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Abstract

In recent years, the transportation sector has witnessed a shift away from
traditional combustion-based propulsion, driven by growing concerns over
air pollution and climate change. Among the multitude of emerging tech-
nologies, battery electric vehicles (BEVs) have emerged as a prominent and
highly supported solution. However, despite their increasing popularity,
questions persist regarding their practical benefits in the current scenario.
Challenging aspects are electric energy mix, battery longevity, and BEVs
driving range. In this context, the following project aims to improve battery
durability in BEVs. Then, to achieve this target, the main focus is on the
Heating Ventilation and Air Conditioning (HVAC) unit, the most impacting
auxiliary in terms of battery loads. Specifically, this system handles the
cabin’s thermal conditions in order to fulfill the passengers comfort request.
In the literature efforts attempting to face similarly this problem can be
evidenced, i.e. [1] , [2], [3]. Building upon these previous works, our aim
was to develop a simplified solution that could potentially be implemented
and executed in real-time. The proposed Integrated Energy and Thermal
Management (IETM) strategy effectively minimizes the battery degradation
rate at each instant. The IETM controller intelligently allocates battery
power to the HVAC system, ensuring both thermal comfort and traction
power needs as required by the driver. The key innovations in this model
turn around the battery’s State of Health (SOH) model, which relies on
real data from A123 26650 battery cells tested to the end of their lifespan.
This provides a realistic foundation for estimating the benefits of the IETM
strategy. An important part for the project involved the implementation of
a realistic model for the cabin thermodynamics, the HVAC system layout
and its respective control logic. After the assessment of all the models and
after checking the effectiveness of the IETM controller, the results about
the advantages brought by the intelligent allocation of power to the HVAC
were quantified over both WLTP cycle and EPA (UDDS and HWFET) drive
schedules. Our findings demonstrated both reduced battery degradation
and a positive impact on energy consumption. The improvements due to
the IETM controller, depending on the cabin comfort settings, ranged from
3.1 % to 4.5 % in terms of battery capacity degradation reduction and from
0.5 % to 2.8 % in energy consumption improvement. At the end of this

work, also the results found by using the IETM controller together with
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the eco-driving controller, namely Cooperative Adaptive Cruise Control
(CACC), developed within the same comprehensive project are given. They
evidence a slightly dependency for the IETM controller on the CACC, but
the total benefits are almost the exact sum of the two. Future research
could involve real-time assessment of the IETM strategy using onboard
vehicle systems. Additionally, an analysis can be conducted to spot which
are the most impacting inputs to be predicted for finding the best benefits
by using the IETM controller, i.e. solar radiation, external temperature

and so on.
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1 Introduction

In recent years, the research in the field of transportation has been, and is going to be, mainly
directed towards eco-driving technologies and more eco-friendly propulsion systems. Some
countries are adopting always more stringent frameworks to contrast ground level pollutants
and carbon-dioxide emissions. It is well known the unhealthy effect that emissions coming from
human activities, including the transportation sector, have on the Earth’s atmosphere. This

adverse effect is not only harmful to human health, but in general to the whole bio-diversity.

1.1 Transportation sector, pollution and climate change

These human activities emissions can be split into primary pollutants (e.g. NOy, SOy, PM,
CO, VOCs, NHj), secondary pollutants (e.g. ground-level ozone, photo-chemical smog, acid
rains), and greenhouse gases (e.g. COy, CHy, N2O). Primary pollutants are responsible, together
with atmospheric agents, for secondary pollutants generation. Making reference to trusted data
provided by the IEA, a weight for the impact of any human activities over the primary pollutants

generation can be assigned. [4]

Sulfur Nitrogen Particulate Carbon Volatile organic A .
dioxide oxides matter, s monoxide compounds e elalk
>99% >99% 85% 92% 66% 3%
energy energy energy energy energy energy

ad M = = E &m&

Power Industry Transport Fuel supply Non-energy
Combustion of  Fuel combustion,  Exhaust, brake Extraction, storage,  Agriculture,
coal, oil, gas, process and tyre and transport and solvents and

bioenergy emissions road wear, transformation waste

and waste fuel evaporation of fossil fuels

Figure 1: Sources of primary air pollutants and their relative weight
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Looking at the Figure 1, it can be appreciated as energy sources are the main causes for air
pollutants generation. The transportation sector has a relevant impact over all the primary
pollutants, except for ammonia. The vital conditions on the low level of the atmosphere are
a consequence of the energy budget among incoming solar radiation and outgoing radiations,
as depicted schematically in Figure 2. To ensure this latter, a very important role is played by
the gases composing the air. Always in Figure 2, it is possible to understand the importance
of greenhouse gases. The reason why carbon-dioxide became a concern in the last decades, is
because of its growing increase into the air mix, that leads to keep an higher portion of radiation
into the atmosphere, thus resulting in a rise of the average Earth’s temperature. The air mix is
mainly composed of nitrogen (N3) and oxygen (Osz), then, there are lots of other gases present
in very low quantities. Among these ones, CO is very important, even considering its very
small quantity, because of its greenhouse property. Taking as reference value the carbon-dioxide
volume concentration at the beginning of the Industrial Age (approximately 280 ppm), nowadays
the concentration has risen of more than 45% (about 410 ppm). Most of this growth is caused
by fossil fuels burning [5], and the main problem is the increase of the growing rate of this trend.
Even the methane concentration in the air is becoming higher. Anyway, the main difference
among these two is the length of the period their effects will endure, which is much higher for

the carbon-dioxide than for the methane.

Reflected Solar Incoming 235 Outgoing
Radiation 342 Solar Longwave
107 Wm Radiation Radiation
‘ 342 Wm? 235 Wm?

