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Abstract

Over the course of the last year, the Swiss Federal Railways displayed an annual energy con-
sumption of 2300 Gigawatt-hours, with this number, as it stands, destined to grow since the
increasing demand for public transportation in Switzerland.

Between 15 to 20% of the power demand of the SBB fleet trains is due to Heating, Ventilation
and Air Conditioning systems which is responsible for the well-being and comfort of the passen-
gers and has to comply with strict norms.

In order to achieve monetary and emission savings, one of the option is a more precise and smart
deployment of the HVAC Systems: the implementation of a Model Predictive Control (MPC)
techniques could lead to these goals.

This study aims to investigate the feasibility of modelling the thermal dynamics of a wagon of
the Regio-Dosto train through Neural Networks with the future possibility to use it within a
MPC framework.

Data from 8 trains during the Winter period and 5 trains during the Summer period are used in
a simulation environment to train and test different Neural Networks architecture, taking into
account the non-linearities affecting the thermal models of the wagons.

In particular, a novel type of Physics informed Neural Networks (PiNNs), named Physically
Consistent Neural Networks (PCNN), are used to simulate the complexity of this model using
not only the amount of past data retrieved by SBB over the course of past months, but also
the basic physics equations behind these processes. This novel architecture can lead to a convex
input-output relationship that can be utilized in a future optimization step.

Results show the effectiveness of this model architecture: different architecture typologies of the
same kind can be exploited in order to make progress towards a potential implementation of
MPC in the SBB fleets.
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Chapter 1

Introduction

1.1 Energy Consumption of the Swiss Federal Railways (SBB

CFF FFS)

According to the official Data from the Swiss Federal Railways [24] in 2023 an average of more
than 7800 trains operated each day: this represents a +4.6% increase compared to 2022 and
surpasses pre-COVID-19 levels, which saw a decline over the three-year period from 2020 to

2022.

Out of a population of nearly 9 million people, SBB reports 1.32 million passengers per day, the
exact same number of 2019. Moreover, as shown in Figure 2.1 with a comparison between the
year 2022 and 2019, Switzerland is the country with the highest passenger transport demand in

Europe, reaching almost 2250 kilometers traveled by rail per inhabitant in 2022.

Passenger transport demand in Europe.

Kilometres travelled by rail per inhabitant in 2022.
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Quellen: Eurostat, OECD, ORR, ONS.

Figure 1.1: Passenger Transport Demand in Europe, comparison between 2019 and 2022. Sources

are Eurostat, OECD, ORR, ONS, as indicated on the right side of the picture



In 2023, the electricity and fuel consumption of the rail network in Switzerland amounted to
over 2300 gigawatt-hours [24], equivalent to the energy use of 460,000 households, assuming an
average consumption of 5,000 kWh as reported by the Swiss Federal Office of Energy (SFOE) in
2021 [11].

Altogether, this consumption results in 62,000 tonnes of greenhouse gas emissions. Over 70% of
the 2,300 gigawatt-hours is utilized solely for traction current (Figure 2.2).

Energy and climate in 2023.

Energy consumption Greenhouse gas emissions

@ Traction current reporting.sbb.ch

@ Diesel for rail traction

Own use for traction current supply

Fuel for road vehicles, machines and equipment
@ Electricity for buildings and facilities
@ Thermal energy for buildings and facilities

Figure 1.2: Energy Consumption and Greenhouse Emissions of the railway network in 2023

Energy Efficiency and Sustainable Energy are keywords for SBB’s future strategy [23]. In the
near future, SBB’s primary aims include:

e saving up to 20% of its forecast annual energy consumption for 2025, or a total of 600
gigawatt hours (GWh);

e running trains on electricity generated entirely from renewable energy sources starting in

2025;
e deploying smart grids for an optimal Load Management;
e improving its energy efficiency by around 30% by 2030 compared with 2010;

e promoting new sources of renewable energy and so reducing greenhouse gases.



1.2 Energy Consumption of a SBB train and the HVAC System
The energy consumed by trains is mainly distributed as follows [15]:

e traction;
e auxiliary traction operations (compressors, fans);
e HVAC (heating, ventilation & air conditioning);

e small consumers (lighting, 4G repeater, etc.);

Thanks to a measurement project in collaboration with the University of Basel, relatively accu-
rate energy values are available from the ICN (RABe500), which can serve as a good example.
Traction consumes more than 70% of the total energy deployed. The HVAC System, instead,
amounts to 15-20%.

The latter encompasses all the equipment necessary to regulate temperature, humidity, airflow
and air quality in commercial and industrial buildings, as well as in various modes of transport,
with the primary aim of ensuring thermal comfort for occupants.

In a "Synthesis Report" of 2021 issued by the Federal Office of Transport to the Lucerne Univer-
sity of Applied Sciences and Arts [13], experts analyzed more than one hundred papers pertinent
to the air conditioning energy saving for public transportation. These recent studies indicate
that approximately 20-40% of the energy is used for heating, ventilation, and cooling (HVAC) in
passenger compartments of vehicles (trains, buses, trams), while 60-80% of the energy is required
for traction.

They also drafted a list of the eight measures most commonly cited for their high potential,
which are the following:

e Indoor temperature adjustment

e (COs-controlled ventilation

e Sleep mode

e Heat pump use

e Exhaust air heat recovery

e Model-predictive control

e Better windows (lower heat transfer coefficient)

e Insulation

All of these measures are believed to have a savings potential of 5-30%. The significant variation
in estimates is likely due to factors such as vehicle type, usage patterns, and outdoor climate, all
of which greatly impact the achievable potential.



1.3 Artificial Neural Networks (ANN)

Artificial Neural Networks are computational models made by an interconnected group of nodes,
which mimics the biological behavior of the working units of the brain, the neurons, and their
connections, the synapses. Their use, with the constant growth of interest for Artificial In-
telligence and Machine Learning in the last decades, spans from Natural Language Process to
Autonomous Systems.

Among the most famous Artificial Neural Network Architecture, it is possible to find:

e FeedForward Neural Networks (FFN): the connections between Neurons don’t form cycles
and the information flows only in one direction

e Convolutional Neural Networks (CNN): a type of Feed-Forward Neural Network which
makes use of filter optimization. They are mostly used for image and video recognition,
natural language processing and recommended systems

e Recurrent Neural Networks (RNN): the connections between neurons happen in a cycle
way

Because of this inherently complex internal structure, Neural Networks can be seen as Black-Box
models, systems which can be identified mainly by their inputs and outputs, without a clear
knowledge of the patterns that connect them. A deeper dissertation between Black-Box Models
and their difference with Physics-Based Models is held in the 3.6.1 section.

1.4 Model Predictive Control (MPC)

Model Predictive Control (MPC) is an advanced control strategy used in various industrial and
engineering applications, such as Robotics, Automotive and Energy Systems.

MPC uses a dynamic model of the system, which can be linear or nonlinear depending on its
complexity, to predict its future behavior over a specified prediction horizon and compute the
optimal sequence of control inputs to be applied.

At each control step, an optimization problem is solved to determine the control inputs that
will minimize a cost function, also taking into account constraints on inputs, states and outputs.
These constraints can include physical limitation, operational limits, safety or, like in the case
of the HVAC Systems, comfort requirements.

Compared to a more classical control method, like the proportional-integral-derivative controller
(PID controller), where the control inputs are automatically adjusted based on the data and not
based on a model and constraints are not considered, MPC proves to be more demanding from
a computational standpoint, but also better in terms of cost effectiveness and energy efficiency [3].

1.5 MPC in Building Climate Control: a similar case

The theory of comfort for public transport originated from building comfort theory [13].

It is estimated that one third of the CO2 emissions comes from buildings [18], for which HVAC
results as one of the major contributors. MPC turned out to be a valid data-driven option in the
context of heating and cooling energy saving processes [12], but developing effective MPC-based
control strategies for HVAC systems is nontrivial since buildings dynamics are nonlinear and
influenced by various uncertainties [7].

To this end, the Automatic Control Laboratory at ETH Zurich (IfA), explored the potential
implementation of MPC for HVAC Systems in buildings, specifically the NEST, a modular

4



Objectives Model Constraints

— .
Reference Input Output Reference Optimizer | |nput Output
—>  Gls) Plant [—> —> [i' Plant [——>
TM/ Measurements
(a) General Feedback Control Scheme (b) General MPC-based Control Scheme

Figure 1.3: Comparison between a classical Control Loop (a) and an MPC based Control Loop
(b). The controller G(s) is replaced by an optimizer which utilizes a Model, Objectives and
Constraints [19]

research and innovation building at EMPA [2]. Compared to a traditional hysteresis controller,
this approach achieved a 25% reduction in cooling energy consumption and a 72% decrease in
the integral of comfort constraint violations over a six-day experiment conducted in a simulation
environment [4].

