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ABSTRACT

To implement an optimization method that aims to increase energy efficiency, the
definition of the vehicle model is crucial to calculate results that can be used in the
real-world environment. Component behavior and environmental effects should be
included to generate precise output from models. In literature works, authors di-
rectly focus on implementing the vehicle model with basic plant models. However,
they did not consider the efficiency of the components in the calculation results
of optimization methods. In this thesis, an optimization model including energy
losses due to the efficiency of the e-machines is implemented to see the effect of
component features. The LIMETIME is suitable for different-sized efficiency maps
and is implemented using the Mixed Integer Linear Algorithm approach.
One of the strongest [MILP| based vehicle model approaches is implemented as
the base of the LIMETIME. After that, the efficiency map of the e-machine and
inverter is included on top of this. A 5x5 efficiency map is implemented with six
different routes to demonstrate the vehicle’s behavior. In reality, efficiency values
vary between 72-95% for energy-efficient e-machines. Since the efficiency values
are set as 100% in literature, the total energy consumption values increased 21%
on average in LIMETIME. Execution time is also increased because of the addi-
tional constraints and decision variables. The application time obtained in this

study is between 8.46 and 90.71 times longer than the literature study.

Keywords: Mixed Integer Linear Programming (MILP]), Efficiency, Energy
Optimization, Electric Vehicle (EV]), Trains
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OZETCE

Enerji verimliligini artirmay1 hedefleyen bir optimizasyon yonteminde, ger¢ek diin-
ya ortaminda kullanilabilecek sonuglar1 elde edebilmek igin, ara¢ modeli tanimi
oldukca onemlidir. Modellerden kesin ¢iktilar elde etmek icin arag bilegenlerinin
davraniglart ve ¢evresel faktorler dahil edilmelidir. Literatiirdeki ¢aligmalarda,
yazarlar ara¢ modelini dogrudan temel sistem modelleri ile uygulamaya odaklan-
mistir. Ancak bu optimizasyon yontemlerinin hesaplama sonuclarinda bilesenlerin
verimliligini dikkate almamiglardir. Bu tezde, bilegen 6zelliklerinin etkisini gormek
i¢in elektrik makinelerinin verimliliginden kaynaklanan enerji kayiplarini da igeren
bir optimizasyon modeli uygulanmistir. LIMETIME, farkl biiyiikliikteki verimlilik
haritalar i¢in uygundur ve Karma Tam Sayili Dogrusal Algoritma yak-
lagimini kullanmaktadir. En giiglii[MILP|tabanli ara¢ modeli yaklagimlarimdan biri
LiIMETIME1n temeli olarak uygulanmigtir. Sonrasinda bu uygulamanin tizerine
elektrik makinesi ve invertoriin verimlilik haritasi eklenmistir. Aracin davranigin
gostermek i¢in alt1 farkl rota ile 5x5 boyutlarinda bir verimlilik haritas1 uygulan-
migtir. Gergekte, enerji verimliligi yiiksek olan elektrik makineleri i¢in verimlilik
degerleri %72-95 arasinda degismektedir. Literatiirdeki ¢aligmada verim deger-
leri %100 olarak ele ahndigindan toplam enerji tiikketim degerleri LIMETIME i¢in
ortalama %21 artmistir. Ek kisitlamalar ve karar degiskenleri nedeniyle optimi-
zasyon icin gegen siire de artmigtir. Bu ¢aligmada elde edilen optimizasyon siiresi

literatiir calismadan 8,46 ile 90,71 kat arasinda daha fazla olarak elde edilmigtir.

Anahtar Kelimeler: Karigik Tamsayili Dogrusal Programlama (MILP)), Ver-
imlilik, Enerji Optimizasyonu, Elektrikli Ara¢ (EV]), Trenler



ACKNOWLEDGEMENTS

I would like to sincerely express my thanks to my advisor Prof. H. Fatih Ugurdag,
at Ozyegin University, who helped me a lot before and after I joined his team. The
first steps of this work were taken when I was a Teaching Assistant at Ozyegin
University. Prof. H. Fatih Ugurdag helped me to get accepted to Ozyegin Univer-
sity as a teaching assistant with a scholarship. Also, I thank the whole Ozyegin
University family for giving me this opportunity.

I am also so grateful to FEV Tiirkiye and especially M. Ali Goziikii¢iik. During
this work, he was my director and helped me with his automotive and optimization
knowledge.

I want to thank my friends for encouraging me during this work. Finally, I

would like to thank my family for giving support in every part of my life.

vi



TABLE OF CONTENTS

ABSTRACT

I INTRODUCTION

(1.1  Problem Description|. . . . . . .. ... .. ... ... .. ..... 3
(1.2 Background Knowledgel . . . . . . . .. ... .. ... ... ..., 5
[1.2.1  Physical Equations of Vehicle Modelf . . . . . . . .. .. .. )

(1.2.2  Efficiency of Electric Motor vs Internal Combustion Enginel 9

11 IMPLEMENTATION OF LiMETIME

2.1 The Mixed Logical Dynamic Modell . . . . . . . ... .. ... .. 14

[2.2  Addition of Efficiency Lookup Table, . . . . . . .. ... ... ... 19
[2.2.1 Calculation of Torque and RPM| . . . . ... ... ... .. 19

[2.2.2  Efficiency Calculation| . . . . . . ... ... ... ... ... 22
MI"CASE STUDYI . . . . . .o e e 31
IV _CONCLUSION| . . . ... 37

APPENDIX — — CASE STUDIES GRAPHIC RESULTS|. . . .

BIBLIOGRAPHY

Vil



LIST OF TABLES

(1 Accuracy of |[PWA| approximation of speed.| . . . . . . .. ... ... 22
[2 Dummy efficiency map.|. . . . . . ... ... 23
[3 Fxample of torque binary decision variables.| . . . . . .. .. .. .. 26
{4 Example of revised torque binary decision variables|. . . . . . . .. 27
[5 'T'he unique form for a route with N, = 20 segments.|. . . . . . . . . 29
[6 Vehicle parameters.| . . . . . . .. ... 0oL 31
[ IPWAI coefficients for time calculation) . . . . . . ... ... ... .. 32
8 IPWA| coetficients for speed calculation,| . . . . .. ... ... ... . 32
0 Efficiency map (). . . . . ..o 32
(10 Grade profiles and details of the routes.|. . . . . . . . ... ... .. 33
(11T Energy and efficiency comparison between the routes.| . . . . . . . . 35
(12 Comparison of exact speed and [PWA|[speed.| . . . . . . .. ... .. 35
(13 Comparison of execution time.| . . . . . . . . . . ... ... ... .. 36

viil



LIST OF FIGURES

[l The forces that effecting vehicle movement |If.| . . . . . . ... ... 6
[2 Bearing friction loss for six different bearing [2[.| . . . . . .. .. .. 10
13 Windage loss for different air gaps 3. . . . . . .. ... ... ... 11
¥ Losses compered with motor load for a standard motor |4].| . . . . . 12
[ Efficiency map example [5].| . . . .. ... 00000 12
|6 PWA approximation of fpwa(Ex) = ﬁ “6||| ............ 16
[7 PWA approximation of gpy a(E}) = \/2E_k.| .............. 21
8 Graphical results of Route 1. (a): Speed. (b): Time. (c): [RPM]| |

