wh, Molecular mass of hydrogen !
WLTC Worldwide harmonized Light-duty vehicles Test Cycles
WLTP Worldwide harmonized Light-duty vehicles Test Procedure
Wo, Molecular mass of oxygen !
W Load on the rear axle, considering only the static weight and
" the longitudinal load transfer (calculated in the RB logic) s
Wierr Reference load on the front axle (calculated in the RB logic) 5
Wirerr Reference load on the rear axle (calculated in the RB logic) 5
x Space travelled by the vehicle (in the TEST model) ¢
Space covered by the vehicle from the start of the simulation
Xprev until the calculation step preceding the one considered (in the
TEST model) 4
Calibration function, ratio between the TEST total motor
Y torque and the “real” total motor torque 4
Y205 Yttrium oxide
Y3 Ion of yttrium
YSZ Yttria-Stabilized Zirconia
Zr* Zirconium ion
ZrO: Zirconium oxide
aq Reduction coefficient
a; Oxidation coefficient 1
a, Constant coefficient 1
B Parametric coefficient of concentration loss !
Br Constant coefficient 1
By Symmetry factor ©
AF Front-load transfer due to lateral acceleration (calculated in
i the RB logic) 5
AF Rear-load transfer due to lateral acceleration (calculated in
“R the RB logic) 5
APy, Power missing for the power supply of the accessories 3
As Entropy variation 1
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Abbreviation Description
A Time derivative
At
Electrical efficiency of the front motor at the operating point
Nawpf characterized by the parameters Py pr and wpor (in the RB
logic)
Electrical efficiency of the rear motor at the operating point
Nawp_HYPr characterized by the parameters Pyyyp yypr and wpeer (in the
RB logic) 5
Electrical efficiency of the front motor at the operating point
Nawp_NEWf characterized by the parameters Pyyp yews and wpeer (in the
RB logic) 5
Ncomp Total efficiency of the PEMFC compressor system ¢
"bc/pc Efficiency of the SOFC DC/DC converter
Electrical efficiency of the front motor, for FWD vehicles (in
Ewp the RB logic) 5
Ninv_ch Efficiency of the inverter in charge !
Ninv disch Efficiency of the inverter in discharge !
Nmot F Electrical efficiency of the front motor (in the TEST model) ¢
Electrical efficiency of the front motor, before considering
Tmotr possible battery limitations (in the RB logic) 5
Nmot R Electrical efficiency of the rear motor (in the TEST model) 4
Electrical efficiency of the rear motor, before considering
Thmotr possible battery limitations (in the RB logic) 5
Reference electrical efficiency of the front motor (in the TEST
Nmot ref F model) 4
Reference electrical efficiency of the rear motor (in the TEST
Nmot ref R model) 4
Electrical efficiency of the front motor at the operating point
Nrefr characterized by the parameters T.fr and ¢ (in the RB
logic) 5
Electrical efficiency of the rear motor at the operating point
NrefRr characterized by the parameters T,.rgr and w. g (in the RB
logic) 5
Electrical efficiency of the rear motor, for RWD vehicles (in
Trwp the RB logic) 5
NeransF General efficiency of the entire front transmission !
Neransk General efficiency of the entire rear transmission !
0 Road slope angle
01,70, Stoichiometry ratio of oxygen and hydrogen !
OroLL Roll angle of the vehicle 5
A The humidity of the fuel cell membrane !
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Abbreviation Description
7 Road-tire friction coefficient (in the RB logic) !
Dynamic coefficient of friction between front brake pads and
Hpaar brake callipers !
Dynamic coefficient of friction between rear brake pads and
Hpadr brake callipers !
§,86,85,¢&, Parametric coefficients of activation loss !
p Air density !
Electric resistivity of copper (or in any case of the conductive
. material of the electric cables) !
Pu Membrane resistivity of the fuel cell ¢
Tdif fF Reduction ratio of the front differential !
Tdif R Reduction ratio of the rear differential !
TredF Reduction ratio of the front motor reductor !
TredR Reduction ratio of the rear motor reductor !
D upier Diameter of the front motor cables !
D apier Diameter of the rear motor cables !
Wgen Angular velocity of the generator/s !
WmotF Angular velocity of the front electric motor 43

wmot_prev_F

Angular velocity of the front motor relative to the previous
instant of calculation (in the TEST model) 4

wmot_prev_R

Angular velocity of the rear motor relative to the previous
instant of calculation (in the TEST model) 4

WmotR Angular velocity of the rear electric motor *
Reference angular velocity of the front motor (in the TEST
Wmot _ref F model) 4
Reference angular velocity of the rear motor (in the TEST
Wmot _ref R model) 4
® Angular velocity of the front motor request, considering the
mot.reqF motor limitation (in the TEST model) 4
® Angular velocity of the rear motor request, considering the
mot.TeqR motor limitation (in the TEST model) 4
WywheelF Angular velocity of the front wheels 4#
WywheelR Angular velocity of the rear wheels *s

wwheel_ref_F

Reference angular velocity of the front wheels (in the TEST
model) 4

wwheel_ref_R

Reference angular velocity of the rear wheels (in the TEST
model) 4

%)

Percentage of oxygen in the air mixture !
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! Constant value.

2 Constant calculated parameter.
3 Variable.

4+ “TEST model” calculated variable.
5 “RB logic” calculated variable.
¢ “PEMFC” calculated variable.
7“TEST model” input.

8 “RB logic” input.

? “RB logic” output.

10 SOFC modelling theory.

11 SOFC model.
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