Another study [6] showed how three different machine learning based predictive control methods
for building climate control can be efficient and outperform the baseline controller.

Figure 1.4: NEST Building, Zooey Braun, Stuttgart.

1.6 Previous Works

In the past semesters, a bachelor thesis, a master thesis and some related detailed studies about
HVAC and energy saving were carried out by students and colleagues of the Automatic Control
Laboratory at ETH Zurich.

In his Bachelor Thesis [25] from the Spring Semester 2022, M. Schnetzer proposed a model pre-
dictive controller starting from a state-space model of the original physics-based model theorized
by SBB in a Load-Management Report of 2019 [14]. The train in question was the SBB Regio-
Dosto Train. This Model Predictive controller was then evaluated against the controller already
implented on the trains: a hierarchical control system architecture with Rule Base Controller
(RBC) at the top level and a proportional- integral-derivative (PID) controller at the bottom

)



level. The comparison setup involved a case study utilizing a combined dataset spanning three
days and three different routes, incorporating realistic operating conditions.

The case study pointed out a potential energy saving for the HVAC systems equal to 11% while
maintaining a similar performance in terms of constraint violations. Some inconsistencies in the
results, though, highlight certain limitations of the developed MPC.

N. Wertli, in his Master Thesis [27] from the Winter Semester 2023, investigated the advantages
of using an ARX-type (Autoregressive model with exogenous input) based model for prediction
controllers with the same scope of M. Schnetzer, using the same model of train as he did, the
Regio-Dosto. Two different MPC options were analyzed: a "Full MPC" with direct control of
the individual heat flows and a high-level MPC combined with the PID as a low level controller.
Assuming a perfect forecast of disturbances in the model, these two Model Predictive controllers
were tested against the Rule Based Controller. The "Full MPC" option resulted in a 5-10%
energy saving and was able to perform better than the baseline controller also in the scope of
constraint violations: this was mainly thanks to the ability of tracking a temperature trajectory
nearer to the energy-efficient tolerance limit and not in the prediction part itself. The high-level
MPC, instead, resulted in a 5.2% energy saving but fails to meet the temperature constraints as
consistently as the baseline controller.

Building upon the work of N. Wertli, Dr. Aboudonia continued to investigate the potentiality
of the linear ARX-Model [26]. The current implementation uses measurements from the last 60
minutes (named lags), while the prediction horizon is 30 minutes.

In this case the energy savings in the winter period amount to 10.55-11.25% and in the summer
period to 7.4-7.8% compared to the usual baseline controller.

Based on the estimates during the ETH-SBB Workshop in April 2024 [26], it is expected a total
yearly savings of approximately 150000 to 250000 CHF or 1-2 GWh. This would scale up with
more trains using MPC.

1.7 Goal of the Thesis

As specified in the previous section, SBB highlights the commitment towards a more sustainable
way of traveling and resources management.

The power consumption resulting from the Heating, Ventilation and Air Conditioning of trains
fleet has a great impact on the overall emissions and reducing this contribution could result in
major benefits for the company itself and the environment.

The goal of this Master Thesis is, building on the work of the students and colleague from the
IfA Laboratory at ETH,, is exploring for the first time the chance to model the internal thermal
dynamics usign Neural Networks in a simulation environment.

Starting from here, the natural continuation could be implementing a Model Predictive Controller
based on the aforementioned model and eventually run the controllers in a real environment.



Chapter 2

Considered System

2.1 SBB Regio-Dosto

Among the SBB’s Passenger Traffic fleet, the RABe 511, or the Regio-Dosto Train, is a double-
decker train used both on the S-Bahn lines of the Zurich S-Bahn and on the IR lines in the Zurich
area and in Western Switzerland [21].

The manufacturer is the Swiss Company Stadler Rail, and this model is part of the Stadler KISS
family of trains which is the acronym in German for "Komfortabler, Innovativer, Spurtstarker
S-Bahn-Zug", meaning "comfortable, innovative, sprint-capable suburban train" [28]. It is a
well-known suburban train also outside of Switzerland: as a matter of fact, it is employed in
countries like Germany, Austria, Russia, Luxembourg and Georgia.

Launched for the first time in 2010, the current number of these trains is 56 and they have 535
seats per unit if they come with the 6 wagons composition (150 meters long) or 337 seats if in
the 4 wagons composition (100,36 meters long). They can reach a traction force of 400 KN, a
continuous output at wheel of 4000 kW and a maximum speed of 160 km /h.

Figure 2.1: Exterior Views of the RABe 511 [22]



Figure 2.2: Interior view (lower deck, Second Class) of the RABe 511 [22]

2.2 Air Conditioning and HVAC System

As stated in the SBB Load Management report [14] and in the Air Conditioning document from
Stadler and SBB [16], the wagons of the RABe 511 are symmetrical, and from now on only half
of it will be considered for the Thesis work and assumed that the two halves behave similarly.
Inside the half wagon, three distinct parts can be identified, which correspond to three different
thermal zones:

e Upper deck
e Middle deck

e Lower deck

Heating does not only come from the HVAC units mounted in the passenger carriage. In the
Figure 3.3, apart form the three decks specified above, it is possible to observe:

e the floor heating zones (yellow)
e the wall heating zones (orange)

e the heater blowers (blue) and the foot-board heating zones (green), both of them close
to the entrance to provide the necessary heat flow to maintain an adequate temperature
during the door opening times in Winter [16].



b L hh

Figure 2.3: Longitudinal section of a wagon of the RABe 511 [22]

2.3 HVAC Unit and its functioning

Each half of the wagon is equipped with one HVAC unit, mounted on the ceiling of the carriage.
The upper, middle, and lower decks are each controlled by separate HVAC controllers or modules
within the same unit, ensuring that their ventilation, heating, and air conditioning, although
partially influenced by one another, are managed individually. These three HVAC controllers
also handle the actuation of the respective floors and walls.

Each of the three modules is equipped with an electrical heating element (used for the heating
scenario), a refrigeration circuit (for the cooling scenario), an air supply fan and flaps for outside
air or recirculated air.



The air flow, which is made of a combination of re-circulating air and outside air, is represented
in blue in Figure 3.4. In red the heat flows from wall and floor heating. Based on the number
of the passengers, the right amount of fresh air is mixed with the recirculated one to ensure the
right ventilation comfort for the occupants.

In contrast to recirculated air, the outside air must first be heated or cooled to room temperature
in winter or summer, while the recirculated air is already available at this temperature. In the
RV-Dosto, the outside air volume is controlled depending on the occupancy level and the outside
air temperature

Figure 2.4: Front section of the wagon that shows air and heating flows [16]

The HVAC unit manufacturer is Faiveley Transport, an international company and supplier of
equipment for the railway industry [8]. More detailed information of the HVAC unit and its
sketch can be found in the Appendix section.

2.4 Standards and Regulations for Passenger Comfort

Among the various regulations that must be met, those of greatest relevance to this thesis are
EN 14750-1 and EN 14750-2. These European Standards, introduced in 2006, are applicable to
suburban and/or regional vehicles and also metro and tramway vehicles equipped with cooling
and/or heating/ventilation systems. They are mostly related to Fresh air volume supply, Air
velocities and Overall sound level [10].

Some additional requirements to these Kuropean Standards have be to applied in compliance
with SBB and Switzerland norms [20].

In particular:

e The deviation of the set-point room air temperature from the average room air temperature
at 1.1 meters above the floor is limited to a maximum of 1K

e The maximum deviation of room air temperatures at 1.1m above floor is restricted to 2K

10



e The new set-point temperature must not deviate by more or less than 2K from the set-point
curve specified by SBB

e It should be possible to reach the new set-point temperature within 15 min/K

2.5 Modeling of the Thermal Dynamics of the Regio-Dosto

A Predictive Thermal Load management [14] was conducted by Jan Gasser from SBB with the
main goal of investigating the peak shifting potential of the HVAC systems.