(d): Torque. (e): Energy. (f): Efficiency,| . . . . ... ... ... .. 39
|9 Graphical results of Route 2. (a): Speed. (b): Time. (c): RPM] |

(d): Torque. (e): Energy. (f): Efficiency.| . . . . ... ... ... .. 40
[10  Graphical results of Route 3. (a): Speed. (b): Time. (c): [RPM]| |

(d): Torque. (e): Energy. (f): Efficiency,| . . . . . . ... ... ... 41
[11  Graphical results of Route 4. (a): Speed. (b): Time. (c): [RPM]| |

(d): Torque. (e): Energy. (f): Efficiency,| . . . . . . ... ... ... 42
[12  Graphical results of Route 5. (a): Speed. (b): Time. (c): RPM] |

(d): Torque. (e): Energy. (f): Efficiency,| . . . . ... .. ... ... 43
[13  Graphical results of Route 6. (a): Speed. (b): Time. (c): [RPM]| |

(d): Torque. (e): Energy. (f): Efficiency,| . . . . .. ... ... ... 44

1X



LIST OF ABBREVIATIONS

EV Electric Vehicle p. [iv] [}

ICE Internal Combustion Engine p. [9]

MILP Mixed Integer Linear Programming p. [iv] [v}, 2} Bl [L3HI5]
MLD Mixed Logical Dynamic p. [2], 3], [14] [I6]

PMP Pontryagin Maximum Principle p.

PWA Piece-wise Approximation p. [20H22] B1] 32}

RPM Rotation per Minute p. [13], [19] [20] 30] 44



CHAPTER I

INTRODUCTION

With the increasing demand for energy and the interest in reducing carbon emis-
sions, it has been a subject that has been studied extensively on reducing energy
consumption in transportation systems [7]. It is stated that approximately 28%
of the country’s energy consumption in the USA is spent on transportation [8}|9].
Similarly, this figure was announced in the UK as about 30% [10]. In the USA, the
distribution of transportation energy usage is 58% for cars and light trucks, 5%
for medium trucks, 18% for heavy trucks and buses, and 19% for non-highway ve-
hicles [9]. Among the many means of transport, the usage of railways is expected
to increase further. Railway vehicles are efficient because the resistance between
wheels and rail is meager. Moreover, railways offer comfort, reliability, high trans-
port capacity [11]. 60-70% of the total energy spent on the railway is spent on the
movement of the trains [12]. This energy includes the energy needed for traction or
braking, motion resistance, environmental conditions, and auxiliary loads like air
conditioning and illumination [13|. EU emphasized that increasing the efficiency
of railway systems is very important from an environmental and economic point
of view. Due to this, they highlighted that any improvement has to be done [14].
This is why reducing the energy consumption of the railway transportation system
is essential and can be possible by increasing efficiency.

To date, many studies have been proposed to optimize the speed trajectory
to increase the energy efficiency of vehicles. Many different methods have been
proposed to achieve this under different situations. Speed trajectory optimization
belongs to a basic principle: finding a good speed profile with traction, regen-
erative braking, coasting, and mechanical braking [15]. Many research papers

ailm to minimize energy consumption by finding optimal speed trajectory using



different methodologies like ant colony algorithm, genetic algorithm, and linear
programming in [16H19]. Also, The Pontryagin Maximum Principle in the
optimization method is applied to optimizing the speed trajectory in [20,21]. To
locate the speed trajectory, the [MILP| approach has been used in studies previ-
ously. However, in [16,[22], the main limitation is that the speed trajectory must
be monotonous. In [15], non-linear parameters were added to the model by using
piecewise approximation to overcome this issue. This paper’s main contribution
is overcoming the speed trajectory’s monotonicity. So, this methodology can deal
with both acceleration and deceleration processes. In the study [6], the aim is to
minimize energy consumption by optimizing the speed trajectory. Since non-linear
train operation model is converted to mixed logical dynamic (MLDJ]) model by us-
ing piece-wise affine (PWA|) approximations, this study supports the acceleration
and deceleration process of the vehicle. Moreover, this work includes a feature
called the passenger comfort parameter. This parameter limits the acceleration
and deceleration force for better passenger comfort. The vehicle must complete
the journey by a strict deadline, so this method also supports time-constrained
routes. However, energy losses due to e-machine and inverter are ignored as other
linear vehicle optimization models using [MILP]in literature. Because of the addi-
tion of comfort parameter and time constraint, this work was chosen as the base
of LIMETIME, and it is called ‘literature work’ in this paper.

The proposed method in this paper offers flexibility and robustness. The main
contribution of LIMETIME is including e-machine and inverter losses in calcu-
lations compared with previous linear vehicle models. Therefore, this model is
much closer to realistic situations. By adding an efficiency map, the model can
be used to calculate energy consumption on the battery or power supply input of
the vehicle.

The structure of this paper can be described as follows. The problem is de-
scribed in the later part of this chapter, and some background knowledge is men-

tioned. Chapter II covers the implementation of the mixed logical dynamic model



(MLD)). After that, the addition of the efficiency lookup table on the model
is introduced. Chapter III demonstrates case studies in six different route profiles.
Chapter IV is the conclusion of this work and contains an introduction to future

work.

1.1 Problem Description

This study aims to produce a linear vehicle model which includes the energy lost
due to electric motor, transmission, and other powertrain components. Also, it
aims to minimize energy consumption in a pre-defined route by using this linear
model.

Every system in our life can be expressed as a dynamic model, including a
vehicle. The dynamic model of a vehicle is described according to the following

equations in the literature [6]:

dv
mp% = u(t) + Rp(v) + Rigne(s) — =

m: Mass (kg)

p: Rotating mass factor

v: Vehicle speed (m/s)

s: Position (m)

ugp: is the control variable (traction/braking force)

Ry: Basic resistance contains air drag and rolling resistances

Ryine: Total line resistance contains track grade, curve, and tunnel resistances

ug is limited to between the minimum traction force () and maximum
traction force (Umqz)-

Due to Strahl formula 23], the basic resistance Ry, is defined as follows:

Ry(s) = m(a; + agv?)

a; and ay are calculated by collecting real-life vehicle data by driving test.

These values depend on the materials of the wheel, road, and wind speed. The



line resistance Ry (s) is due to the slope, curves, and tunnels and can be included
in the model. In this study, road profiles were chosen as straight and without a
tunnel. That is why the line resistance Rj.(s) is formulated simpler such that it

includes resistance due to slope only:

Riine(s) = mgsina(seq)

a(seg): Segment slope

g: The gravitational acceleration (m/s?)

The optimal control problem of vehicle motion can be defined as linear. wuy
is defined as a control variable for the traction and braking force of the vehicle.
Distance s and speed v are defined as the state values. Generally, the optimization
problem is described as solving for ‘minimum time’ or ‘minimum energy in a
limited trip time.” In this paper, the optimization problem is defined to solve for
minimum energy in a limited trip time (7,,4,). Furthermore, motor efficiency and
passenger comfort will be considered [24].