Reflected by Clouds,

Aerosol and
Atmospheric
Gases

77

Emitted by
Atmosphere 165

Emitted by Clouds

Absorbed by
67 Atmosphere

Greenhouse
Gases

324
Back
Radiation

Figure 2: Earth’s atmosphere energy budget
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Figure 3: Global CO; emissions from energy combustion and industrial processes, 1900-2022 [6]

The problem of the current average transportation fleet is represented by the carbon-dioxide
emission in the atmosphere. It has just been explained as these emissions can be strongly
correlated to the amount of fossil fuels burnt. From the website of the IEA, it is possible to
get the trend of CO, emitted from energy combustion and industrial processes, as shown in
Figure 3, since the beginning of the XX century. It can be noticed as the increase is constantly
becoming steeper, and the amount of carbon-dioxide emitted per year has passed from 24.6 Gt
registered in 2000, to 36.8 Gt registered in 2022. Always IEA provides, from his annual reports
[7], the impact of each energy sector on the CO (see Figure 4). It is possible to get important

information concerning the transportation

sector. This is one of the energy sectors

Other: 5%

most affecting carbon-dioxide emissions,

9 bower coal: 29% impacting for almost one quarter of the
entire set of sectors. Moreover, examining
this latter, its contribution can also be
split among five classes: road, rail, ship-
Industry: 23% ping, aviation and pipeline transport. Of

all these, as depicted in Figure 5, road
Powersas: % trgmsport gives one of the highest contri-
bution to the global CO, budget. The
reduction highlighted from 2018 to 2021
is to be considered an outlier, as strictly

linked to Covid-19 pandemic, which had

Power oil: 2%

Transport: 23%

Figure 4: Global energy-related CO2 emissions by sector [8]
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tough economical implications, obviously reflected on partials blockages of transports and indus-
tries. Apart from this, the chart also contains an outlook for the emissions of carbon-dioxide in
2030 according to the Net Zero Emission (NZE) scenario. This is a normative IEA scenario that

shows a pathway for the global energy sector to achieve net zero COy emissions by 2050.

Gt CO2

0 T T T T T T T
1990 1995 2000 2005 2010 2015 2020 2025 2030

Road ® Rail Shipping @ Aviation Pipeline transport

Figure 5: Global CO; emissions from transport by sub-sector in the Net Zero Scenario from 2000 to 2030 [9]

1.2 Moving steps towards transport decarbonisation

According to current data, transport accounts for about one quarter of the global energy-
related CO5 emissions. Unfortunately, due to the rise of the world population and the subsequent
obvious intensification of trades, without any strong global action, the amount of carbon-dioxide
global emission is expected to grow more and more. Thus, it is necessary to accelerate the
transition of all energy sectors, included the transportation, towards sustainability. For the
field of interest of the following work, this can be done only acting on many directions, such
as using low-COs fuels, improving vehicles energy efficiency and changing the way we use to
travel. In addition to this, it has been noticed the extremely importance of including Carbon
capture, utilisation and storage (CCUS) technologies to efficiently reach a global transition [10].
In accordance with this, the major international economies have issued policies to contrast this

tendency and lead the transportation sector towards decarbonisation.



Mattia Mauro Politecnico di Torino

million

12

10

8

6

3
2016

2017 2018 2019 2020 2021 2022 2023

N

@ China @ Europe United States @ Other

Figure 6: Worldwide electric car sales from 2016 to 2023 [11]

Currently, the most trusted pathway for doing this has been identified in transport electrification.
Figure 6 reported above illustrates, to prove what has just been stated, the growth registered
in electric car sales for the last few years, in different regions of the world. It is possible to
appreciate as, in a relatively short period, the volume of brand-new registered electric cars has
steeply increased. The problem that such transition towards electrification is asked to face, is
the rising rare minerals (Li, Ni, Co, Mn) supply demand, whose reserves are limited and also
condensed in a few regions of the world. Then, a series of socio-economical concerns may derive
from this. Such an uneven distribution, in case of a further growth in sales of vehicles equipped
with batteries, could lead to instabilities of the price of batteries, and inevitably also of the
respective brand-new vehicles. Not only BEVs need a medium or large battery pack, but also,

for instance, HEVs, and hydrogen fuel cell vehicles.
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1.3 Transport electrification

About the electricity, this must not be improperly associated to “renewable energy” and it is
extremely important to increase the consciousness of people about this fact, and to provide them
with real data about the way electricity is currently produced. As a matter of fact the adjective

renewable must be associated to the

Biofuels and waste

source, and not to the energy itself. The

Solar

Wind

pie-chart in Figure 7, even referring to
Geoth./tidefother

the electricity production sources mix of

a few years ago, clearly shows as globally

Hydro Coal

the electric energy is not produced only
by renewable sources (solar, wind, hydro)
but still, more than one half is produced
by non-renewable energy sources (coal,
e oil, natural gas). This is another chal-
lenging aspect to consider when, speaking
about transport decarbonisation, we men-
Natural gas tion the electrification of the transporta-
tion sector. Other aspects necessarily to
Figure 7: World gross electricity production by source, 2019 [12] be enhanced concern the volume speciﬁc
energy and mass specific energy of the
batteries, as well as volume specific power and mass specific power of the same, which are still
too low, leading to low drive ranges. Also, further carbon emissions are associated to battery
building and disposal. Thus, if one considered an LCA analysis within the current scenario, it
is not stated that BEVs would have the upper hand on HEVs or conventional vehicles. Given
the challenges discussed above regarding a complete transition to electrification in the current
scenario, and considering the various pieces of legislation issued in favour of BEVs deployment,
it is sensible to continue intensive research in this field to address potential issues that may arise
in the event of a widespread electrification. The following list summarise the greatest advantages

of BEVs over conventional ICE vehicles:
o regenerative braking
e 1o idling loss
 eliminate clutch losses
« improved motor efficiency

» power auxiliaries electrically driven
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1.4 Project foundation

Across the previous section have been thoroughly underlined the main pros and cons which
could arise from an intensive electrification of the transportation fleet. Then, in the very likely
event that this should occur, kinds of problems strictly linked to the concerns discussed before
could verify. The right way of thinking, that was the conductive thread of such project, would
be to leverage the several advantages of the BEVs to further improve their energy efficiency, as
well as to elongate the useful life of the batteries. This research work was conducted as part of a
broader project involving a small-sized BEV (Chevrolet e-Spark 2015) with the following general

objectives:
1. improving vehicle’s energy efficiency through an eco-driving technology
2. reducing the battery degradation acting on the power delivered to the auxiliaries

Because the introduction on the market of BEVs is a recent matter, the same legislative
frameworks do not consider any kind of threshold for the minimum endurance period of the
battery pack yet. However, that is one of the most discussed points for the next legislative
update. In the wake of such a possibility, the following master’s thesis focused around the
reduction in battery degradation.