SBB already operates the so called "load management": controlling and manipulating of elec-
tricity consumption to ensure supply-demand balance in a power grid, especially when this grid
presents high and frequent fluctuations.

The report, eventually, showed that with appropriate control, all air conditioning systems in the
SBB vehicles could make a significant contribution to smoothing the half-hourly cycle variation
without compromising the temperature tolerance in the passenger compartments.

This study is of particular interest for the scope of this Thesis, because of the modeling of the
HVAC systems, the heat flow dynamics and a MATLAB Simulink model that were developed.
Most of the assumptions on the model, like the one of the halves of the wagon behaving similarly,
is inspired by this study report.

2.5.1 Basic Equations of the Model

The thermal dynamics of the wagon are modeled as an RC model made of different heat accu-
mulators connected to each others and that exchange heat in different ways. For each of them
a differential equation describes the temperatures gradients based on the the exchange of heat
flows.

N

oT; 1 .
ot my o 'ZQJ (2.1)
1 (A j:].

T; is the temperature of the specific heat accumulator, m; is its mass in kg and ¢; is the heat
capacity in J/(kg - K). @; is the heat inflow or outflow related to the heat accumulator, in the
first case it is positive and in the second case negative. It is measured in J/s.

To calculate the heat exchange between two accumulators the following equations is assumed to
hold:

Qo =Fkia-A1,2- (1 — Th) (2.2)

In this equation Aj,2 represent the area between the two accumulators, and k is a heat transfer
coefficient which will be discussed in more details in section 3.5.3.

2.5.2 RC diagram of the model

The passenger carriage is modeled using a total of nine different accumulators while the ambient
is considered as an infinitely large reservoir. In addition to the upper deck, middle deck and
lower deck of the half wagon, also the chassis and the inventory (seat and so on) of each of these
decks are considered.

As shown in figure 3.5, between the nine main thermal compartments the heat flows are transmit-
ted through conduction, convection, air circulation and radiance. The yellow arrows show that
radiance transmission is considered only between the ambient and the inside, but not between
inside accumulators.

11



Arrow’s color | Heat Transmission Mode
Purple Conduction
Yellow Irradiation

Blue Airflow
Green Convection

Table 2.1: Heat Transmission Modes.

HVAC Floor/Wall Heating

L ] L )
Upper Coach Body

Upper Passenger Body

‘Ll Upper Deck Inventory |

External e I -
. e Fassenger alse
Environment | < 'Compa,tmerﬁ “| Middle Deck Inventory | Floor

‘ rl Lower Deck Inventory |

Lower Passenger Body

l Lower Coach Body l
L | L

HVAC Floor/Wall Heating

B

3

Figure 2.5: RC Diagram of the Model with 9 accumulators and the different modes of heat
transmission. While the purple, yellow, green and blue arrows represent the Heat Transmission
Modes, red arrows show the areas influenced by the HVAC and floor/wall heating systems.

2.5.3 k-values estimation

During the report assessment, SBB requested Klimatechnik to estimate the k-values, a parameter
that describes the thermal resistance between the interior and the external environment and takes
into account all type of of heating transfer modes. This value was estimated as a function of
the speed of the train when the HVAC system is in heating mode. The report also displays the
k-values for different trains of the SBB fleet.

speed (km/h) | k-value (W/(m?K))
10 1.66
60 2.05
120 2.29

Table 2.2: k-values depending on the speed of the Regio-Dosto.

The table 3.2 shows a strict correlation between the speed and the heat exchange between the
inside and the ambient.
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2.6 Modeling of the HVAC System

The HVAC system can have three possible states:

e slumber mode
e automatic mode

e off mode

In this thesis, the focus will be on the automatic mode, where the HVAC system operates
regularly, aiming to reach the temperature reference set by the controller, as will be detailed
later. However, it is also worth discussing the functioning of the slumber mode.

This mode was primarily intended to save energy, a middle way between the automatic and off
mode. A temperature reference is not directly specified, only the internal temperature and the
ambient temperature play a role in this mode. Its functioning is better explained in detail in the
following table.

Condition Operation
if Tyoom < 10.5°C Heating On with 100% of circulation air
if Troom < 24°C and if Tyoom < Tamb Circulation On

if Troom > 32.5°C and Troom > Tamb Cooling on with 100% of outside air
if Troom > 32.5°C and Troom < Tums | Cooling on with 100% of circulation air
else Off Mode

Table 2.3: Slumber mode cases. Notice how outside air is used if it is cooler than the air in the
passenger compartment.

2.6.1 Control Mode

The regulation of the room temperature inside the Regio-Dosto train is operated by a hierarchical
control scheme: an high-level rule-based controller is used to decide the temperature setpoint
and a lower-level PID controller is used for setpoint tracking.

Tamb Reference Trute Tref PID

Train
Generator Controller

+2°C

Figure 2.6: Current Hierarchical Control Scheme made of a Rule Based Controller and a PID
Controller [27].

In figure 3.6 is also present the train driver block: the conductor, in fact, can manually increase
or decrease the reference temperature by 2 oC through discrete steps of 0.5 oC.

The temperature reference, excluding the external intervention of the train conductor, solely
depends on the ambient temperature. The relationship between the ambient temperature and
the reference temperature is shown in Figure 3.7.
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Figure 2.7: Relationship between the reference temperature and the ambient temperature [27].
The red line represent the actual rule, the blue and green lines represent the limit within which
the driver can impose manual modifications.

The piecewise linear function in red is defined as follows:

o if ' amb < 19°C then T' ref = 22°C

o clse if 19 < T _amb < 24°C then T_ref = 2422 (T _amb — 19) + 22

o elseif 27 <T_amb < 32°C then T _ref = 265224 . (T _amb — 27) + 24.4

o clse if 32 < T _amb < 39°C then T_ref = 393=288 . (T _amb — 32) + 26.6

e else T’ ref = 30.1°C

The range in which the temperature reference lies is between 22 °C and 30.1 °C and at the same
time the Regulations in section 3.4 have to be respected.

Additional information about the PID Controller and its functioning are not disclosed by the
manufacturer Faiveley.

2.6.2 Modeling of the floor/wall heating

Information about the operating modes of the floor/wall heating from the manufacturer were
not available, therefore, by analyzing the temperatures, the heating capacity was reconstructed
a a function of the ambient temperature.

. 2
QFloor/Wall = _g “Toamp + 3.5 kW (23)

With dotQ pioor/wan representing the heat flow in the half wagon and Ty the outside temper-
ature.

For example, in the case of heating mode, the relation between the ambient temperature and the
percentage of the heating power is the following one:
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Figure 2.8: Relationship between Ambient Temeprature and Commanded Heating Power per-
centage for Floor/Wall heating.

2.6.3 Modeling of the Heat Distribution and Heat Flows

It is important to point out that different heating components can influence different heating
accumulators. For instance, the HVAC system on the upper deck regulates the temperature
of both the upper deck’s passenger compartment and the coach body. This occurs because the
heated or cooled air circulates through ducts within the coach body before reaching the passenger
area. Additionally, the floor and wall heaters impact not only the passenger compartments but
also the car bodies they are installed in.

Dead times the are inserted in the model to take into account the inertia of the heat distribution.
The example made in the report [14] mentioned that if the heating is activated in the actual
towing vehicle, the temperature sensor does not immediately detect an increase

e Dead time for the heat flows coming from the HVAC Unit is equal to 90 seconds

e dead time for the Floor/Wall heating is equal to 300 seconds

External heat Flows to also take into account are:
e Sun Irradiation
e Occupancy
e Chassis Convection

For the scope of this Thesis only the first two will be considered. A better explanation for them
is held in the "Methodology" Chapter.

2.6.4 MATLAB Simulink Model of the Thermal Dynamics and HVAC Sys-
tems of Half Wagon

Together with the SBB Load Management report [14], a MATLAB Simulink model was devel-
oped from scratch to replicate the thermal behavior of half of a wagon considering all of the
specifications and assumptions made in the previous sections.
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All the parameters, like the k-values, the capacities of the car body and the PID controller
variables, had to be estimated.

Subsequently, Dr. Ahmed Aboudonia, worked on the accuracy of the MATLAB Simulink model
through fine-tuning, in order to match the available measurement data from Winter 2022 and
Summer 2023 with the results from the given Simulink Model.