J= /O m(t)o(t) + A ‘d“z;t(” ’)dt s min

J is the objective function defined by the total amount of energy consumption
in a deadline and the sum of riding comfort. By including the riding comfort part,
transitions and rate of change are reduced on traction force (uy). n is the motor
and powertrain efficiency coming from the efficiency map.

As Franke et al. [25], the kinetic energy per mass (Ej, = 0.5v?) unit is used
to decrease the calculation complexity and eliminate model non-linearities due to

the terms like v2.

mp% = up(s) — Ry(\/2E%) — Riine(s) = (1)




Optimization problem is specified as follows:

dug(s)
dt

Yds — min (2)

J = / n(uw(s) + A

Sstart

And boundary conditions can be written as follows:

E(Sstart) - Estarta E(Send) = Eenda t(*sstart) = O, t(send) = Tmax

Umin: Minimum traction force value that vehicle can achieve

Umaz: Maximum braking force value that vehicle can achieve

Umaz: 1The maximum speed that vehicle can achieve

Sstart: Starting position

Senq: Final position

FEgtare: Starting kinetic energy (J)

Eeng: Final kinetic energy (J)

In the end, this problem is an optimization problem. Adding powertrain effi-

ciency (n) into this optimization problem is essential.

1.2 Background Knowledge

In this section, there is knowledge about deterministic vehicle models, critical
reasons for the electric motor loss and [MILP] is explained briefly. These pieces of
information are handy for understanding further details. For example, the torque

calculation in the linear model is directly related to the deterministic vehicle model.
1.2.1 Physical Equations of Vehicle Model

During the travel of a vehicle, many different forces show positive or negative ef-

fects on vehicle movement. Also, these forces affect the total energy consumption.



This section will briefly describe the deterministic vehicle energy consumption
model and related physical formulas . Also, free-body diagram of a vehicle can
be seen in Figure [I] which is showing the the forces that consuming energy. In this
section, equations are based on energy but in Figure [I] corresponding forces can

be seen.

Figure 1: The forces that effecting vehicle movement H

e Average Speed (Vay, m/s)

To calculate the consumed energy in a segment or road part, the average

speed of that segment should be calculated.

Vav = 5

Vin: Segment initial speed (m/s)
V. Segment final speed (m/s)
e Combined Drag Coefficient (Ceopmp)

Combined Drag Coeflicient is a quantity that depends on three constants.

It should be calculated to get the energy loss due to the air resistance.



1
C1comb - §PCDA

p: Air Density (kg/m?)
Cp: Drag Coefficient
A: Vehicle Frontal Area (m?)

Then Ey,44 can be calculated. It represents the amount of energy investiga-
tion due to the vehicle’s aerodynamic structure and is related to the work

against air resistance.

Edrag - Cvcombvvjv
Egrag © Drag (Air Resistance) Energy Loss (J)

Acceleration Energy (Kinetic Energy) Loss/Gain (Eace, J)

This formula calculates the difference between initial and final kinetic ener-
gies. The result of this formula can be positive or negative. This negativity

means that there is an energy gain called regeneration.

m
Egce = E(V]? - ‘/;721)
m: Vehicle mass (kg)

Potential Energy (Ascent) Loss/Gain (E,, J)

This formula calculates the potential energy difference between the initial
and final points of the segment. Also, the result of this formula can be

positive or negative.

E, = mgsin(arctan(slope))Vay

g: Acceleration of gravity (m/s?)



slope: The slope between start and end point

Rolling Resistance Energy Loss (Egrg, J)

Rolling resistance is another force that opposes the motion. It always resists
body rolling and depends on parameters such as tire resistance and camber

angles.

Err = mgCrrVav
Crr: Vehicle rolling resistance coefficient

Tire Rotational Inertia Energy Loss (Erg, J)

Angular velocity (w) calculation is needed to calculate the energy loss due

to the tire rotational inertia.

=

w: Angular velocity (s71)
V': Vehicle speed (m/s)
r: Wheel radius (m)

The movement of the tire generates a force against the rotation direction.
The amount of energy consumed due to this force can be calculated using

the following formula.

ETE - élnwheel (WJ% - %2”)"

Inynee: Wheel inertia of one wheel (kgm?)
win: Initial angular velocity (s71)
wy: Final angular velocity (s™1)

n: Number of wheels



e Total Consumed/Gained Energy at the Wheel (Eypeer, J)

Total consumed or gained energy can be calculated by the following formula.

Ewheel = Edrag + EAcc + Ep + ERR + ETE

e Efficiency

Cumulative efficiency (n) can be calculated by multiplying motor and trans-
mission efficiency. While transmission efficiency is a constant manufacturer

value, motor efficiency is gathered from a map.

N = NN

ng-: Vehicle transmission /powertrain efficiency

Ny, Motor Efficiency (from efficiency map)

e Total Consumed/Gained Energy at the Battery (FEpqu, J)

To calculate the energy on the battery side, efficiency should find a place
in the calculation. Two equations should define this because efficiency (n)
should be used in different places. While gained energy at the battery is less

than gained energy at the wheel, it is the opposite for consumed energy.

Ewheel
n

Ebatt—out =
Ebattfin = nEwheel
Ebatt—out: Consumed energy from battery (J)

Epati—in: Gained energy from battery (J)
1.2.2 Efficiency of Electric Motor vs Internal Combustion Engine

An electric motor is much more efficient than an internal combustion engine (ICE)).

To date, the most efficient for a vehicle is from Mercedes-AMG’s Formula 1

team, which has 50% thermal efficiency. Nevertheless, it is known that this engine



is not road legal. Mercedes and Mazda are working on more efficient road legal
s with an efficiency of 41% and 56% respectively . When these values are
compared with the massive 90% thermal efficiency of vehicle electric motors, the
result of this comparison becomes clear . This is why, this thesis focuses on

electric vehicles.
1.2.3 Losses in Electric Motor

This section defines the reason for energy loss in electric motors and why there
is an efficiency map to cover this part. Electric motor losses can be divided into

mechanical or electrical.

e Mechanical Losses

Mechanical losses can be caused by bearing friction and wind resistance
(windage) due to the spinning rotor. Bearings of rotating parts are covered
with grease oil. Therefore, the frictional loss is like a cubic function of rotor
speed . If there were only air instead of oil, the frictional loss would
be linear to [RPM] Variation of frictional power loss against speed can be
seen in Figure [

Total Frictional Power loss against speed

=—NU213ECP (radial load) male at suction
= NU1009ECP (radial load) female at suction

% ===NU211ECP (radial load) male at discharge
===NU211ECP (radial load) female at discharge
= T7311BEP (axial load) male at discharge

ol ——T7211BEP (axial load) female at discharge

Frictional Power Loss (W)

Spee'd. (rpm)

Figure 2: Bearing friction loss for six different bearing .
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Bearing friction can be defined as follows, moment M gets supplied from

four sources [29):

M = Mrr + Msl + Mseal + Mdrag

where M,.,. is the rolling frictional moment (Nmm), My is the sliding fric-
tional moment (Nmm), M., is the frictional moment from integral seals

(Nmm), Mg is the frictional moment from drag losses (Nmm).