In a BEV the entire power required by both traction and auxiliaries must come from the battery,
differently from what happens in conventional ICE vehicles, whose auxiliaries are driven by the
ICE through an alternator. Indeed, in a BEV the battery represents the only energy source.
Consequently, in high-demand situations, such as when significant power is needed for traction,
this can lead to an overload on the battery. Under this detrimental conditions the rate of battery
fading can steeply increase. However, it is worth noting that among all the auxiliaries, the
HVAC system ranks as the most energy-consuming one in a vehicle, which can lead to a huge
reduction in its range. The role of this auxiliary system is to heat the cabin in winter and to cool
it in summer, and also dehumidifying the air if necessary. This is the auxiliary system whom
the cabin’s thermal comfort management controller of a vehicle relies on to meet the passengers
thermal request. To fulfill its commitment, generally compressors, heat exchangers and fans are
involved in such system, leading to a considerable power demand.

Looking at the next picture, one can find a perfect summary of what has just been mentioned
in the last paragraph. Figure 8 shows as, of total energy stored into the battery, the portion
that can be allocated to power the drive-wheels of the vehicle is toughly affected by the weather
conditions. More in detail, considering the Seville scenario, one can appreciate a reduction up to
40 % in extremely hot months. With such a climate combining a high temperature with a very

intense incoming solar radiation, the energy required to chill the cabin’s volume increases a lot.
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Figure 8: Range of battery energy used as function of weather conditions [13]

Taking into account all the things which have been reported up to this point, the idea of
intelligently control the power delivered to the HVAC by the battery, in order to limit the
detrimental effect of such auxiliary on the battery health, might come to mind. One can think
about a clever supervisory control for the cabin thermal comfort, that is able to consider the
battery state of health as well. Seeking around in the literature, it is possible to appreciate as the
efforts taken towards such a direction start to get more extensive only by a few years. Concerning
the exact topic that is matter of discussion, some papers took important step forwards, which is
worth to be mentioned inside this work. The first to be mentioned focuses around the energy
consumption reduction related to the HVAC system. An innovative real-time strategy based on
Model Predictive Climate Control (MPCC) is developed. This strategy is able of performing
an optimum splitting of the battery power between the heating and cooling, and the fan power
is identified as a function of ambient temperature through an offline optimization process [1].
Another research proposes an innovative climate control system to account for the dynamics
of the HVAC model while considering the importance of the ambient temperature and route
behavior on the power usage that is needed to provide a comfortable climate in the cabin. This
is done together with an accurate prediction of the external ambient temperature. This strategy
claims improvements in energy efficiency and battery state of health [2]. The last one that we
would like to mention, analysed the same problem in a similar way. The main difference is
that, instead of using predictive algorithms, within this work the authors decided to rely on
reinforcement learning to face the same issues, finally finding similar improvements [3].

This section served to introduce the reader to the subject that has been the primary foundation
of this thesis project, and to provide whom it may concerned with a scientific argumentation
about the reason for the work developed.

The idea behind this master’s thesis starts from the steps moved forward in this subject. The
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main purpose was to succeed in developing an energy management strategy, comparable to the
ones from the papers cited but much simpler in formulation. The strategy developed, reported as
Integrated Energy and Thermal Management (IETM) strategy, is capable of recognising
if the overall instantaneous power request would lead to a high load on the battery, and then,
if the conditions for compromising the thermal comfort subsisted, the IETM controller reduce
to some extent the power forwarded to the HVAC while entirely fulfilling the traction request.
Essentially, the feasibility of such a kind of control arises from the slowly varying of the cabin
temperature compared to the fast dynamics of traction power. Then, the IETM controller can
instantaneously spot if the battery could be asked to face an overloading condition, and if it is
so, to re-shape the power allocated to the HVAC system, thus reducing the detrimental effect on
the battery. In this way, by introducing the awareness of the battery fading on the top of the
system components control, the same targets for cabin thermal comfort and vehicle’s propulsion

can be achieved with additional improvements on the battery exploitation.

1.5 Project outlines

After a comprehensive description of both the problem and the solution thought, it is now
possible to provide the reader with a summary of what will be explained in the following chapters,
which will delve into the technical work conducted and the results obtained. Across the first
following chapters there will be the description of all the models preliminary developed and

implemented from scratch in Simulink® environment, namely:

o Cabin thermodynamic model
e HVAC model and control architecture

« Battery model

All of these elements served as a crucial foundation for implementing the previously mentioned
strategy, meaning IETM strategy. They were also essential for quantifying the observed benefits
in comparison to a baseline. This baseline refers to the same vehicle in which the HVAC system
was controlled without the application of the IETM strategy. In the end, this thesis will delve
into the outcomes of the smart HVAC control strategy (IETM) and also discuss the results
stemming from the integration of the two strategies (eco-driving and IETM) developed as part

of the broader project as mentioned earlier.
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2 Vehicle plant model

To simulate the strategy implemented in this work, it was necessary to rely on a vehicle
dynamics model capable of reproducing the realistic behavior of the vehicle while following a
predefined drive cycle. It is important to note that, in this thesis project, all the results presented

in the final chapters are derived from simulations of only the vehicle longitudinal dynamics of

the Chevrolet e-Spark 2015.

Since the primary objective was not to develop this specific model, it was provided pre-

implemented in Simulink®.

L shaft_speed

1D T(u) mat_spd
bat_soc
C v s
control_signals control_signals batt_sde_esti
Clock
drive._cycle driver_outputs. driver_cmd
chas_lin_spd
Chas_spd
| chas_speed Plant
Driver
Controller
. . . . 1®
Figure 9: Vehicle Control - Simulink® Flowchart
. .
F_wh h
control_signals
chas_lin_spd
mg e iy s . eras I
SSSSSSS o
. =i i i
Chasis
——»] bt cument_out
spdl_in_rad ——
e PR — el — e
bt s mimatsd
Batlery Motor and Inverter Final Drive Whe
ot 3
" bus_voliage et H