The overall MATLAB Simulink model is made of four main blocks:

e first block: it selects the reference temperature starting from the ambient temperature,
following the piecewise linear function shown in Figure 3.7

e second block: PID Controller (Figure 3.1.0). The input is the computed reference temper-
ature and the outputs are the different (). Specifically three of them are ()12 supplied by
the HVAC system and the remaining three by the Floor/Wall heating systems.

e third block: is the heat distribution block. Starting from the QLQ computed in the previous
block, it specifies how the heat flows radiate to the chassis, the passenger wagon and the
inventory for all of the three decks. It involves a linear transformation.

e fourth block (Figure 3.11): the thermal model block. It takes into account all the distur-
bances and their non linearities and defines how the temperature in the three decks, which
are the outputs that will be fedback in the next step, change.

heat
heat,oof
Occupancy
speed

T

(:.){I\'.\(‘
Toamb . Trey PID Qrw || f,Ma‘] b y Tudmd,d
> 4 ’ lu: T
Controller o -]

Figure 2.9: The 4 main components of the MATLAB Simulink Model file
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Figure 2.10: Screenshot of the actual MATLAB Simulink Model
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Figure 2.12: Screenshot of the actual Thermal Model of the MATLAB Simulink Model
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Chapter 3

Methodology

3.1 Measurement Data

During this Thesis, measurement data coming from the Train Control System (the so called RDS
from Stadler) which interconnects most of the components of the train, were collected during
daily operations. Different Regio-Dosto trains and different days were considered, as shown in
the table 4.1. Specifically, it is possible to divide the whole data set into two smaller groups:
Winter Data collected in February and March 2022 and Summer Data collected in July 2023.

Winter Data

Summer Data

Days

22.02.2022 - 28.02.2022 and
11.03.2023 - 31.03.2023

05.07.2023 - 22.07.2023

Total Number of days

28

18

Trains

Regio-Dosto RV 14
Regio-Dosto RV 15
Regio-Dosto RV 16
Regio-Dosto RV 18
Regio-Dosto RV 22
Regio-Dosto RV 23
Regio-Dosto RV 24
Regio-Dosto RV 25

Regio-Dosto RV 14
Regio-Dosto RV 15
Regio-Dosto RV 23
Regio-Dosto RV 24
Regio-Dosto RV 28

Total Number of Trains

8

5

Table 3.1: Train and days from which data were collected.

Data from RDS are not the only ones that were used. The following list points out all the sources

and all the typologies of data taken into account.

e RDS data: as said above, these measurement data come from the Train Control System.
The frequency collection varies between the Winter data and Summer data. In the first
case, the data are collected every minute, in the second case they are collected every two
seconds. They consist of:

— speed of the Train, measured in [km/h]

— ambient temperature, measured in [°C]

— the room temperature divided into the three temperatures of the upped deck, middle

deck and lower deck, measured in [°C|
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— the control mode, a boolean value that specifies if the HVAC unit is on (1) or not
(0). Originally, also the slumber mode was specified with a different number. For
the scope of this Thesis it not of relevance the difference between the off-mode or the
slumber mode, so they were merged into off-mode turning this variable into a boolean
value

e Weather Data: these data are retrieved from the Meteomatics weather API. The frequency
for the Winter Data is every ten minutes and every minute for the Summer Data and
consists of:

— latitude and longitude coordinate of the position of the Train

— global radiation: is the power per unit area (surface power density) received from the
Sun, measured in measured in watts per square meter (W/m?) in SI units

azimuth angle: horizontal angle of the Sun with respect to the North, measured in |°]

elevation angle: the angular height of the sun in the sky measured from the horizontal,
measured in |°]

e Occupancy Data: a value that goes from 0 to 1 and specifies the occupancy percentage
estimated by SBB in the whole train. The heat flow dispersed is estimated to be 75 W
per person. It is assumed that the occupancy is constant in every wagon, meaning that an
Occupancy value of 0.8 results in 80% of the seats taken in each wagons. The Occupancy
may be even greater than 0 in the case of busy trains, with all the seats taken and standing
passengers. The estimate of the Occupancy is done using the automatic passenger counting
systems, a manual counting system from train conductors and the number of the public
transport pass.

(DataLoggers: The Powerloggers we installed can be found here: |[PEL103 (chauvin-arnoux.ch)|(

3.2 Data preprocessing

Data from RDS, Weather data and Occupancy data all come from different folders, with different
structures, different information, different time-zones and, in some cases, different sampling
times. The goal is having consistent, standardized and meaningful data structures that can
represent the trains setting regardless of the time of the year and the number of the train.
With a Python script using pandas, it is possible to put together this different measurements
into Excel Files.

3.2.1 Winter Data

Due to the discrepancy in sampling intervals, with meteorological data being recorded every ten
minutes and train measurement data every minute, the meteorological data was interpolated
to match the train data’s frequency. This was achieved by repeating each set of meteorological
readings for the corresponding ten-minute period, effectively filling in the gaps. Since the Weather
Data do not change so rapidly, this frequency is not a problem.

In the event of missing data, the final Excel files represent these gaps as NaN values. This issue
arises because not all trains provided continuous data for consecutive days, or due to some data
being skipped during the recording process for unknown reasons.
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3.2.2 Summer Data

The discrepancy in recording frequency between the train measurements and meteorological
data during the summer is notable. Ideally, thirty RDS train measurements are taken every
minute (one every two seconds), while Meteomatics data is recorded once per minute. To create
consistent Excel files, similar to those used in the winter case, and to enable comprehensive future
analysis, an average of the thirty train measurements is calculated.

In the case of missing data, the following assumptions for the train measurement datasets are
applied::

e If there are no recordings within a given minute, the data is replaced with a Na/N value

o If at least one recording is present within the minute, the final value in the Excel file is the
average of the available recordings. For example, if only five measurements were taken for
the Upper Deck Temperature during a minute, the final value is the average of those five
measurements.

Compared to the winter scenario, the summer case has a weather measurement frequency that
results in numerous missing data points. Again, to ensure consistency along the datasets and
make sure that too many data are discarded, less than ten consecutive weather data are missing,
these values are filled with the average between the previous non-missing value and the next
non-missing value.

3.2.3 Occupancy Data

Occupancy measurement files differ significantly from the other two types. They include details
such as the date, train number, route (comprising departure and arrival stations), departure and
arrival times, total number of seats, and the number of occupied seats in both first and second
class. Using the latter two pieces of information, the occupancy percentage of the wagon can be
calculated and expressed as a value between 0 and 1.

The following assumptions are made:

e the occupancy is constant in every wagon of the train

e only the total occupancy, calculated as total number of seats occupied over the total number
of seats, are considered. No difference between first and and second class occupancy is taken
into account

e the occupancy is constant during the duration of the route

e in between different routes, if the train stops for less than 20 minutes the occupancy values
in that time window is the average between the occupancy of the previous route and the
occupancy of the following routes. If the time spent between arrival and next departure
exceeds 20 minutes, it is safe to assume that all the passenger left the train in that period
and the occupancy is 0.

3.2.4 Additional Parameters Incorporation

In addition to the parameters detailed in Section 4.1, several other relevant parameters are
calculated. All of these are computed for every minute of the day, if the parameters from which
are computed are missing (meaning they are NaN values), they are consequently flagged as NaN
values.
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e temperature reference: as stated in Figure 3.7, It is the target temperature that the deck

temperatures should aim to achieve. At the moment, it is calculated based on the ambient
temperature.

e bearing: it is the direction of the train with respect to the North when the train is moving.

It is calculated starting from a tuple of Latitude and Longitude values retrieved from the
Meteomatics data.

North Pole

' ' N . ] A o2
-a0° 0° &

South Pole Prime Meridian >

Figure 3.1: Visualization of latitude and longitude on the globe [9]. A position can be uniquely
determined by a pair of latitude and longitude values.
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Given latl and longl as the first couple of Latitude and Longitude values in radiant, and
lat2 and long2 as the second couple, the following formula allows to estimate the direction
of the train:

sin(long2 — longl) - cos(lat2) (3.1)
cos(latl) - sin(lat2) — sin(latl) - cos(lat2) - cos(long2 — longl) )

bearing = atan2 - (

In order to take into account the small measurement errors from the GPS data, the train
is considered moving if and if the difference between the two longitude values are greater
than 0.001 rad, otherwise the bearing value is equal to zero.