Windage is caused by air displacement around rotating parts of an electric
motor. It is one of the most energy consumers and is also not linear to RPM]

This loss increases dramatically when RPM] increases. Windage loss agains

speed can be seen in Figure

— ] mm 1.omm ====2mm = = (0.bmm

/)

60

Windage losses (W

5000 10000 15000 20000 25000 30000 35000
Rotating speed (rpm)

Figure 3: Windage loss for different air gaps |\

o Flectrical Losses

Electrical losses can be divided into three major categories: core losses,
stator resistance (I?R) losses, rotor resistance (I2R) losses, and stray load
losses. Core materials have resistance against changing magnetic fields. Also,
it creates eddy currents. Some amount of energy is getting consumed to

overcome these oppositions. This loss is called core loss.

11



F&W W Core Stray M Rotor M Stator

3,000

2,500
2,000
1,500 I

1,000 .

- 0 W 0 N

25% | 50% | 75%  100% |
Load

Losses (Watts)

Figure 4: Losses compered with motor load for a standard motor ||

Stator and rotor losses are produced when there is current flow through
them. This flow creates heat, and it means that there is an energy loss.

Stray load losses are getting generated by leakage fluxes.

I?R losses and stray losses are proportional to motor load. I?R losses can
drop motor efficiency to around 0% when the vehicle barely moves ,.

The distribution of electrical losses for different loads can be checked in

Figure [4

2

g

150

Peak and Continuous Torque [N.m]
g

Rotation speed[rev/min]

Figure 5: Efficiency map example H
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e Efficiency Map

In previous sections, it mentioned five main energy loss factors. These effects
depend on the speed and load/torque of the electric motor. That is why the
efficiency of an electric machine is represented as a map. The axis of this 2D

map is torque and For example, the efficiency map of an [EV]s electric

motor can be seen in Figure [f
1.2.4 Mixed Integer Linear Programming

An integer linear programming problem is a mathematical optimization and feasi-
bility check problem in which some or all of the decision variables are forced to be
integers. In this programming methodology, the objective function and constraints
must be linear.

If only some of the decision variables are not an integer, the problem is called
the problem, which also includes some continuous decision variables [31].

The standard form of integer linear programming is shown as follows:

¢’z — maximize/minimize ~ (Objective Function)
A-x <b, (Bound Constraints)
Aeq - x = beq, (Linear Constraints)
lbound < x < ubound, (Bound Constraints)
x €L, (Integrity Constraints)

In linear programming problems, the aim is to find optimal decision variables
that make the objective function value the highest or lowest possible. This possi-
bility is called feasibility. The Branch-and-Bound algorithm is used for optimiza-
tion, but in the past, this algorithm improved by proposing new methods called

Presolve, Cutting Planes, Heuristics, and Parallelism [32].

13



CHAPTER II

IMPLEMENTATION OF LiMETIME

In this chapter, the implementation of LIMETIME is described. In section 2.1, it
will be discussed the conversion of the non-linear vehicle model to Mixed Logical
Dynamic model. This conversion part is taken from literature work [6].
After that, the addition of the efficiency lookup table (map) is explained in section
2.2.

2.1 The Mixed Logical Dynamic Model

In this section, it is described that how a vehicle control problem can be converted
to Mixed Logical Dynamic (MLDJ|) model. By doing this conversion, the model can
be solved with . This approach is suggested by Wang et al. [6]. Dividing
the whole route into segments (seg) is used in many studies to get a discrete model
like Franke et al. [25].

The line resistance Ry;,.(seg), which includes segment slope only, can be cal-
culated before the optimization. It is a fixed value for each segment because the
route is pre-defined. The segment number i can take values between one and the

total number of segments (NN,).

Rline(seg) = Rline,i for seg € [Segi7segi+l]

In previous chapters, it has been mentioned that using kinetic energy instead
of speed is an excellent way to linearize the problem. The motion equation
should be revised by using kinetic energy (E}):

dE, 1

. (05} 1
= () — L Ei(seg) = (a1 + Riines
dseg mputb(@) ; k(seg) p(al + Riine,i)

14



Putting simple coefficients is possible because there are constant for each in-

terval. This operation makes this differential function much simpler as well:

dE
dse'; = Quu (i) + nEx(seg) +
1 a 1
=— = __27 Yi = ——((11 + Rline,i)
mp p p

The next segment’s kinetic energy value Ej(i+ 1) can be found by solving this
differential equation. It possible to put the linear relationship between the current
and next segment’s kinetic energy values into the model by doing this. Instead of

Ex(seg;), Ex(i) was written for simplicity:

Ei(i+ 1) = "9 By (1) 4 (859 — 1)§uﬁ,(z’) 4 (endsess )1
U] n

The optimization problem is time limited. So, the vehicle should finish the
route efficiently in a certain amount of time. Due to this, segment time and
route time calculations become mandatory. The time is gathered from kinetic
energy by calculating the differential equations and trapezoidal integration rule
[33]. However, there is a time limit (7},,4.), and this rule should be implemented
into the model by two constraints. The time equation and these constraints can

be shown as follows:

b +1) = ¢(i) + 5 V2E() - V2E(i + 1)

)Aseg; (3)

t(1) =0, t(segend) = Trmax
It is known that all operations have to be linear for MILP|approach. However,
there are square-root operations in the time equation |3| which are not linear. In
this case, using piece-wise approximation (PWAJ) is a good option, as Azuma et
al. [34] suggested. In this work, this non-linear part is defined with three linear
functions, and their coefficients are calculated by using least-squares optimization
[6]. The approximation on non-linear time function can be checked in Figure

@. Function fpwa(Ey) = ﬁ can be defined as follows:

15



a1 Ep (i) + B for Enm < Ep(i) < B

fPWA(Ek) = OéQEk(Z) + 52 for Ej < Ek(l) < Ejo

\ azEy(i) + B3 for Ep < Ey(i) < B

The effect of approximation error can be reduced by adding more linear func-
tions. However, this addition will increase the execution time of optimization.

The non-linear time dynamics equation can be rewritten as follows:

t(i+1) =t() + (uB(i) + B + amEr(i + 1) + Bin) Aseg;

0.1

T
—— Original function
— — — PWA approximation

0.081

0.06F

Function f(E)

o
[=)
B

0 400 800 1200 1600 2000
Kinetic energy E (J)

Figure 6: PWA approximation of fpy 4(Fx) =

1
= zvam;, (9]

There are three regions and two borders between them. Three binary variables
should be presented to convert this approximation equation to[MLD|model. These

variables detect Fj’s placement in the three regions. These variables (6;(¢) and

d2(7)) can be shown as follows [35]:

[Ex(i) < By < [01(7) = 1]

Ek(i) can not be less than FE,,;, and more than F,,,,. To detect which region

that Ej(i) belongs, following constraints should be added into the model [35]:
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(Emaz — E31)01(1) < Epaz — Ex (i)
(Emin — Ex1)01(7) < Ey(i) — Eg
(Bmaz — Er2)02(1) < Eraa — Ei(7)
(Emin — Er2)02(1) < Eg(i) — Bz
It is possible to cover two regions with previous non-linearities [ But there is
another region between E,,;, and Ey;. So, Ei(i) can be smaller than both Ejy; and
Eky. That is why a third binary variable d3(4) is needed. This new binary variable
is equal to product of §;(i) and d2(7). It’s not possible to define d3(i) = d1(7)d2(7)
operation as it is, because this is not linear. It can be performed by following

inequalities |35]:

—01(i) 4 05(i) <0
—02(i) 4 d5(i) < 0 ()

01(2) + 02(i) — d3(2) < 1
Also, (i) Ex (i) product is needed for this optimization problem. This operation
can not be implemented directly with [MILP] Three new continuous variables is
proposed as z1(i1) = 01(2)Ex (i), 20(i) = 62(i)Ex(i) and 23(i) = 03(7) Ex(i). These

operations can be done by implementing these constraints |35]:

2j (1) < Emaz05(1)
2j(i) 2 Enmind; (i)

2j(1) = Ei(i) — Emaa(1 — 6;(2))
After all of these definitions and constraints, «;Ey(i) + §; can be defined as

follows for j = {1,2,3}:
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a; (i) ER(i) + B = [~as as — az a; — ay + ag] 2(i)
+[=Bs Ba = Bs B — B2+ B3] 6(0)

+azEy (i) + B3

2(k) = [21(k) za(k) z(k)]
O(k) = [81(k) 8a(k) 35(k)]"
By using the sum of products, the objective function (2) is redefined as follows:
N, No—1
T =n(> " up(i)Asegi + Y MAug(i)]) (7)
i=1 =1
Absolute value operation breaks linearity for negative numbers. That is why
it is not an option to put directly into the MILP]model. That’s why, there should
be another variable Y = |Aug(i)|. By using this variable, this operation can be

implemented. Following inequalities should be added:

Y(Z) 2 Utb(i + 1) — utb(i)

Y (i) > ugp(i) — uw(i + 1)

After this objective function can be rewritten as:

Ny Np—1

J = n(z up (i) Aseg; + Z AY)

i=1 =1

After these operations, the dynamic model turned into a linear model. Because
of objective function and all constraints are linear, this problem can be solved with
[MILP] There are continuous variables like uy,, Y, 2 as well as binary variables like
0. This is where the ‘mixed’ term comes from. In a route, there can be different
speed limits and different slopes in some parts. That is why the route should be
separated into segments. Because, in this methodology, there can not be different
slopes or speed limits in a single segment. If it is taken as there is N, segments,

the segment identification number should take values as i = {1,2,3,--- , N,.}. To
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work with many segments, all binary and continuous variables should be identified

as vectors as follows:

(1) (1) v (1) (1)
P RO P BN I B CC I IR TS
(V) 55(N +1)| Y (N, - 1) 25(N +1)]

In this section, the implementation of a dynamic model of a vehicle is de-
scribed. The model is not dealing with powertrain efficiency yet. The efficiency
map implementation part will be described in the next chapter. These applica-
tions can be developed and executed by using solvers like CPLEX, Xpress, and
MATLAB Optimization Toolbox.

2.2 Addition of Efficiency Lookup Table

In this section, the addition of an efficiency map is described with all needed
constraints and equations. In this study, a 5x5 lookup table is used, but the size
can be increased by extending the equations. This chapter consists of two sections.
Torque and calculation will be described in the first section, then getting

the actual efficiency from the map will be explained.
2.2.1 Calculation of Torque and RPM

The axes of an efficiency map are divided based on torque and [RPM| In this
case, torque and calculation can be done in the linear model. To do this
dynamic calculation, two new continuous variables are proposed, which are T'RQ)

and RPM. Torque calculation is straightforward, and its equation is already

suitable for MILP] approach:
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Ttyre
T —
RQ Utb( Rij )

Tyre: Tyre radius (m)
Ris: Final drive ratio

This equation can be converted to linear inequalities as follows:

7Atyre
T <
RQ < Utb( Ri; )

rtyre
T >
RQ 2 ual( )

Tire radius and final drive ratio values are vehicle specific. Exact values should
be taken from manufacturers. Dynamic motor rotation per minute (RPM)]) calcu-
lation in a linear model is much more complicated than torque calculation. RPM]

equation can be shown as follows:

60R’lf1)

2.7 Ttyre

RPM = (8)

In equation [} all variables are constant except vehicle speed (v). As it has been
known from previous chapters, in this study, kinetic energy (F%) is used instead of
vehicle speed to protect linearity. There is no linear equation to directly get vehicle
speed from kinetic energy or relocation. Time is a continuous decision variable,
and it is calculated dynamically in this linear model. It means it is impossible to
do something like relocation over time. This operation can not be executed with
the approach. In this situation, piece-wise approximation (PWA|) comes
handy again. By doing this, the [MILP] approach can calculate vehicle speed from
kinetic energy. function of vehicle speed gpwa(v) = v/2E can be defined

as follows:

alek(i) + ﬁvl for Emm S Ek(z) S Ekvl

gPWA(U) - (XUQEk<i) + ﬁvQ fOI' Ekvl S Ek(’l) S Ekv2

L ()éngk(’i> + 61)3 for Eka S Ek(z) S Emam
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Emin < Ekvl < Ek:v2 < Ema:v

Also, this PWA] approach consists of three regions. That’s why, three new
binary decision variables (d4(7), 05(i) and dg(i)) should be defined. After that,
the same operations done for the first PWA] approximation should be performed
respectively. These equations are not written here again for simplicity, but they
can be seen by checking equations [, [5 [6]

For this second [PWA] approach, using the same kinetic energy borders can
decrease complexity and would improve execution time at the same time. If this
way is chosen, there is no need to define new binary variables. Same §;(i), d2(7)
and 03(i) can be used here also. Only coefficients of functions should be
calculated again, because there is a different function at all. The [PWA] approxi-
mation on non-linear speed function can be seen in Figure[7] To use same kinetic

energy borders, the following conditions should be satisfied:

70 T T T T T T T T T

Criginal function
— — —PWA appraximation

D i i i i i i i i i
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Kinetic Energy E (J)

Figure 7: PWA approximation of gpwa(Ey) = /2Ek.
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Exi = Epn

Eyo = Eiyo

After this PWA] approximation, speed values can be calculated without non-
linear operations. When these speed values are named as vpy 4, [RPM] formula

can be written as follows:

60 - le Upw A

RPM =

2.7 Ttyre
After the PWA| approximation operation, the accuracy of speed calculation for

a dummy road can be seen in Table [T}

Table 1: Accuracy of approximation of speed.

# of Occurrence | Exact Speed (m/s) | PWA Speed (m/s) | Difference (%)

2 0 1.31 100
1 9.93 6.65 49.28
1 11.75 8.79 33.70
1 13.98 11.89 17.51
1 16.70 16.42 1.69
15 17.03 17.02 0.032

Average 5.40

The average difference value in Table [1]is calculated concerning the number of
occurrences in the dummy route. Also, the places where the vehicle speed is zero

are taken as an outlier.
2.2.2 Efficiency Calculation

After torque and RPM calculation, the ‘true’ efficiency values can be obtained
from the efficiency map. This section mentions the calculation of efficiency values
for an efficiency map with five rows and five columns. The dummy efficiency map

can be seen in Table 2
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Table 2: Dummy efficiency map.