Figure 10: Vehicle Plant - Simulink® Flowchart
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Although not a part of the work developed, the following paragraph will provide a brief but
comprehensive description of this model. It is a forward vehicle model, meaning that the vehicle
speed (chas_lin__speed in Figure 9 and Figure 10) is not exactly followed at each instant.
Instead, a driver can generate a torque command based on the difference between the actual
vehicle speed and the desired speed. To execute this command, the driver is represented by a PI
controller, which takes the speed error and reacts by returning the sum of a term proportional
to the current error, and a term proportional to the integration of the error over the time.
This model, compared to a backward vehicle model that assumes the vehicle can precisely follow
the desired velocity trajectory, is more accurate and realistic. In this model, the command is sent
to the engine, passes through the mechanical transmission, the wheels, and ultimately affects the
vehicle’s longitudinal dynamics. Additionally, since the electric motor is powered by the battery
pack, the power required by the driver for the motor is computed at each time step (f = 10 Hz),
directly affecting the amount of residual energy stored inside the battery, i.e. battery SOC.
For the entire project, the model just depicted for the plant of the BEV has been used as a solid
frame on which building the additional models, which will be explained in detail in the next

chapters.
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3 Cabin and HVAC models

Considering that the final objective of this work involved controlling the cabin’s ambient
temperature, as a preliminary step, due to the lack of data regarding real cabin temperature
evolution and the impracticality of conducting real experiments, it became necessary to develop
a realistic model for the cabin’s environment, that was able to grasp accurately the dynamic
behaviour of the temperature evolution under any weather conditions. Moreover, since one of the
objectives was to have the possibility of running real-time the strategy, this initial model served
as a reliable foundation for fine-tuning a simplified lumped-parameters cabin model. While the
second model was less precise than the first, it offered a much simpler mathematical formulation,
making it significantly less computationally intensive. Furthermore, a model for the HVAC
system was implemented, along with an internal control architecture capable of manipulating its

internal control variables.

e ——————— -

I CABIN

Air Volume

J— — — — — — — — — —
convection — conduction

Figure 11: Energy interactions of cabin’s air volume and HVAC systems among them and with external environment

In Figure 11 reported above, it is possible to spot all the incoming and out-coming energy fluxes
(heat and mass) involving the cabin air volume, and also its connections with the HVAC system.
It is easy to visualize in the figure as the way by means the HVAC system acts on the cabin’s
volume, for ensuring the thermal comfort required by the passengers, is by blowing a certain

conditioned air mass flow rate inside it.

3.1 Simscape' cabin model

This cabin thermodynamic model that has been developed in Simulink® accessing the

Simscape' s libraries, can be considered a high-fidelity model of reality, because capable to
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capture many physical phenomena involved in heat transfer. The only assumption at the base
of the model is that the cabin’s volume, as well as the incoming and out-coming air mass flow
rates, are all made of dry air. The humidity of the air has been neglected, and also driver
and passengers inside the cabin have simply been modeled as a heat source internal to the
cabin volume. As a matter of fact, even for these latter, it should be considered separately,
a contribution coming from convective heat transfer among cabin’s body surface and cabin’s
air, and a generated humid air mass flow rate representing the humid mixture flow blown by
breathing. Apart from this, the model does not rely on other simplified assumptions that could
distance it from achieving realistic results.

For the implementation, the Simscape'"’s blocks have been used, that are very user-friendly, but

on the other side they cover many physical aspects otherwise too challenging to be considered.

== —— == ——

| CABIN :
1 : Air Volume :
' :
' I
| I
' I

convection — conduction

Figure 12: Energy interactions of the cabin’s air volume with the external environment

Then, it is possible to turn the attention to the thermodynamic problem of the cabin’s air

volume, and going to analyse how all its energy exchanges have been modeled, namely:
» convection and conduction
o sun radiation
o air fluxes

e sensible heat

15
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Apart from the physical aspects behind the cabin thermal model, which were well known, to
design the layout of the Simscape” model, a paper focusing on the implementation of a bus
cabin’s model has been used as reference [14]. Furthermore, another reference has been helpful
for physical parameters and dimensions about materials and composition of the perimeter cabin’s

walls [15]. In this way it was possible to double check the correctness of the model.

3.1.1 Convection and conduction contribution

To properly account for the contribution given by convection and conduction heat transfer
through the cabin’s boundary in touch with the external environment, it is important to design
all the boundaries with a fine thermal model, like the one shown in Figure 13, considering a
thermal mass between two thermal resistances. Then, the cabin’s outer boundaries have been

consequently subdivided into four zones:

A — B A —> B o I"OOf
— —
o floor
Conduction Conduction
e side walls

glass windows

- ‘ Layer

For the sake of clarity, it is worth specifying
. Thermal mass

as “glass windows” includes lateral car win-
Figure 13: One single layer’s thermal model dows, windshield and rear window, instead

“side walls” does not include any glass surface,
but only frame, doors, front and rear walls. Once made this distinction among cabin’s boundary
surface zones, for each of them has been considered a proper stratigraphy, using the one proposed
in [15]. This is a crucial point to add to the model if one want to reproduce in a realistic manner
the cabin’s air temperature evolution, because it allows to introduce the thermal inertia of
the boundary walls. The figures reported below, namely 14, 15, 16 and 17, depict the exact
stratigraphy considered for the different boundary zones. Now, the other points still missing
are the convection contributions, to be placed at the two ends of the thermal masses chain: the

outer one (external ambient) and the inner one (cabin’s environment). For the cabin’s volume,

w
m2-K

has been selected [14]. For the external side, it has been considered a relation for the convective

assuming the air inside as still air, a constant convective heat transfer coefficient h;, of 4

heat transfer coefficient h.,; with the vehicle speed v, that is:

m w
howt = 1163 + 4 (12 + 1 [voen LD lmz _ K] (1)
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The justification for this relationship lies in the dependency of the convection phenomenon on

the relative velocity between the fluid that touches the surface (in this case respectively external

air and car’s body surface), and the same surface. Both this last formula (1) and the magnitude

of the h;, have been taken from [16].