The results are in radiant and can be easily converted to degrees:

180
a*ngledegrees = a'nglelradiant : (?) (32)

Moreover, to make sure that all the values are positive, it is possible to apply the following

formula:
anglegegrees + 360

360

angledegrees = (33)
direction: the absolute direction of the train. It differs from bearing because, if the train is
not moving from one minute to the next one, the bearing value is equal zero. The direction
parameters takes it into account: if the train is not moving the direction is the last non
zero value of the bearing.



e heat flow from the side and from the top: as specified by Hofer in the SBB Report [14], the
influence of global radiation was taken into account in the model according to the following

equations:
Qsidewall = €sidewall * Asidewall : Sin(a) : 31”(5) ' Qirradiation (34)
Qwindow = €window * Awindows ' Sin(a) : SZTL(,B) : Qirradiation (35)
Qroof = €roof ° Aroof : COS(Oé) : Qirradiation (36)

Where Qirradiation 18 the Global Radiation presented in section 4.1, €gigewall, €window and
€roof are absorption coefficients and Ag;idgewali; Awindow and Agop are the side area and roof
area in m?2.

The EN 14750-1 standard assumes global radiation values of up to 700 W/m? for Switzer-
land [14].

The overall heat flow from the Sun to the train body is the sum of the previous heat flows
computed above:

Qtotal = Qsidewall + Qwindow + Qroof (37)

a and [ are respectively the elevation angle and azimuth angle described in the Weather
Data part of the section 4.1, and represented in figure 4.1

Figure 3.2: Visualization of the azimuth and elevation (here specified as altitude) angles with
respect to the North Direction (N) [1]
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Figure 3.3: Visualization of the relative angles of sun incidence with respect to the train direction
[27] [14]

3.2.5 Final Preprocessing Results

As a result, every Excel Files has 1440 rows and 18 columns for each train for each day. Missing
data are presented as NalN values and only in the case of missing data in every cell the day is
not saved.

Every train has its folder named "RV _0**” where ** represent the last two digits of the train
number. Inside of each folder the Excel file is saved as "YYYY-MM-DD RV _ 0**.xlIsx’.

A final recap of all the parameters along with their description and a snapshot of an Excel File
is displayed here:
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Parameter Description

datetime "day-month-year hour:minute" format of the measure-
ment

speed velocity of the train in km/h

amb_ temp outside Temperature measured in [°|

ud_ temp Upper Deck Temperature measured in [°]

md_ temp Middle Deck Temperature measured in |°]

ld_temp Lower Deck Temperature measured in [°]

control_mode_ HLK1 Whether the HVAC System is in Control Mode (1) or
not (0)

t_ref Reference Temperature measured in [°]

lat Latitudinal Coordinate Position of the train

long Longitudinal Coordinate Position of the train

global _rad:W Surface power density received from the Sun
measured in [W/m?|

sun_ azimuth:d horizontal angle of the Sun with respect to the North,
measured in [°]

sun__ elevation:d the angular height of the sun in the sky measured from
the horizontal measured in [°|

bearing Direction of the train with respect to the North if it is
moving measured in |[°]

direction Absolute Direction of the train with respect to the
North measured in [°]

Occupancy Occupancy percentage of the train in the range 0-1

heat ws Heat flow received by the train from the side measured
in [W/m?]. ws stands for windows and side

heat_roof Heat flow received by the train from the top measured

in [W/m?|

Table 3.2: Description of all the parameters in the Excel Files.

datetime |  speed | amb_temp |ud_temp|md_temp|ld_temp | control_made_HLK1 | t_ref lat lon | global_rad:w | sun_s sun_ bearing | direction | Occupancy | heat_ws heat_roof
20230705 16:23:00 14,43466667 21,7 246 235 236 1 22,81 47,3877 8,5082 544,7 -360,8665924 42,3 290,8665924 290,8665924 0,364485981 219,0276555 60,60873048
2023-07-05 16:24:00 28,464 21,61666667 245 234 235 1 22,785 47,3885 8,5051 550,6 -355,3542781 42,5 285,1542781 285,1542781 0,364485981 190,278473 48,66406484
2023-07-05 16:25:00 2,698333333 21,6 245 235 234 1 2278 47,389 B,4991 568,7 -355,6542781 42,6 0 285,1542781 0436448598 339,9858B566 106,5657743
202307405 16:26:00 0 21,53333333 245 236 234 1 11,76 47,3897 B,4984 573,8 -355,8541781 418 0 285,1542781 0,436448B598 400,4658B46 217,355361
20230705 16:27:00 0 215 242 233 234 1 21,75 47,3896 B,4984 574,7 -356,0542781 43 0 285,1542781 0,436448598 415,6673202 319,0236144
202307405 16:28:00 0 215 238 231 233 1 21,75 47,3896 B,4984 575,6 -356,3541781 431 0 285,1542781 0,436448B598 434,1034962 365,7241303
20230705 16:29:00 20,855 21,43 236 23 232 1 22,779 47,3896 84984 5764 -175,5524148 43,3 104,1524148 104,1524148 0,436448598 133,7269261 447,3591626
2023-07-05 16:30:00 28,93533333 214 234 2238 231 1 22,72 47,3889 8,5025 550,3 -187,1362166 43,4 115,4362166 115,4362166 0,508411215 295,8935476 459,6114134
20230705 16:31:00 29,57466667 214 23,2 2238 23 1 22,72 47,387  8,5084 500 -182,1643347 43,6 110,2643347 110,2643347 0,508411215 8,957131498 463,905063
202307405 16:32:00 30,41633333 214 23 227 229 1 22,72 47,3855 8,5141. 450,3 -187,6347832 43,8 1154347832 1154347832 0,508411215 61,90740993 442,8384567
20230705 16:33:00 1B,62266667 214 229 22,6 229 1 2272 47,3836 8,5203 397,32 -186,2952099 43,9 113,8952099 113,8952099 0,508411215 26,39858519 395,9553383

Figure 3.4: Screenshot of an Excel File. The train in question is the RV 15 during the summer
period.

3.3 Data Segmentation

In order to use only measurement of interest, it is essential to segment the data based on specific
criteria.

e In this Thesis the focus is on the period where the HVAC systems is in automatic mode
and fully operational, indicated by the the "1" in the control mode HLK1 column
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e Moreover all the rows with at least one missing value are not considered: these measurement
data are removed from the dataset

e Another important criterion it is to segment the data into continuous sequences where
no minutes are missing between measurements. This approach guarantees that each data
segment contains consecutive data points, with no gaps in the time series. It ensures that,
when working with time lags and different time-steps horizons, the data of interest are
actually present and accessible

e lastly, another filtering method concerning the occupancy is applied. Since the occupancy
values come from an internal estimation from SBB, some pf them are inaccurate. Too many
measurement data display the case where no passengers are in the train (Occupancy equal
to zero), the speed is greater than 0 km/h and still the HVAC system is in automatic mode:
the 24.5% of the total. There may be instances where this accurately reflects reality, such as
when a train is returning to another station without passengers or when it is maneuvering
within the station’s parking area. To exclude very unlikely scenarios, all of the rows which
show a a speed bigger than 40 km /h, which is the speed limit within stations and parking
areas, and an occupancy equal to 0 are considered incorrect and therefore excluded.

A good example of a data segment is the one in figure 4.4:

e all the eleven rows have no missing values

e all the eleven rows have the control mode HLKI1 column with the value "1"

e all the eleven rows are consecutive, meaning that there are no gaps between one minute
and the next one.

To achieve the segments creation, two Python scripts, get  winter days and get summer days
for the two different periods involved, have been used.

In these original scripts, only segments with more than one consecutive full rows with no missing
samples and with the HVAC mode in control mode are taken into account.

Considering all the trains and all the days available, the total number of resulting segments in
the Winter and Summer case are presented in the following figure:
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Number of segments longer than two for Winter Days and Summer Days
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Figure 3.5: Number of segments created as described before, comparison between Winter and
Summer Data.

As specified before, the length of the segments will be a crucial element for dealing with different
lags and future time steps.

The following figures represent the distribution, from 0 to 100 rows, of the segments based on
their lengths and how many segments are greater, respectively, than 30 minutes, 60 minutes and
90 minutes.

Distribution of Segments Lengths
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Figure 3.6: Distribution of the segments lengths
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Segments Greater Than Threshold
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Figure 3.7: Segments greater than 30 minutes, 60 minutes and 90 minutes

The segments are saved as "segment *" where * represent the number of the segment starting

from from 0. These are saved in specific folders for each of the train, named "Filtered RV _0**"
where ** is the train number.