RPM
<rpml | <rpm2 | <rpm3d | <rpmd | <rpmd

<trgl | 90.11 90.12 90.13 90.14 90.15
<trg2 | 90.21 90.22 90.23 90.24 90.25
TORQUE | < trq3 | 90.31 90.32 90.33 90.34 90.35
<trgd | 90.41 90.42 90.43 90.44 90.45
<trgh | 90.51 90.52 90.53 90.54 90.55

The efficiency values were selected specially to check the truth of the method-
ology. Using these kinds of organized values makes it much easier to check which
efficiency values were chosen from which part of the efficiency map.

The axis of the map is torque and [RPM] These values are constants and can
be presented as {rpm1, rpm2, rpm3, rpm4, rpm5} for axis, {trql,trq2,trq3,
trq4,trq5} for the torque axis.

Notation of this table can be explained as follows:

trql < TRQ < trq2 & rpm2 < RPM < rpm3 = n = 90.23

trq3 < TRQ < trg4 & rpml < RPM < rpm2 = n = 90.42

TRQ: Calculated torque (Nm)

RPM: Calculated RPM

n: Efficiency

In linear programming, using conditions such as the ‘IF’ operation is impos-
sible. That is why a similar approach from the previous chapter should be ap-
plied to locate calculated torque and on the map. 10 new binary deci-
sion variables should be defined as {d,pm1, drpm2, drpm3, drpm4, drpmb} for ,

{dirgl, dirq2, dirg3, dirgd, dingb} for torque:
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TRQ <trql = diql & dyg2 & dygd & dypgd & diygd =1
TRQ <trq2 = die2 & dye3 & dpgd & dygbh =1

TRQ <trgd = dy3 & diyd & diypgd =1

TRQ <trgd = dyd & dygd=1

TRQ <trgd = dysd =1

These equations can be converted to linear inequalities. trg,,q. is the maximum
torque, and trg,,;, is the minimum torque value that the vehicle is capable of.
These values should be obtained from the data sheet of the vehicle provided by

the manufacturer. Following constraints should be added to the model:

(tr@maz — trql) - dingl (i) < trgmee — TRQ()
(t7Gmin — trql) - dig1(i) < TRQ(i) — trql
(trGmaz — trq2) - dung2(i) < trqmas — TRQ(7)
(trQmin — trq2) - dyg2(1) < TRQ(i) — trq2
(tr@mas — t1q3) - dirg3(i) < tr¢mar — TRQ(7)
(t7Gmin — trq3) - dug3(i) < TRQ(i) — trq3
(trGmaz — trq4) - dipgd(1) < tr¢mae — TRQ(7)
(t7Gmin — trqd) - did(i) < TRQ(i) — trqg4
(t7Gmaz — trgd) - dirg5(i) < trgmes — TRQ(7)

(47 Gmin — 1745) * dirg5(i) < TRQ(i) — trgb
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Binary decision variables of RPM]| can be expressed as follows:

RPM <rpml = dypml & drpm2 & dipm3d & dpmd & dppd =1
RPM <rpm2 = dypn2 & dppm3 & dipmd & dppd =1

RPM <rpm3 = drpm3 & drpmd & drpmd =1

RPM < rpm4 = dypmd & dppmd =1

RPM <rpmb = dp,d =1

Similar to the torque, linear inequalities of binary RPM decision variables
can be shown as follows. 7rpm,,g. is the maximum RPM, and rpm,,;, is the
minimum RPM value. While rpm,,.. can be calculated from maximum vehicle

speed, rpm.,;, should be taken as zero:

(rpMmaz — rpml) - drpm1(7) < rpMmipe. — RPM (i)
(—rpml) - dypm1(i) < RPM (i) — rpml
(rpmiumaz — 1pM2) « drpm2(2) < TPMpaz — RPM (i)
(=rpm2) - dypm2(i) < RPM (i) — rpm?2
(rpMimaz — 1PM3) * dypm3(i) < rpMpar — RPM (1) 10)
(—rpm3) - dypm3(i) < RPM (i) — rpm3
(rpMmaz — rpmA) - drpmA(i) < rpmune; — RPM (i)
(—rpm4) - dypm4(i) < RPM(i) — rpm4
(rpMmmag = 1pm5) - drpm5(i) < rp1Mmes — RPM (i)

(—rpmb) - drpm5(i) < RPM (i) — rpmb

After the operations [9] and [I0] the binary decision values can be found as
example in Table 3] Due to the design of the operation, it is seen that the binary
values are becoming true more than once for the same route segment. Because, if

any RPM value is lower than rpm3, it’s also lower than rpm4 and rpmb.
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While finding the corresponding efficiency value from the map with respect
to the torque and [RPM] these binary decision variables are becoming essential.
By checking these values, the algorithm will be able to check which part of the
efficiency map should be brought. Nevertheless, these binary values are confusing.
They should be getting into a form that only the border is true. For example, if
RPM value is lower than rpm3, only d,,,3 value should be true, and all other
decision binary variables should be false.

A simple extraction operation can do this operation. It is not breaking the
linearity as well. To do this, ten new binary decision variables should be proposed
as {dr,pm 1, drrpm2, drepm3, drrpm4, dryp,b} for and similarly,

{drirgl, driyg2, driyg3, driy 4, dry 5} for torque.

Table 3: Example of torque binary decision variables.

Example dtrq 1 dtrq2 dt’r‘q3 dt’r’q4 dt,,-q 5
TRQ < trql | 1 1 1 1 1

TRQ < trq2 0 1 1 1 1
TRQ < trq3 0 0 1 1 1
TRQ < trq4 0 0 0 1 1
TRQ < trgb 0 0 0 0 1

When Table [3| and Table [ are compared, the operation is looking like finding
diagonal of matrix. This function (diag) is available in MATLAB, but the linear
programming approach does not accept it. That is why the following constraints

should be used to revise binary decision values:
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thrq]- S dt"'ql dTTpm]- S drpml

dripql > dipgl drypm1 > dyrpm 1

drig2 < dipg2 — dipgl drypm?2 < drpm?2 — dypm 1
Ariyg2 > dipg2 — dirgl Arypm?2 > drpm?2 — dypm 1
Arirg3 < dipg3 — dirg2 Arypm3 < drpm3 — dppm 2
Arirg3 > dipg3 — dirg2 Arypm3 2 drpm3 — dppm?2
dripqd < dygd — dipg3 drypm4 < drpmd — dppm3
dripgd > dipgd — dirg3 drypm4 > dypm4d — drpm3
driyqd < dipgd — dirgd Arypmd < dyrpmd — dppm4
drirgd > dipgd — dirgd Arypmd > drpmd — dypm4

The tables are similar for RPM] Due to this, the tables about [RPM] decision

variables were not placed here.

Table 4: Example of revised torque binary decision variables.