A
:L}MB—CMM Conn2 Conn1 Conn2 Conn1  Conn2 onn1 -Conn2 Conn1 Conn2

Roof Convection

Conn1. Conn2

Conn1  Conn2

Al
L ge |

Roof Convection

Outside Metal layer Still air layer Metal layer 2 Still air layer 2 Polyurethene layer

Figure 14: Roof Simscape’ thermal model

ABS layer

Cotton layer Inside

Conn1  Conn2

A
MB— Conn1 | Conn2 Conn1 . Conn2 Conn1 . Conn2 Conn1 . Conn2 Conn1 = Conn2

Floor Convection

Connt . Conn2 4"{1‘:::1}5—

Floor Convection

Outside Metal layer fir Still air layer fir Metal layer 1 fir Still air layer 1 fir Polyurethene Foam layer

Figure 15: Floor Simscape’ thermal model

Polyurethene fir

Carpet 160z Inside

A
@MB A[—»>]8B - A[—»]8
—_— o ==

Doors Convection Doors Conduction Doors Conduction
Outside Outside Half1 Inside Half1

Doors
Thermal Mass

Figure 16: Side walls Simscape” thermal model

AMB

Doors Convection

Inside

A
B A [=5s _ A [S5s . M .
— 1 == =2
Glass Convection Glass Convection Glass Convection Glass Convection
Qutside Outside Half1 Inside Half1 Inside
Windows

Thermal Mass

Figure 17: Glass windows Simscape’ thermal model
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The previous figures show as the convection has been modeled for both the two ends. All the
branches depicted are connected in parallel, and the two terminals are respectively connected to

the internal and external environments.

3.1.2 Solar radiation contribution

The radiation coming from the sun ¢y, [%} impinges the outer layers of the car’s body
surface, which are directly exposed to the sunlight, namely: roof, glass windows and lateral
doors. For the theory of electromagnetic waves, only the portion of the incoming solar radiation

perpendicular to the surface effectively transfers over the same.

In the formula written above, S is the surface expressed in {mﬂ, and ® is the angle between the
impinging radiation and the surface. Since for this model there was no distinction among lateral
doors and front or rear walls, and considering also that for the lateral doors, which are only a
portion of the side walls boundary zone, the angle ® would be very small being the doors almost
vertical = ® ~ 0, the contribution of the sun over these has been neglected. Otherwise, it
would have complicated the model too much without giving justified benefits. Another necessary
distinction considered by the model concerns the portion of power absorbed by the surface, and
the portion transmitted through it. For gray bodies, such as the roof, the transmitted portion is
null. Instead, for transparent surfaces, such as glass windows, it is imperative to distinguish
among the two portion of the incoming radiation. Then, one can write the following equations
for the transmitted Qtr and the absorbed Qabs solar radiation, considering transmissivity 7 and

absorbivity p of the material, which are constitutive properties of it.
Qtr =T- qun [W] (3)
Qabs =p- qun [W] (4)

Then, for the two cabin’s boundary surface zones concerned, the two separate contributions
have been calculated. In particular, for the glass windows, the effective area considered is the
summation of all the glass effective surfaces, pre-multiplied by a shading factor. This last shading
factor accounts for the position of the windows, which can take some portion of the surface to
not be exposed under the solar radiation.

Nwind Nwind

Awmd,eff = Z C; - Awmd,z’ : Sm(q’i) ~C - Z Awind,i : Sm(@i) [mﬂ (5)
i=1 i=1
Inside the equation (5), C is an average shading factor for the whole set of windows. A reasonable

C = 0.85 has been chosen. The following pictures show the implementation of the described

phenomenon.
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Q_solar_radiation_absorbed_roof

Controlled Heat Flow
Rate Source

Qutside
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Figure 18: Radiation absorbed by the roof - Simscape’ thermal model
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Figure 19: Radiation absorbed by the windows - Simscape’ thermal model
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Figure 20: Radiation transmitted through the windows - Simscape  thermal model
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3.1.3 Air fluxes contribution

Looking at both Figure 11 and 12, three air mass fluxes involved in the cabin energy budget

can be identified. These are:

 conditioned air mass flow rate, Mgy ac out
This represents the air blown into the cabin after undergoing proper conditioning as it
passes through the HVAC system.

« recirculated air mass flow rate, 1, ccire
This accounts for the portion of air drawn by the HVAC system from the cabin, which is
then mixed with fresh external air at the HVAC unit’s inlet.

o leak air mass flow rate, Mmjccar

This refers to the air that, due to the cabin not being completely sealed, can flow along the
direction of the pressure gradient. Given that the mass of air blown into the cabin exceeds
that drawn for recirculation from the cabin, the pressure gradient points outward, leading

to air leakages.

Within Simscape™", it is possible to accurately describe these air fluxes and leakages. This has
been done by leveraging the references mentioned earlier. Below, in Figure 21, 22 and 23, you

can observe the various blocks used and their placement.

] )

Total_mass_flow_rate

Dl
Controlled Mass Flow 4 ‘ g
Rate Source

T_HVAC_out

Constant Volume |

Chamber
T T<

Cabin Air Mass

Figure 21: Air mass flow rate blown out of the HVAC system - Simscape thermal model
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' Pressure
L«
T_ext

Constant Volume || 7—‘

Chamber T

Cabin Air Mass

Figure 22: Air mass flow rate drawn from the cabin for recirculation - Simscape thermal model

Constant Volume | | —‘

Chamber p_air
l[ A . B ‘ |'<1—J Atmospheric
l S = Iy "‘ \l Pressure
leakage

Cabin Air Mass T_ext

Figure 23: Cabin’s air leakages - Simscape’ thermal model

3.1.4 Passengers contribution

To account for the heat gain generated inside the cabin due to passengers, many formulations
had been found in the literature. In practice, all the formulas relate the total passengers sensible
heat to the number thereof, namely n,. For the model described in this thesis project, the
formulation from [14] has been adopted, assuming an average passenger’s body surface area A,

of 1.8 m? and a sensible specific heat M, of 70 % This relationship is expressed as follows:
Qpass =n,- Ay My [W] (6)

As for the other cases, a visual representation from the Simscape” model is provided as follows

in Figure 24.
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Constant Volume
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Rate Source /

>

Q_passenger

Figure 24: Sensible heat power generated by passengers - Simscape thermal model

3.1.5 Free cabin temperature evolution

After that the cabin thermal model was completed, without an HVAC system that would

manage the air mass flow rates blown inside and drawn from the cabin, but considering only the

leakages throughout the cabin’s surface boundary, a check for the cabin temperature evolution

has been performed keeping the vehicle at standstill. The constraints used for the simulation are

reported in Table 1. From the results, sketched in Figure 25, can be seen that as the temperature

raises up, the trend gets less steeper. That is because the cabin’s air volume approaches a

steady-state energy budget. After 1.5 hours the cabin’s air reaches a temperature of about 60 °C'.

This is absolutely acceptable and realistic, then the model can be considered reliable and well

implemented.