3.4 Neural Network-Based Simulator

The first step involving Neural Networks is developing an accurate simulator which can be used
in the future to validate new controllers.

This Neural Network-Based simulator is supposed to replace the one developed by SBB using
the MATLAB Simulink Model described in the previous chapter.

The goal is trying to predict the three deck temperatures in the following minute, using the
parameters of interest showed in the Table 4.2 at the current timestep. In the following section
an overview of a Feed Forward Neural Network and some of their most relevant Machine Learning
techniques are presented. The actual model is then presented in another section, where all the
choices about the fine-tuning results are displayed.

3.4.1 Feed Forward Neural Network (FFNN)

A Feed Forward Neural Network, also called Multi Layer Perceptron (MLP), is the most basic
type of Artificial Neural Network. Each neuron in one layer is connected to every neuron in
the next layer, resulting in a fully connected network. The strength of the connection between
neurons is represented by weights, and the learning process involves updating these weights based
on the error of the output.

The goal of an Artificial Neural Network is to approximate some unknown, ideally non-linear,
function f*) that maps an input to an output.
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Input layer Hidden layers Output layer

A

Figure 3.8: Example of a Fully Connected Feed-Forward Neural Network, with an Input layer,
and Output Layer and a not defined number of Hidden Layers.

In a FENN information flows only in one direction (hence, the name Feed-Forward), following
the order of the layers in which the neurons are organized: from the input layer, where the data
relative to the input x are stored, through the hidden layers, whose number specifies the depth of
the Neural Network, until the output layer which specifies the outcome of the overall calculation,
which can be a prediction value or a classification value. The number of neurons for each layer
represents the so called width of Neural Network.

At each hidden layer, inputs are weighted and summed and in a second step passed through an
activation function, introducing non-linearity.

A single neuron at layer [ is activated in the following way:

(=1
A0 = 5 wlal Y 4l (3.8)

j=1
where wa(l-) are the weights, ag.l_l) are the activation values from the previous layer, and bz@ is

the bias term that shifts the weighted sum.
The passage through an activation function o can be defined in the following way

az(-l) = a(zz-(l)) (3.9)

Among the most famous activation functions there are the ReLU or Rectified Linear Unit, the
Sigmoid Function and the Tanh.
The output at the end of the Neural Network is the following:

§=al) (3.10)

Training In the case of Supervised Learning, where the datasets are complete and consist of
pairs of inputs and outputs, the training process involves comparing the predicted output after
the Feed-Forward pass described above and the actual output.
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In order to train the neural network, a loss function has to be minimized. For regression tasks,
usually the mean squared error (MSE) is used.

Ly,9) ==Y (vi— ) (3.11)

i=1
or the cross-entropy loss for classification tasks:

n

£(y,9) =~ 3 lyiloa(di) + (1 o) log(1 — i) (3.12)
=1

Once the error is computed during the feed forward pass, the backpropagation algorithm is used
to update the weights and biases by computing the gradients and applying gradient descent:

O ._ W oL

W = Wy —naw@ (3.13)
ij
#*zé”—n9£~ (3.14)

ap?

where 7 is the learning rate. Usually, instead of using all the data points at once to calculate the
new weights and biases through the gradient descent algorithm, a batch of data points is used
to compute the gradient and then used to update the model parameters.

Once all the batches, and so all the data, are used it is said that an epoch has passed.

The Risk of Overfitting Neural Networks learn patterns from data and can then use these
patterns to make future predictions on unseen data. Relying too much on the available data
for the training process can lead to the so called Owverfitting problem: the model results to be
excessively complex, capturing the random fluctuations in the training data, resulting in poor
generalization.

The main reason for this to happen are:

e a too high number of parameters which allows a too precise fitting to the training data
e a small dataset

e poor variation in the training dataset which leads the Neural Network to have a poor
capability to handle different inputs

In order to prevent overfitting, the main techniques are:

e dividing the dataset into training and testing data: only the training data are used to learn
patterns, the remaining data are treated as unseen data with which testing the Neural
Network. A classical split between training and testing data is 80-20% depending on the
dimension of the dataset

e regularization techniques: adding a penalty term to the cost function to prevent complex
models to be chosen

e dropout regularization: drop the use of some random neurons in the layers to prevent

e Early Stopping: check the model performance on a testing set and stop training when the
testing performance is not meaningful anymore.
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3.4.2 The Simulator Model

In the case of the simulator, the objective is to predict the temperatures of the three decks
(Upper Deck, Middle Deck, and Lower Deck) for the next minute, based on the parameters
known at the current timestep. In Machine Learning language, the output features are then the
three temperatures at the next timestep and the input features are the chosen parameters.

The architecture of choice is a Feed Forward Neural Network.

The following pictures shows which input and output features are needed.

ud_temp(t)
md_tempit)

1d_temp(t

amb_temp(t) ud_temp(t+1)

Neural
t_refity d_tempit+1)
Network
speed(t) @

heat_ws(t)

heat_roaf(t)
Occupancy(t)

Figure 3.9: Representation input and output labels for the Simulator Model. The Neural Network
here is presented only as a black-box model, with no information about the number of layers and
number of neurons.

The number of lags for a prediction task represents the number of previous time steps whose
values are retained and used as input features for forecasting future values. This essentially
means how far back in time the model looks to gather the data needed for making accurate
predictions.

In this case the number of lags is equal to zero, meaning that only the parameters for the current
timestep are retained and used.In terms of the number of samples and segments, all segments
that are at least two consecutive minutes long can be utilized. This results in a total of 177,000
data points, derived from all trains and all days, being available.

NN Architecture The number of neurons and layers is carefully chosen to match the com-
plexity and typology of the task. In this case a Feed Forward Neural Network with 3 hidden
layers, each of them with 10 neurons resulted to be an optimal choice.

The input layer, as already shown in the Figure 3.9, has 9 neurons representing the input fea-
tures, while, since the goal is the prediction of the three decks temperatures at the next timestep,
an output layer of three neurons is needed.

Training Process and Fine tuning It is of key importance to get an accurate prediction
without excessively overfitting the training data. Because of this, a 80-20% split of the training
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data is used to facilitate an objective evaluation of the chosen architecture.
Other fine tuning techniques are the following;:

e the training and test data are shuffled, allowing the big dataset to be more mixed and not
ordered by time, avoiding the risk of learning patterns that are due to the training and
evaluation separation

e an early stopping function is deployed to avoid overfitting: the number of epochs is then
not very relevant because, in all likelihood, the training procedure will be stopped due to
this function

e weights and biases are initialized with Xavier Initialization: is to initialize the weights such
that the variance of the activations are equal across each layer. This method helps prevent
the gradient descent from exploding or vanishing leading to a better optimization

e the datapoints are divided into small batches made of 32 points and, instead of using the
normal classic descent algorithm, a stochastic gradient descent one is used

e the optimizer is the Adam optimizer, which stands for Adaptive Moment Estimation: it
is an adaptive learning rate algorithm. It dynamically and adaptively adjusts the learning
rate for each individual parameter within a model, instead of using a global learning rate

e the training loss is the Mean Squared Error for training and Mean Absolute Error for
evaluation. The formulas will be better discussed in the Result Chapter

e ReLu function are employed as activation functions

e both the training and evaluation records are tracked and their behaviors are represented
in diagrams.

Scaling To help the training process with a consistent gradient descent, the input data were
scaled in order to match their magnitude. Since the output of the Neural Network are the
three decks temperature and, among the inputs, other temperature labels are considered, such
as ambient temperature and reference temperature, the other labels were scaled to match the
order of magnitude of 10, namely the magnitude of most of the temperature in the dataset.

To this regard:

e Occupancy values were multiplied by a factor of 10. This does not match the order of
magnitude of 10, but it allows to get a value closer to the temperature ones

e speed values were divided by 10

e heat flows values were divided by 100

3.5 Neural Network-Based Temperature Prediction with Multi-
ple Lags and Time Horizons

The case of the simulator is a very isolated one: starting only from the current timestep infor-
mation the goal is to predict as best as possible the temperatures of the three decks in the next
minute.

As said before, this is the case of 0 lags, where there is no need to go back in time and check for
past data to make a prediction.

In this way though, the behavior of the overall system is not taken into account: the use of lags
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allows to go back in time and retrieve more information of how the wagon temperatures changed
with time and it is possible to find patterns that enhance the prediction performance.