Example Aripgl | dripg2 | drig3 | drgd | drigd
TRQ < trql 1 0 0 0 0
TRQ < trq2 0 1 0 0 0
TRQ < trq3 0 0 1 0 0
TRQ < trq4 0 0 0 1 0
TRQ < trgb 0 0 0 0 1

is an optimization algorithm, and it converges to optimum values step by
step. Nevertheless, converging exactly to an integer value is difficult, especially for
complex problems. During optimization, the difference between optimized value
and integer value decreases. Some tolerances are added to make a solution in a
shorter time or be able to find a solution. One of which is named integer tolerance.
By adding this, the [MILP] algorithm can stop when the difference between the

optimized value and nearest integer is lower than the tolerance.
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These tolerances can cause some problems as well. For example, after execu-
tion, binary values can get real values around 0 and 1. A round operation can
be needed to deal with these non-binary issues. Rounding can be done simply by
using round function in MATLAB. However, this is not suitable for [MILP} The

same result can be obtained by implementing the followings:

(0.5) - dryouna < 1 —dr
(11)
(—0.6) - dryoyna < dr — 0.5

In equation [11], dr,ounq is rounded binary decision variable, dr is binary decision
variable before rounding. These constraints can be applied to both the torque and
[RPMI side.

After rounding the binary decision variables, the efficiency value can be found
by checking the places where both torque and [RPM]binary decision values are true.
As it has known that the ‘IF’ function is not available in linear programming, two-
dimensional matrix multiplication and multiplication of two decision variables are
not possible. That is why a unique form is needed here. All binary decision
variables should be collected in a vector form. Furthermore, the efficiency map
should be reshaped for this unique form. This form can be seen for a 5x5 efficiency

map and a route with 20 segments in Table [3
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Table 5: The unique form for a route with N, = 20 segments.

dt;q dtr;m Efficiency Vector

drigl | dropml | [90.11,90.11, -+, 90.11]
drirgl | drpm2 | [90.12,90.12, -+ ,90.12]
drirgl | drppm3 | [90.13,90.13,- - ,90.13] .,
drigl | dropmd | [90.14,90.14, -, 90.14]
drivgl | drppm5 | [90.15,90.15,- -+ ,90.15] .
drip 2 | dropsl | [90.21,90.21, - ,90.21]y
drig? | dropm?2 | [90.22,90.22,---,90.22]
drirg2 | dropm3 | [90.23,90.23, - - 90 23] o
drirg2 | dropmd | [90.24,90.24, - ,90.24] |
drirg2 | drppm® | [90.25,90.25, -+ ,90.25] .,
drig3 | dropml | [90.31,90.31,---,90.31]
drirg3 | dropm? | [90.32,90.32,---,90.32], .,
drirg3 | drrpm3 | [90.33,90.33,---,90.33]
drivg3 | drpm4 | [90.34,90.34,- - ,90.34]
drirg3 | drrpm5 | [90.35,90.35, - ,90.35]y
dripgA | dropml | [90.41,9041, -, 90.41]y
drivgd | drepm?2 | [90.42,90.42, -+ ,90.42]
driygd | drpm3 | [90.43,90.43, -+ ,90.43] .
Arpgd | drypmd | [90.44,90.44, -, 90.44]

dripgh | dr,pm5 | [90.45,90.45, - -, 90. 45],W1
drizg5 | drpml | [90.51,90.51, -+ ,90.51]
drirg5 | drepm?2 | [90.52,90.52, -+ ,90.52]
drirgd | drpm3 | [90.53,90.53, -+ ,90.53]y .,
drivg5 | drppmd | [90.54,90.54, -+ ,90.54] .,
drirg5 | drrpm | [90.55,90.55, - ,90.55] .,

Two new binary decision values should be defined to be able to produce this
special form. These values are dt;q for torque and dt;;,m for . These two
variables keep all binary decision forms as shown in Table [5. The number of route
segments is defined as NV, and the dimensions of the efficiency map is ¢ x w. With

these, dimensions of these variables can be imagined as follows:
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driq1(1) drypm1(1) dtirq(1)
5 dryq1(2 5 Adrpm1(2 5 dtirq (2
drtrql _ trq ( ) 7 dTrpml _ P ( ) dttrq _ t q( )
driq1(Ny) drypm1(N;) dtirg(Ny - q - w)
(1) A1) - by (1)
5 dtypm (2 5 Atirg(2) - dtypm (2
dtrpm = ’ ( ) ) dchosen - ' q( ) ! ( )

At (Ny - q - w)

_dttrq(N,, q-w) - dtypm(Ny - q - w)

A multiplication operation should be performed to find where both torque
and decision variable is true. Another decision value is created and named

Thanks to this, only the mentioned parts became true. But, due to

dchosen~
the multiplication of two decision variables is not applicable, the following non-

linearities should be implemented instead of multiplication:

_dttrq(i) + dchosen(i) S 0
_dtrpm(z) + dchosen(i) S 0

dttrq (Z) + dtrpm<i> - dChOSS”(i) < 1

Element-wise multiplication of reshaped efficiency values and d posen gives an-
other vector that every ¢ - w element is for a segment, respectively. For example,
if there is a 5x5 efficiency map, every group consists of 25 elements. There is
only one value that is different from zero in this element group, which is the effi-
ciency value for the respective segment. Result of the addition of ¢ - w elements
respectively, a vector that includes the efficiency values for each segment can be

found.
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CHAPTER III

CASE STUDY

In this chapter, the lookup table implemented [MILP| model is applied to different
routes with different segment lengths, numbers, and grades. The energy consump-
tion results and execution time are compared as well. It should be clarified that
the implementation is done using Optimization Toolbox, MATLAB R2020b, and
a computer with a 3.6 GHz 6 core CPU and 16 GB DRAM.

Parameters of the vehicle are chosen concerning the parameters in literature

work [6]. These parameters are shown in Table []

Table 6: Vehicle parameters.

Parameter Symbol | Unit Value
Mass m kg 7.10°
Basic Resistance Ry N/kg | 0.02 +4.417-1075
Mass factor p - 1.06
Maximum speed Vinaa m/s 50
Maximum Traction Force Umaxz N 4.10°
Minimum Traction Force Upnin N —3.10°

In this work, there are two [PWA] approximations. The coefficients of these
approximations are given in Table [7] for time and Table [§| for speed calculation.
In both, their non-linear graphs are divided into three regions. These values are
used to perform studies. The kinetic energy (FE) intervals are chosen as the same
to reduce complexity.

The comfort parameter A is 500. This value is the same as literature work [6].
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Table 7: coeflicients for time calculation.

Region m Qm b E,.
1 —0.3525 - 1072 | 0.0746 0— 145
2 —0.0184 - 1072 | 0.0262 | 145 — 800
3 —0.0031-1072 | 0.0140 | 800 — 1250

Table 8: coefficients for speed calculation.

Region vm Aom bom E,.,
1 0.1084 | 1.306 0— 145
2 0.0351 | 11.944 | 145 — 800
3 0.0197 | 24.259 | 800 — 1250

All routes are divided into segments into these case studies to achieve a discrete

model. Conditions like road grade, air flow rate, traction and braking force, and

train parameters are assumed to be as same within a segment. Route length, the

time limit (75,4.), and grade are differentiated between routes.

Table 9: Efficiency map (%).