Text [OC] Tcabin,O [OC] Gsun [W/m2] Ny [_]

Uyen [M/$]

32 23 1000 0 0

Table 1: Boundary conditions for the free cabin temperature evolution test of the Simscape” model
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Figure 25: Free cabin’s temperature evolution - Simscape’ thermal model

3.2 HVAC model

Once designed and implemented a reliable and real-behaving cabin model, the next step is to
design and implement a model for the HVAC unit. This last system is able to comply with the

thermal desire expressed by the driver or by the passengers.

3.2.1 HVAC system architecture

M recire

(’/‘(‘ﬂl)in) |- — e e - - - - e —

|
1 | |
| | I
- CABIN |
' I

: : : ! Air Volume
- > 1 > COOLER :> HEATER :I:'> 1
! ! ! ! |
. . . . | I
M oyt M uyvac M yyvac MUy AC == - — - — - — o o —

(Text) (Tlli"A(?,z'pz) (Tcool) (THVAC,out)

Figure 26: Widespread architecture of HVAC system for EVs and HEVs
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Many architectures for the HVAC system are popular in the automotive field, there is not only
one single way of proceeding with the layout design. As suggested inside [17], the most common
HVAC architecture used for EVs is the one reported in Figure 26. The possible degrees of freedom
of such a standard architecture are the integration of cooler and heater inside other thermal
management systems for powertrain components, i.e. battery, electric motor, etc. Within this
project, it was assumed that the HVAC was totally independent from the component thermal
management units of the vehicle. Moreover, both cooler and heater belongs to separate heat
pumps, so, for each of them is necessary to set up a compressor moved by an electric motor, in
order to make the fluid flowing across the circuits. The cooler is an evaporator, and the heater a
condenser. From the basics of the thermodynamics, it is possible to remind that the technical

power required by an heat pump is linked to the heat power demanded through a COP.

ec Qcoo er
Pciolfelr = COZPJ [W] (7)
P tech _ Qheater [W] (8)

heater OOPh 1

Inside equations (7) and (8), the heat powers are respectively:
Qeooter = v ac - (THVAC,m - Tcool) W] (9)
Qheater = v AC - (THVAC,out - Tcool) W] (10)
Then, one should consider that:
1. a heat exchanger is the device that physically carries out the functions of heater or cooler

2. the technical power P " does not account for the mechanical losses across compressor and

electric motor

The first point leads to the need to account for an heat transfer efficiency for cooler and heater,
while the second point makes necessary to account for a global combined motor-compressor

efficiency, namely 7comp—em- Now, the power request to the battery by the HVAC is:

P teclh Phtech
batt _ cooler eater
Puvac = + (W] (11)
Nexe,c * Teomp—em,c Nexe,h = Ncomp—em,h

Having no interest in entirely designing the heat pumps circuits with all the respective components,
even though efficiencies would have a dependency on the circuit working point, constant values

belonging to realistic ranges for both 7., and 7Neomp—em have been considered.
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For the sake of simplicity, some simplified assumptions have been advanced:
e« COP.=COP,=4=COP
* Neaee = Neweh = 0.6 = Neac
* Neomp—em,c = Neomp—em,h = 0.7 = Neomp—em

Thus, the equation (11) can further be simplified, turning into the following one:

a mHVAC’ THVAC,in - Tcool THVAC,ou - Tcool
Pyt = (g Tty Trvscos =Tt}

exc * Tlcomp—em

3.2.2 HVAC control logic

The step moved forward, after completing the design of the architecture of the HVAC system,
has been to find a suitable control logic for it. In order to satisfy the user’s thermal needs,
during summertime the HVAC system is asked to remove some heating capacity from the cabin.
Basically, this is carried out by blowing conditioned air, with a certain temperature, inside the
cabin. What has just been explained, can be easily visualized on Figure 11. Even though we
assumed to deal with dry air, to suitably design an HVAC model returning reasonable power
demands, the steps to follow in order to manage the air humidity cannot be neglected. Indeed,
passengers sensations are strictly linked to air humidity as well. That is why the air must be
properly conditioned prior to enter the cabin. To account for this, the psychrometric humid air
diagram has been used.

The control variables to manage for the HVAC system are three, meaning:
* MyvAac

® THVAC,out

¢ Lcool

Especially the last two ones, are connected to passengers’ comfort feelings. The temperature of
the air blown inside the cabin must be kept below the temperature set as reference, but not too
cold, avoiding passenger’s discomfort. Generally, as a design rule, the air is blown inside with
6 = 10 °C' less than the reference temperature required. About the air temperature at the outlet
of the evaporator, this should be low enough to ensure a fine level of humidity inside the cabin.
As extracted by [18], to make the passengers feeling comfortable, the cabin ambient should have
a relative humidity, i.e. ¢, ranging between 20% and 60%. These boundaries served as necessary
foundations for designing the internal logic of the HVAC system.

Once given a solid overview of the HVAC system and of its internal variables to act on, it is

possible to move to an insight into the overall control architecture. To do this, it is mandatory
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to start from the “First law of the Thermodynamics” (FLT) applied to the cabin air volume.

Keeping in mind Figure 12, one can write:

0E,

qun + Qcond,conv + Qpass = (8'[}

) + (mrec + mleak) : Cp : Tcabin - mHVAC . Cp : THVAC,out (13)
C.V.

The partial derivative of the total energy of the thermodynamic system included into the cabin,

can be written as:

% . 0 (Mair cCp Tcabin) (14)
o Joy ot

C.V.
One assumption that can be made, reasonable because checked by means of the developed

Simscape = model, is that of constant air mass inside the control volume. If this is true, the
“First law of the Thermodynamics” turns into a first order differential equation with a single
variable, i.e. Te4pin. Thus, one can combine the mass flow rate-related left side of equation (13),

considering the heating capacity removed from the cabin as:

QHVAC = (mrec + mleak) “Cp - Tcabin - mHVAC cCp THVAC’,out

. (15)
N MAVAC - Cp - (Tcabin - THVAC,out)
Consequently, equation (13) can be re-formulated as follows:
) i ) ) oF
qun + Qcond,conv + Qpass - QHVAC’ = (8;) (16)
c.v.