Of course, the number of datapoints that can be emplyed for this scope are not the same ones
as for the simulator. If a time lag of 10 minutes is used to go back in data history to retrieve
past information and predict the (t+1) temperatures: only the segments which are 12 rows
long can be utilized for training, the past 10 rows, the current one and next one which gives
the actual values to be predicted and is used for supervision in the context of supervised learning.

Moreover, not only the number of lags can vary, but also the number of steps in the future that
are to be predicted. For example, unlike the Simulator case, with a time horizon greater than
1, it is possible to predict the temperatures in 2, 5, 10 minutes and so, with, of course, a worse
accuracy as the time horizon gets greater and greater.

Recovering these information and using them in a specific Neural Network is fundamental to get
a better grasp of the underlying functioning of the thermal model of the wagon: this will be done
using not only a NN techniques, but implementing them with some physical equations that rule
the thermodynamics behavior.

3.6 Neural Network-Based Thermal Model: PCNN

The second step involving Neural Networks concerns the creation of a specific type of Physics-
informed Neural Network, or PiNNs, called Physically Consistent Neural Network, PCNNs [17].
Physics-informed Neural Networks take into account underlying physical laws that rule the sys-
tem of interest and use this prior knowledge to affect the Neural Network behavior, and avoid
the classic generalization issues typical of Machine Learning methods.

3.6.1 Physics-Based models, Black-box models and Hybrid models

Physics-Based models Physics-Based models make use of Physics laws, typically Ordinary
Differential Equations to mimic the functioning of the considered model. In the case of HVAC
Systems and wagons thermal model, the physics behind can be the one ruling the thermal
dynamics of the environment through convection, conduction and radiation equations.

Input Physical Output
equations

Y
L 4

Figure 3.10: Representation of a White-Box Model.

These thermal models, though, are very difficult to mimic and a lot of assumptions and simpli-
fications, which limit their accuracy, have to made. An example of assumption in the context
of the HVAC System and the train wagon is the one regarding the half-wagon behavior: it is
assumed, indeed, that the two halves behave exactly the same, each part being only controlled by
its HVAC System. And while it might sound like a small assumptions, it is very unlikely in prac-
tice to imagine that the two halves have an identical functioning and that do not interfere with
each other. Developing an accurate model, in this case, requires a lot of time, the calibration,
the parameters implementation and the cost are then relevant.
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Black-box models In contrast to the Physics-based models, black box models completely
rely on the data and computational resources to identify patterns between the inputs and the
outputs.

Example of Black-box models are Neural Networks, Support Vector Machines or Random Forests:
in all these cases the internal functioning, even if carefully engineered, is not clear and inter-
pretable. Hence, the term "black-box," which evokes the idea of something occurring behind the
scenes, or data-driven to highlight the importance of the data.

Input Output
P Data i

Y
L J

Figure 3.11: Representation of a Black-Box Model.

In this scenario, precise physics equations are not needed, unlike in the Physics-Based models,
but previous data and computational power are essential for Black-box models. Even if the
succeed in capturing the non-linear dynamics intrinsic to the systems, there is no guarantee that
they can actually follow the underlying physical laws and the risk of overfitting might affect the
general outcome.

Hybrid models A middle ground between the two aforementioned models are Hybrid models,
which make use of both of physics laws and past data: because of this reason they are called Gray-
box models. Usually, Gray-box models start with linear state-space models and then, with the
help of typical techniques from black-box models, try to learn from the data the non-linearities
that can be present.

An example of Hybrid Model is, as mentioned before, physically informed Neural Networks.

Input Physical Output
Equation /
Data

v

Y

Figure 3.12: Representation of a Gray-Box Model.

PCNNs The reference used in this Thesis for the Physically Consistent Neural Networks comes
from the paper "Physically Consistent Neural Networks for building thermal modeling: Theory
and analysis" [17].

In their work, L. Di Natale et al., presented a new PiNN architecture which can preserve the
same good accuracy of classical Neural Networks, but still be consistent with the physical laws
that rule the thermal behavior of the building.

The term "physically consistent" refers to the fact that any change in the input will cause a
change in the output, and this effect follows physical laws.

Although having a constrained structure due to the integration of the physical principles, it was
possible to show that the PCNN have a less tendency to overfit the data.

In particular, the inputs are simultaneously processed by two modules: one to preserve physical
exactness when feasible, and the other to capture nonlinearities using a shallow neural network,
so what it’s not easy to characterize a priori.
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Figure 3.13: Basic representation of a PCNN Architecture.

All the parameters, from both of the modules, are optimized in one single step.

Keeping in mind that the theory of comfort for public transport derives from building comfort
theory, it is fair to assume that this particular type of Gray-Box model can achieve interesting
results also for the passenger wagon in train like the SBB Regio-Dosto.

3.6.2 PCNN Model for Temperatures Prediction in a SBB Regio-Dosto Train

The figure 3.13 represents a general and basic architecture for a Physically Consistent Neural
Network: in the specific case of the temperatures prediction for half of the wagon of the SBB
Regio-Dosto it is important to specify further elucidations.

The overall goal is to use this specific model as an input for a Model Predictive Control problem:
generally, Artificial Neural Networks do not lead to convex input-output relationships, making
them not ideal candidate for an optimization problem as the one in a regular MPC [5].

The main idea here is using the set of inputs in a separated way to preserve convexity and using
the PCNN architecture for the MPC formulation.

Among all of the various inputs features, the ones of the current timestep in consideration, the
ones of the previous lags and the ones of the forecast for the following time horizons, some of them
can only be used in the Physical Equations part of the architecture. The other input features
all contribute to model only the non-linearities that affect the system: the velocity of the train,
the various heating depending on the direction and the position of the train, the Occupancy
This expedient guarantees that the the relationship between inputs and outputs is convex and
usable within the MPC scope [5] [17].

The general prediction formula can then be summed up like this:

z(t+1) = Az + Bu+ p(z) (3.15)

in which the prediction is made of two different components, a linear part depending on the
current states and the inputs, and a non linear part to define the non linearities: p.

For the case of the half wagon of SBB Regio-Dosto, as seen in [14], the physics equations used
to describe this model derive from the RC model.

The equation to choose has to take into account the consistency of the thermal dynamics, and
since the main gradient that drives the heat exchange is defined by the difference between the
temperature of the decks and the ambient temperature, the linear relationship in the case, for
example, of the one step prediction from (¢) to (¢ + 1) and zero lags is:
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ud_temp(t+1) ud_temp(t) - t_amb(t)
md_temp(t+1) | =a- | md_temp(t) - t_amb(t) | +b-t_ref(t) (3.16)
1d_temp(t+1) Id_temp(t) - t_amb(t)

This is only one of the many option that can represent the underlying physical equations that
rule this thermal system. The main thing, to preserve the convexity aforementioned, is to have
the three decks temperatures (ud temp, md temp, ld temp) and the reference temperature
(t_ref) only in the linear part and not as inputs of the NN. This is because (t_ref), in the
second step of the MPC calculation, is the optimization parameter.

In the equation 3.16, for the case of one step prediction, the matrix a is a 3 by 3 while b is a 3 by
1. With the increasing number of timestep horizons these matrix get bigger and bigger as well.
At the same time, also the architecture of the Neural Network has to be more complex because
of the growing number of parameters if a longer horizon is chosen.

Inputs for the
linear part

> x(t+1) = Ax(t)+Bu(t)

Input Output

Inputs for the

Neural
Network  _ Neural

Network

Figure 3.14: PCNN Architecture with a linear module for the physical equations and the sepa-
ration for the inputs.

The case with different lags and horizons and the splits between the inputs are described in the
Results and Discussion Chapter.

As for the fine tuning techniques, the same consideration of the subsection 3.4.2 about the
Simulator hold.
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Chapter 4

Results and Discussion

4.1 Simulator

Using the architecture and fine tuning techniques described in the previous chapter, the results
of the Feed Forward Neural Network Simulator are presented in the following picture:

Training and Validation Loss over Epochs

0.50
\ — Training Loss

0.45 - Validation Loss

0.40 +
0.35 A

0.30

Loss

0.25 +

0.20 - —

0.15 +

0.10 - ] ~—

Epoch

Figure 4.1: Training and Evaluation error for the FFNN Simulator

On the x-axis the number of epochs are shown, while the Training Loss and Evaluation Loss are
represented on the y axis.