RPM
< 600 < 1200 < 1800 < 2400 < 3000
<0 | 117.6 (85) | 117.6 (85) | 117.6 (85) | 117.6 (85) | 117.6 (85)
< 15000 85 90 92 92 92
TORQUE | < 30000 82 89 90 93 93
< 45000 78 88 88 92 93
< 60000 74 85 85 90 90

The efficiency values are given in Table [9] If there is energy gain which is

named regeneration during travel, vehicle torque becomes negative. The table
includes a negative torque part to cover this. In this part, efficiency is taken as

constant and more than 100%. Because the raw energy values get divided by
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efficiency, efficiency should have a negative effect in all cases. 1 over 85 equals
around 117.6.

While the [RPM] goes up to 3000, this limit is 60000 for torque. These values
can be taken from technical specs and should be the maximum values that a vehicle
can achieve. In this case study, six different route profiles were used. While the
first route was straight, others had different grade profiles. Furthermore, the route
lengths and route time limits were chosen differently. All routes have 20 segments
with different segment lengths as well. The comfort value which limits the traction
force was chosen as 500 for all cases. The grade profiles, route time limit (seconds),
route lengths, and segment lengths (meters) are given in Table .

Table 10: Grade profiles and details of the routes.

Route | Length | Seg. Length | Time Limit Grade Profile
1| 10000 500 600 i
o 1 2 3 ;‘Slansce (m? 7 e s w0
2 | 10000 500 600 I

S0 1 2 3 4 5 6 7 8 9 1
Distance (m)

Grade

3 10000 200 500

Altitude (m)

S0 1 2z 3 4 5 6 7 8 9 1
Distance (m)
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Route | Length | Seg. Length | Time Limit Grade Profile
4| 15000 750 490 o
! ’ Distance (m) ° °
5 | 8000 400 300
0 1 2 3 D‘smntlce . 5 6 7 8
6 12000 600 480
0 2 4 Dis.ansce . 8 10 12

When the final energy consumption of the two approaches is compared, it can
be seen that energy consumption is getting increased by adding efficiency values as
expected because efficiency can not be 100% due to the losses of converting electric
energy to motion. Normalized efficiency values in Table [11] show that the margin
is between 1.18 and 1.33. So, adding efficiency increased the energy result by
21% on average. Average efficiency values are calculated from segment’s efficiency
values by simply finding their mean. These average efficiencies can not prove
the normalized energy values because energy consumption is different between
segments. However, this can be said that there is a non-linear correlation between

these two values.
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Table 11: Energy and efficiency comparison between the routes.

Final Energy (M J) | Normd. Final Energy | Avg. Eff. (%)
Route | No Eff. | With Eff. | No Eff. | With Eff.

1 266.79 324.96 1 1.18 89.00
2 386.59 580.13 1 1.33 86.75
3 690.10 929.56 1 1.26 87.70
4 1011.71 | 1252.95 1 1.19 88.80
) 950.48 1177.38 1 1.19 89.20
6 1100.00 | 1208.20 1 1.09 91.45

Average 1 1.21 88.82

The comparison between exact speed, which is calculated from kinetic energy
(Ey) and speed from approximation in Table . As mentioned in the
previous chapter, calculating speed from kinetic energy is not a linear operation,
which is why [PWA] approximation was used instead of it. The non-linear function
is divided into three regions, but the results are not that bad. The difference
between average speed values starts from 1.47% and goes up to 6.48%. However,

this should be clarified that an increase in region number decreases the difference.

Table 12: Comparison of exact speed and speed.

Route | Avg. Exact Speed (m/s) | Avg. PWA Speed (m/s) | Difference (%)
1 14.66 14.37 1.97
2 14.66 14.37 1.97
3 24.03 22.47 6.48
4 34.78 34.27 1.47
5 30.93 30.17 2.47
6 28.14 27.27 3.09

The execution time (run-time) results can be checked in Table[L3] The increase
in the number of constraints is increased the system load dramatically. There is
no correlation or linearity between time values. They are specific to the problem

itself. Also, it depends on the computer specifications. In this case, the execution
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time values were multiplied between 8.46 and 90.71 after adding a 5x5 efficiency
map.

Table 13: Comparison of execution time.

Route | No Eff. Exec. Time (s) | With Eff. Exec. Time (s) | Normd. Time
1 32.66 375.6 11.50
2 33.61 758.67 22.57
3 10.70 90.48 8.46
4 32.47 246.45 7.59
5} 2.5 72.44 28.98
6 3.25 294.82 90.71

The graphical results are placed in Appendix A. There are six graphs for each

route. These graphs can be explained as follows:

(a) Speed/Distance Graph: Exact speed and approximated speed can be

compared for same route and same methodology.

(b) Route Time/Distance Graph: Increase in route time and its limitation can

be seen.
(c) RPM/Distance Graph: Motor rotation speed during travel can be checked.
(d) Torque/Segment Graph: Torque values of each segment can be seen.

(e) Energy/Distance Graph: Increase or decrease in energy values during travel
can be checked. Also, this graph can be used to see the difference between

no efficiency and energy results that includes efficiency.

(f) Efficiency/Segment Graph: The efficiency value of each segment is shown in

this graph.
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CHAPTER IV

CONCLUSION

LIMETIME (a linear vehicle model including an efficiency map) is introduced
in this thesis. This methodology demonstrates how to implement a non-linear
efficiency map to a linear vehicle model. Compared with the literature work
[6], total energy consumption values increased 21% on average because of adding
powertrain losses to the model. Moreover, LIMETIME is more complex than
literature work. The number of constraints and decision variables of the linear
model increased dramatically. To be exact, literature work was implemented by
using 35 constraints. This number is 76 constraints for LIMETIME. Due to this
complex addition to the linear vehicle model, the execution time is also longer, and
it is more than the literature, between 8.46 and 90.71 times. On the other hand,
the addition of powertrain losses did not affect the speed profiles due to the time
constraint of the routes. All essential decision variables, including comparison of
exact and [PWA] approximated speed profiles, are placed in Appendix as graphs,
and it is possible to check the correctness of efficiency values by using them.

When the results are examined in this way, it can be thought that LIMETIME
is worse than the literature studies both in terms of processing load and in re-
ducing energy consumption, which is its main task. However, it would not be
correct to directly compare LIMETIME in this way. Because only LIMETIME
has not ignored the motor and inverter efficiency, which is never really 100%. The
complexity brought by this account has increased the processing load as expected.
Likewise, it is quite normal for studies in the literature that ignore efficiency values
to calculate lower energy consumption values.

In this study, the addition of the efficiency map did not affect the speed profile.
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The reason for this seems to be that a certain time has been given for the com-
pletion of the route. Because when the result graphs are examined, it is observed
that the speed profile draws an arc in all case studies. However, investigations will
continue to find the root cause.

Future improvements on LIMETIME would be lowering the execution time by
optimizing the number of constraints and decision variables. Our proposed model
can be compared with other train optimization models using different approaches
like dynamic programming, genetic algorithm, ant colony algorithm, etc. LiME-
TIME can be carried to the cloud as back-end code, and an online optimizer can
be developed with a user interface. Nevertheless, although some parts require
improvement, LIMETIME contributes to linear train vehicle models and provides

a robust calculation to improve the energy efficiency of railway systems.
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APPENDIX

CASE STUDIES GRAPHIC RESULTS

These graphs can be checked to compare the validity of case study results
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