Then, after illustrating these must-know physical and analytical foundations, it is possible to
step into the control architecture. Essentially, to manage this system, it is crucial to split it into

two parts:
o external controller
« internal control logic

The external controller is simply a PI controller that receives, with a frequency of 10 H z, the
temperature gap defined below in (17) and consequently refreshes, with the same frequency, the

commanded heating capacity to be removed from the cabin, i.e. Q des o

AT = Teapin — Tref (17)

Thus, the dynamics of the the cabin temperature is entrusted to the PI controller. But, the
desired heating capacity Q des o, looking at (15), must be translated into a certain suitably
conditioned air mass flow rate. Here is where the need for an internal control logic arises
from. Basically, it is a set of rules, aimed at achieving the thermal power request fed by the PI

controller. It is worth noting as the system should be able to adapt to the user request, as well
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as it should be capable to fulfil this request in a comfortable way. Once the desired thermal
power is fed to the HVAC system, on the basis of the Ty, i.e. reference temperature, asked by
the user, the internal control logic will first set a Ti,,; and a THy ac out, and finally the needed
mpvac, as suggested by (15). In doing this, the recirculation ratio € = e /Mpyac has been
considered set to a constant value of 0.7. Taking into account what previously stated concerning
the passengers’ comfort humidity range, one can refer to the chart of Figure 27 to describe the

rule that controls the T,,,;.
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Figure 27: Psychrometric chart of humid air

In the chart shown above, the highlighted area delimited with solid green line includes the
comfort conditions for the passengers for a cabin temperature ranging between 18 °C" and 27 °C.
Therefore, to ensure such a humidity range for the cabin’s volume, one should dehumidify the
air flux at the inlet of the evaporator to a suitable extent. The dehumidifying process is split
into two portions: first the air is cooled down to the wet bulb conditions at a constant humidity
ratio, hence, the temperature is further lowered removing the unwanted water from the air. The

final point of this process must be wisely identified, considering that across the next conditioning
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step, and lastly inside the cabin, the air flow will be re-heated keeping constant its humidity
ratio (without only caring about the amount of vapour released by the passengers). What just
explained can be identified with an horizontal line, like the two blue solid ones reported on
Figure 27. The final aim of the design performed within this project has been to nominally keep
the cabin environment with a relative humidity of about 40%. Therefore, for each T,.s there is a

correspondent T, as depicted by the following image.

30 ‘

—T

cool
THVAC,out
25 — —
ref

18 19 20 21 22 23 24 25 26 27

Figure 28: Air flux temperature at cooler outlet and HVAC outlet

In Figure 28, the rules chosen for the internal control logic are traced. In the wake of what just
stated, it has been decided to blow the air is into the cabin with a temperature 7 °C' lower than
the reference temperature, that is Ty acoue- Indeed, it is possible to appreciate like the green
line and the red line, in the figure just above, are parallel.

In Figure 29 and Figure 30 it is possible to have respectively an overview of the internal control
logic and of the overall control the HVAC responds to. This latter involves both external and

internal controllers working in succession.
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Figure 29: HVAC internal controller flow-chart
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Figure 30: HVAC overall control flow-chart
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After completing the implementation of the reliable thermodynamic model for the cabin and

the model for the HVAC system, work commenced on the development of a faster predictive

model for cabin’s temperature evolution. This latter, in contrast to the more detailed one, omits

certain features. Throughout the design process, it was crucial to maintain consistency with the

first developed realistic model, both in terms of temperature evolution than HVAC load on the
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battery. The physical foundation for this model has been the same as for the Simscape  model,
namely the FLT. Therefore, to by-pass the computational complexity of the first model, it has

been necessary to advance some hypothesis:

constant cabin air mass

constant convection heat transfer coefficient for the external portion of the walls

no walls thermal mass

one single averaged stratigraphy for the cabin’s boundary

Since these assumptions brought a tough simplification to the model, it was essential to counter-
balance their effects. Examining them in the context of Figure 12, it becomes evident that they
directly impact the energy fluxes related to the cabin’s external interactions and the thermal
inertia of the system’s boundaries. The concerns which need to be addressed involve: solar
radiation, convection and conduction heat transfer, and modified thermal inertia within the

system. As a result, the terms in equation (16) become:
qun = é : Z (Awindow,i . Sln(gbz)) * T q.sun + Z (Aboundary,i . Szn(qﬁz) : pz) : QSun (18)

Qcond,eonv - K : Aboundary,tot : (Tezt — Tcabin) (19)

OB\ o (9T 0)
8t C.V. 8t C.V.

Hence, if one wanted to have a very similar cabin temperature behavior as for the other model,

also the thermal mass of the cabin model (from (20) it is My, - ¢,) would need to be revised.

Then, merging together all the constants, one can re-write the FLT as follows:

. . " 8 Tca i1
C11 * Qsun + 02 ' (Tea:t - Tcabin) + Qpass - QHVAC - 03 : ( P ’ > (21)
t C.V.

Despite its easy formulation, inside this equation all the terms still hold their original physical

meaning. As follows, one can find the corresponding physical property linked to each constant:

« O, expressed in m?, it represents the effective surface of the cabin on which solar radiation

has a significant impact
o (5, expressed in %, it physically stands for a thermal resistance
o (3, expressed in %, it is an equivalent thermal mass for the cabin’s air volume

A fine tuning of these three constants is required to best fit the thermal cabin’s behavior found
with the Simscape’ model, at least within the temperature range of interest, namely below the

external temperature.
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The tuning ended up with the following values:
e C; =071 m?
e Cy =35 W/K
« C3=13000 J/K

Once the tuning is performed, even if the dynamics described by equation (21) does not precisely
replicate the temperature trend above the outdoor temperature, it would still be satisfactory.
This is because the HVAC system is responsible for maintaining the temperature at the level set
by the passengers, and thus, the model will never be required to simulate temperatures above
that threshold.

3.4 Tuned lumped parameters cabin model’s results

In this section, the results from the tuning of the lumped parameters cabin model are
presented. Before showing the temperature trend, it is imperative to list all the boundary

conditions arbitrarily fixed to perform the tests, and consequently gathering the results.

3.4.1 Free temperature evolution

Exactly like previously done for the Simscape”™ model, given the same external conditions

reported in Table 1, the results from the test are consequently shown.

60 T T

55 — =

50 —
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Simscape cabin model
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Figure 31: Free cabin temperature evolution - models comparison
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Figure 32: Free cabin temperature evolution - models comparison magnification

The two figures clearly demonstrate how the lumped-parameter cabin model accurately ap-
proximates the Simscape = model within the region of interest. In Figure 32, it is evident that
below the reference temperature, the two behaviors closely align. This consistency was observed
similarly when the test was repeated with different initial cabin temperatures.