The input features, once again, are:

e the three decks temperatures
e the ambient temperature

e the reference temperature
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e the speed

e the heat exchanges due to irradiation, on the side and on the roof

e the occupancy percentage

The first noteworthy thing is that the two losses almost exactly overlap. This is due to the fact
that dataset itself is not that diverse: both the training and evaluation datasets are very similar,
regardless of the fact that a shuffle option was employed. In most of the cases the temperature
at the next minute is the same, or very similar at least, of the current one.

Because of the non-variety of the overall dataset, the challenge was choosing the right architecture
without overfitting too much.

Only a few number of epochs are needed to let the Early Stopping method to stop the training

procedure in advance: already after 5 epochs the error between the real temperature and the
prediction is just 0.1 °C.

Using a different training/testing split produces a similar result in terms of overlapping but a

worse result in terms of error, showing that the rule of thumb of a 80-20% split yields a better
result.

Training and Validation Loss over Epochs
—— Training Loss
0.45 7 \ validation Loss
0.40
0.35 A \
&
3
0.30 1
0.25 4
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T T T T T T T
2 4 6 8 10 12 14
Epoch

Figure 4.2: Training and Evaluation error for the FENN Simulator, 50-50% split between training
and testing error

While the Mean Squared Error (MSE) formula for the training function cost to be minimized was
already presented in previous chapter, here the MAE is used as conveys the result in a better

way: it is the Mean Absolute Error between the predicted value and the actual value on the
average for all the datapoints.

I )
MAE = — > lyi — il (4.1)
i=1

where n is the number of data points, y; is the actual value of the temperatures and g;.
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The result of 0.1 °C as MAE for the simulator is definitely a good one: it is important to keep
in mind that the sensitivity of the sensors used for data recording is, in fact, 0.1 °C.

4.2 PCNN used as a Simulator: a comparison

Even if not used for this scope, it is possible to compare the results between the Normal FFNN
Simulator with only the neural network component and the PCNN. In this case the Neural
Architecture is the same and only the added linear module changes.

The input for the linear module are:

e the three decks temperatures

e the ambient temperature

e the reference temperature

used as expressed in the equation 3.16.

The remaining input features are employed as inputs for the Neural Network part, with the
exception of the ambient temperature which is still used also for the FFNN.

A few more clarifications which need to be done in the case of the PCNN:

e the initialization of the parameter a and b it is of crucial importance: since, as the name
says, it has to be Physically consistent, these parameter need to be initialized in a meaning-
ful way. Many attempts were done in this regard and the best way of optimization turned
out to be setting them equal to Identity matrix for a and to the vector of ones for b. The
other parameters, weights and biases of the FFNN, are still used initialized through Xavier
Initialization

e Forecast prediction: it is assumed that all the future disturbances like speed, occupancy
and weather which affects the heat exchange due to irradiation are perfectly known since
coming from past data retrieved by SBB and Meteomatics. In the case of a real experiment
in a non simulation environment, this might not be the case and these data could be less
reliable depending on the time window.
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Figure 4.3: PCNN used as a Simulator

The number of epochs and error are very similar to the ones of the original simulator, mainly
because the task is still the same, the are not many more information given to this architecture
and the same argument about the variability of the data still holds.

The real difference is that, during the same optimization step, the parameters a and b are opti-
mized and it is interesting to see how they change in this case, starting from the initialization
values imposed by the physically consistency.

At the end of the 8 epochs,

0.969 4.6592¢(—3) —9.8573(c — 3)
a=|-53441¢(-3)  0.993 —1.6058¢(—2)
2.0970e(—3)  8.5291e(—4) 0.971
0.5129
b= [0.5325
0.5313

showing that the temperatures at the next timestep strongly depend on the ones at the current
timestep (the matrix is still very close to the identity one), and each deck influences each other
very slightly, two magnitude orders less.

Trying to use the same architecture, with same inputs but to predict the temperature in the next
three minutes yields this result:
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Figure 4.4: PCNN used as a Simulator to predict the decks temperatures in after three minutes

In this case the accuracy is smaller with a MAE of 0.2°C and the correlation between the
temperatures at (¢t + 3) and temperature at ¢ are different:

0.891 0.016 —0.015
a=|—0.043 0.98 —0.046)
—0.01 0.008774  0.92

0.539
b= 0.531
0.5179

Here the values on the diagonal of the matrix a are getting further and further from 1, while the
other ones get bigger compared to previous a. Some of these are also with negative values: it
was not imposed to them be strictly positive or greater than zero, but this could be something
for the next dissertation regarding the topic.

4.3 PCNN with Lags and Time Horizons

The last section of this chapter is used to discuss the results of the PCNN when a predefined
number of lags and time horizons is set.
In this case the number of parameters can vary a lot:

e for each minutes of the future horizon, 5 new disturbances need to be added: speed,
occupancy, the two heat flows and ambient temperature

e for each minute of the lags in the future, 9 new disturbances are added: speed, occupancy,
the two heat flows, ambient temperature, decks temperatures and reference temperature. In
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these case, past references temperatures and decks temperatures can be taken into account,
since are not going to be matter of optimization during the MPC.

It is important to highlight, in this case, how many different combination of inputs to this
architecture can be produced: in fact, past ambient temperatures, for example, can be used
with no distinction as FFNN input or Linear Module input. The crucial point is that current
temperatures and reference temperatures are only inputs to the linear part.

In this case, it was decided to keep the a similar separation as before:

e Linear inputs: decks temperatures, ambient temperature and reference temperature both
from the current timestep and the past one are inputs to the linear Module

e speed, ambient temperature, heat flows and Occupancy of the current timestep, the past
ones and the future ones as inputs to FFNN

Due to these choices the a and b matrices get fatter as more and more new matrices base on the
number of the past lags.

Depending on the number of lags and the horizon window, different combinations are possible.
Since the number of parameters increase, also the complexity of the FFNN architecture needs to
be adjusted and optimized.

With a number of lags equal to 10 and a time horizon equal to 10, the neural network architecture
is set to be ideal with 10 hidden layers and 16 neurons.

The result is the following:
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Figure 4.5: PCNN, Lags = 10, Horizon = 10
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Chapter 5

Conclusion

In this thesis, the focus was on the feasibility of reproducing a correct prediction architecture
using a Feed Forward Neural Network, in the first place alone, and in the second place in parallel
with a linear module which contains an exemplification of the physical laws that rule the system
of the half wagon of a SBB train. The data used to train the model were given directly from the
sensor recording of SBB over the period of Winter weeks and Summer Weeks.

The study was conducted in a simulative context, in preparation for the potential Model Predic-
tive Control that can be derived starting from the results of this study.

Firstly, a Simulator was developed: the main goal of it is, through a Feed Forward Neural
Network, predicting the temperatures at the next timestep based only on the data of the current
time, with no data history retrieved. This simulator was able to reach an accuracy for the Mean
Absolute Error of 0.1°C.

Then, a novel type of Physics Informed Neural Network (PiNN), named Physically Consistent
Neural Network is employed to impose convexity for input-output mappings to guarantee that
the problem can be used within the MPC framework.

An example of a PCNN with 10 lags and 10 time horizons is then shown to prove the validity of
the PCNN.

Many assumptions were made during these work, in particular no further restrictions on the
linear parameters were imposed, meaning that more research in that regard is needed. The
weather forecast, which is gonna play a key role in the MPC pipeline, was also supposed to be
perfectly known, which is not true in reality since only estimate of the future forecast can be
retrieved in real time.

Moreover, only the most basic typology of Neural Network, meaning the Feed Forward one, was
used to to model for the first time the thermal dynamics of the passenger carriage. Many different
NN model could be examined in the future: Recurrent Neural Network (RNN) and Long-Short
Term Memory Neural network (LSTM) were proven to be very effective in the prediction of
temperature in buildings taking into account the past lags [17].
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Appendix A

Chapter
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48 Figure A.1: Drawing of the HVAC System |[8]



HVAC Output Limits [W] | Upper Floor Middle Floor Lower Floor
Max Cooling Power -10°000 -8'000 -10'000
Max Heating Power 8’000 5’000 10’000

Table A.1: Physical limitations of the HVAC unit [§]

FW Heatings Output Limits [¥] ‘ Upper Floor Middle Floor Lower Floor

Max Cooling Power 0 0 0
Max Heating Power 4'994 2’710 4021

Figure A.2: Table representing the Outside Air Intake Volumetric Flow Rates [14]
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