However, as the cabin temperature exceeds the external temperature, the profile resulting from
the simpler model begins to diverge, eventually leveling off toward an asymptote. This saturation
trend was expected due to the mathematical formulation (21) of the lumped-parameters model,
which represents a first-order differential equation. Apart from the upper region, which is not
meaningful for the purpose of the controller developed during this work, the results of the test

were positive and satisfactory.

3.4.2 Reference temperature variability

To trust more the last model presented, instead of considering constant solar irradiance and
constant external temperature, experimental data gathered by the authors of [16] were used.
By doing so, it was also possible to deeply check the model with diverse external conditions,
variable over the time. Along this set of tests, the vehicle was moving following the WLTP cycle

and the driver was inside the cabin.
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Text [OC] Gsun [W/m2] Ny [_]
Figure 33.b  Figure 33.a 1

Table 2: Boundary conditions for the set of testes aimed at assessing the lumped parameters cabin model
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Figure 33: External ambient conditions: solar irradiance (a), outdoor temperature (b)

Given that some of the tests depicted in the following pictures extends beyond the duration of
the experimental measurements for outdoor temperature and solar irradiance, a period lasting
1605 seconds, these two variables were held constant since the moment ¢ = 1605 s. Likewise,
once completed one WLTP cycle, another was immediately run in succession.

Along these tests the two cabin models were controlled through the same PI controller, as
planned. In the tests of Figure 34, 35, 36, 37 the reference temperature was kept constant to
different values, while for the one of Figure 38, the reference was changed along the test. It is
obvious that, even if the profile for the lumped parameters model appears more neat than the
other one, however it represents a valid approximation. The two profiles follow definitively the
same trends, despite some small difference in value. The reason for these discrepancies lies in the
many simplified assumptions advanced for the lumped parameters model. In the figures, one can
see as the yellow profiles promptly follow the HVAC commands, instead, the blue profiles appear
less responsive whenever a change in the reference occurs. This difference in responsiveness is

attributable to the lack of walls thermal inertia in the lumped parameters model.
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Figure 34: Lumped parameters vs. Simscape  : from 26 °C to 23 °C

temperature [°C]

time |

Figure 35: Lumped parameters vs. Simscape’ : from 28 °C to 23 °C
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Figure 36: Lumped parameters vs. Simscape  : from 45 °C to 25 °C
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Figure 37: Lumped parameters vs. Simscape  : from 57 °C to 23 °C
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Figure 38: Lumped parameters vs. Simscape’ : reference temperature variability

3.5 Energy consumption related to cabin thermal comfort

Here, the results from several tests conducted at different reference temperatures are presented
to illustrate the influence of cabin conditioning on the drive range of the BEV under study.
Before showcasing the results, it is essential to note that these tests were carried out after
updating the battery pack model, which will be discussed in the following chapter. The common

basis for all the tests, whose results are about to be discussed, is provided in Table 3.

Text [OC] Gsun [W/m2] np [_]
32 1000 1

Table 3: Boundary conditions for the set of testes aimed at quantifying the HVAC impact on the energy consumption

The results are presented in reference to two distinct driving scenarios: the Worldwide Harmonized
Light Vehicles Test Procedure (WLTP) drive cycle and the Environmental Protection Agency
(EPA) drive cycle.

The WLTP cycle has a duration of 1801 seconds, covering a distance of 23.25 kilometers and
is made of four regions: low, medium, high, and extra-high. The peak values for maximum
acceleration and deceleration are approximately +1.6 m/ s*, while the maximum speed achieved
is approximately 130 km /h.

The EPA cycle, on the other hand, has a total duration of 2134 seconds, covering a distance

of 28.50 kilometers, and consists of two segments: the Urban Dynamometer Driving Schedule
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(UDDS) and the Highway Fuel Economy Test Driving Schedule (HWFET). The maximum values
for acceleration and deceleration in this cycle are approximately +1.5m/ sQ, with a maximum
speed reached of approximately 96 km /h.

The tests were conducted, starting from a battery state of charge (SOC) of 95%, with four
consecutive drive cycles run in succession. Initially, this procedure was performed with the
HVAC system turned off, resulting in a SOC decrease of 49.99% for the WLTP-based test, and
52.46% for the EPA-based test. Subsequently, the HVAC system was activated, with the initial
cabin temperature precisely matching the reference value. Different reference temperatures have

been maintained inside the cabin while following the same driving schedules.

T reference [°C]

HVAC impact on SOC
18 19 20 21 22 23 24 25 26 27
WLTP 38% 36% 34% 32% 30% 28% 26% 24% 22% 20%
EPA 42% 39% 37% 35% 33% 31% 29% 26% 24% 22%

Table 4: HVAC system impact on the energy consumption at different reference temperatures

From Table 4, one can see that the HVAC has a significant impact on the drive range. As
expected, because affirmed by a huge amount of researches in the literature, the consumption
increases by up to 40%. This, of course, depends on the cabin conditions desired by the user,
and on how closely they align with the external ambient conditions, which is clearly evident
when reviewing the table above. Another notable observation from the results is that the HVAC
has a more pronounced effect on the vehicle’s consumption when following the EPA cycle rather
than the WLTP cycle. This is not due to higher energy requirements by the HVAC system, but
is simply a consequence of the EPA cycle being less aggressive compared to the WLTP cycle,

resulting in lower traction-related consumption per kilometer.
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4 Battery model

Throughout Chapter 2, it has already been foreshadowed that the battery model included in
the Simulink® model of the BEV under study would have been further enhanced to make it more

realistic. By examining the Battery system depicted in Figure 10, it appears as shown below.

—(2)
batt_SOC
@ P bat_current_out  estimated_soc P bat_soc
bat_current_out
bus_voltage_out 4@
P bat_current bat_voltage
SoC Estimation

Battery Voltage Output

Figure 39: Original battery pack model - Simulink® flowchart

Of such model, for this thesis work, only the flow of data remained unchanged. Everything
inside this scheme have been renovated. Nevertheless it was a good frame from which starting
to build the new battery pack model. The novel model developed for this project introduces
significant modifications. One involves incorporating an awareness of battery ce